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Abstract

Spectroscopy, the study of the interaction between electromagnetic radiation and matter, is a versatile and powerful
analytical technique used in various scientific disciplines. This review provides a comprehensive overview of spectroscopy,
covering its principles, instrumentation, techniques, applications, and recent advancements. Spectroscopy encompasses a
wide range of methods, each offering unique insights into the structure, composition, dynamics, and properties of materials.
At its core, spectroscopy relies on the measurement of the intensity and wavelength (or frequency) of electromagnetic
radiation absorbed, emitted, or scattered by a sample. The interaction between light and matter can reveal valuable
information about the chemical, physical, and electronic properties of substances, including molecular structure, electronic
transitions, vibrational modes, and magnetic interactions. Thus, spectroscopy remains a cornerstone of scientific research
and technological innovation, offering unparalleled capabilities for understanding the properties and behavior of matter
across the electromagnetic spectrum. Continued advancements in spectroscopic instrumentation, techniques, and
applications promise to further enhance our ability to explore and exploit the mysteries of the universe at the molecular and
atomic levels.
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1. Introduction

Spectroscopy is a scientific technique used to study the
interaction between matter and electromagnetic radiation
across various wavelengths of the electromagnetic spectrum.
It involves the measurement and analysis of how light is
absorbed, emitted, or scattered by substances, providing
valuable information about their composition, structure, and
properties. By examining the unique patterns of absorption,
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emission, or scattering of light by different materials,
spectroscopy allows researchers to identify substances,
determine their chemical composition, understand molecular
structures, and investigate molecular dynamics. Spectroscopic
techniques are widely used in diverse fields such as chemistry,
physics, biology, materials science, environmental science,
and astronomy for research, analysis, diagnostics, and
exploration.

Therefore, we understand that spectroscopic techniques are
indispensable tools for analyzing nanomaterials and
biomaterials, offering valuable insights into their composition,
structure, properties, and interactions. Ultraviolet (UV)-
Visible spectroscopy measures the absorption of ultraviolet,
visible, and near-infrared light, providing information about
electronic transitions and optical properties. Fluorescence
spectroscopy characterizes materials based on their emission
of light upon excitation, aiding in the study of fluorescent
nanoparticles and biomolecular interactions. Raman
spectroscopy analyzes light scattering to reveal molecular
vibrations and surface properties, facilitating the identification
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of functional groups and crystallinity. X-ray photoelectron
spectroscopy (XPS) provides details about elemental
composition and chemical state by measuring the kinetic
energy of emitted electrons. Fourier transform infrared
spectroscopy (FT-IR) identifies molecular vibrations and
functional groups, aiding in bio-molecular characterization
and surface analysis. Nuclear magnetic resonance
spectroscopy (NMR) offers insights into atomic environments,
chemical bonding, and molecular dynamics, facilitating
structural elucidation and material characterization. Surface-
enhanced Raman spectroscopy (SERS) enhances Raman
signals, enabling sensitive detection of trace analytes and
surface interactions. These spectroscopic techniques
collectively would allow researchers to comprehensively
understand nanomaterials and biomaterials, advancing fields
such as materials science, chemistry, biology, and medicine.
Obviously, electromagnetic radiation forms visible light,
but a tiny part may be considered as a simple harmonic wave
propagated from a source and traveling in monochromatic
lines except when reflected. This property is related to a
physical displacement of a stretched string vibrating in the
atmosphere during the passage of sound waves that are
interconnected with electric and magnetic fields. Any simple
harmonic wave has properties of the sine wave, defined by y
=Assin ©. Here, y is the displacement with the maximum value,
i.e., amplitude A, and theta is the angle varying from 0 to 360.
The various areas of the electromagnetic spectrum have
different properties, and therefore, regions in the
electromagnetic spectrum are illustrated below:
a) Radiofrequency region: This region ranges from 3 X 10°
to 3X10'°Hz, i.e., 10 m to 1 cm wavelength. The change in
energy arises from the reversal of spin of a nucleus or electron
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in the order of 0.001-10 J/m. In this range, Nuclear magnetic
resonance and Electron spin resonance work.

b) Microwave region: This region ranges from 3X10'"to 3
X 10'2Hz, i.e., 1cm to 100 micrometer wavelength. Rotational
phenomenon in spectroscopic studies takes place in this range.
¢) Infra-red region: This region ranges from 3 X 10'2 to 3 X
10'* Hz, i.e., 100 mm to Imm wavelength. From a chemical
point of view, this is one of the most important regions in the
electromagnetic spectrum. The separation between levels is
some 10*joules/mole.

d) Visible and ultraviolet region: This region ranges from 3
X10' to 3X10'® Hz, i.e., | mm to 100 nm. In this region,
electronic transition takes place. The separation between the
energies of valence electrons is some hundreds of kilojoules
per mole.

) X-ray region: This region lies in the range from 3 X 10'¢ to
3X10'8 Hz, i.e., 10 nm to 100 pico-meter in wavelength. The
energy changes in this region of inner electrons of an atom or
a molecule maybe 10 thousand kilojoules.

f) y-ray region: This region lies in the range from 3 X 108 to
3X10%° Hz, i.e., 100 pico-meter to 1 pico-meter in wavelength.
The energy changes involve the rearrangement of nuclear
particles, which have energies of 10°to 10! joules per gram
atom.

g) Radiofrequency region: Nucleus and electrons are
considered tiny charged particles, and it follows that their spin
is associated with a tiny dipole moment. The reversal of this
dipole consequent upon the spin reversal can interact with the
magnetic field of electromagnetic radiation at the appropriate
frequency. Thus, all such spin reversal produces an absorption
and emission spectrum.

h) Microwave region: If a molecule has an electronegativity
difference, it has a permanent dipole moment that bears
positive and negative charges on the atoms, such as HCI. Here,
hydrogen bears a partial positive charge, and chlorine bears a
partial negative charge and is considered to have a permanent
dipole moment. Also, the N, and O, are homo-nuclear
molecules, do not bear any electronegativity difference, and
ultimately have no permanent dipole moment, i.e., zero dipole
moment. If we consider rotation in the molecules having
permanent dipole moment, we observe that pure rotation takes
place, and the center of gravity of the molecule does not
change. All the molecules having permanent dipole moments
are microwave-active. If there is no dipole, as in the case of N
or Oz, no interaction can take place, and the molecule is
microwave inactive. This imposes a limitation on the
applicability of microwave spectroscopy.

i) The visible and ultra-violet region: The excitation of a
valence electron involves the movement of electronic charges
in the molecule. The consequent change in the electric dipole
gives rise to a spectrum by its interaction with the undulatory
electric field of radiation. So far we have seen that
spectroscopy deals with the interaction of electromagnetic
radiation with matter. In most cases, the light is derived from
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the theory of classical electromagnetism. In classical
electromagnetic theory light is described as coupled electric
and magnetic field propagating through the path as a traveling
waves. However, this wave theory is not sufficient to explain
the properties of light at very low intensity. For the
justification of properties of light at very low intensity, another
theory called quantum theory was proposed. Quantum theory
states that light consists of discrete packets of energy called
photons. However, neither a classical wave model nor a
classical particle model could correctly describe the nature of
light. Therefore, the nature of light can be explained with
wave-particle duality. The wave particle duality is shared by
all the primary constituents of instance electrons have both
wave particle duality in nature. Since the mid-20" century, a
more comprehensive theory of light, known as quantum
electrodynamics, is considered complete. Quantum
electrodynamics combines the ideas of electromagnetism,
quantum mechanics, efc.

1.1 Theories of light from historical perspectives

1.1.1 Ray theory in the ancient world

We are quite aware that mirrors, concave lenses, and convex
lenses have been used by philosophers since ancient times.
The conceptual hurdle of distinguishing the human perception
of visual effects from the physical nature of light hampered the
development of theories of light. Contemplation of the
mechanism of vision dominated these early studies.
Pythagoras was a great thinker and philosopher. He believed
that sight is due to visual rays emanating from the eyes and
striking objects. Empedocles was a great Greek philosopher.
He believed that vision is due to the emission of light by the
object and the eyes. Epicurus was another thinker and
philosopher. He proposed that light is emitted from a source
other than the eye, and vision is produced when light is
reflected off the object and enters the eye. Euclid was another
thinker, philosopher, and mathematician. He proposed the
concept of reflection and discussed the propagation of light
waves in straight lines. Ptolemy explained the phenomenon of
refraction of light. The speed of light in air or vacuum is 3x10%
m/s. This is the fastest speed an object can travel in the
universe. If we compare this with the speed of sound, then we
see the speed of sound is only 300m/s. This is why we see
lightning first and then sound during a thunderstorm.

1.1.2 Light as electromagnetic waves

Wave can be defined as any disturbance made in the medium
that propagates through space. Most of the waves require some
of the supporting media for propagation. The time dependence
of displacement at any single point in the space often oscillates
about some equilibrium position. For example, sound waves
travel through the medium of air, and disturbance is the small
collective displacement of air molecules. Therefore, it has
properties of waves such as ocean waves, and light waves have
crests and troughs. The distance between two successive crests
or troughs is known as wavelength. Frequency can be defined
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as the number of waves passing from a point in one second.
The velocity of light is the product of the wavelength of light
and frequency of light. The different colors of light have
different frequencies and wavelengths. Light can pass straight
lines through some objects but not all. The objects or materials
through which light can pass are known as transparent
materials. The objects or materials that do not allow light to
pass through them are known as opaque and partially known
as translucent materials.

1.2 Historical developments in spectroscopic techniques
The history of spectroscopic techniques dates back to the early
19" century, with significant advancements made over the
years in understanding the interaction between matter and
electromagnetic radiation. Here a brief overview of the key
milestones in the history of spectroscopic technique is
furnished as below.

1.2.1 Prism spectroscopy (17-18™ century)

The earliest observations of spectroscopic phenomena can be
traced back to experiments conducted by Isaac Newton in the
late 17" century. He demonstrated that white light could be
separated into its component colors using a prism, revealing
the spectrum of visible light. A prism is an opaque triangular
device that is made of plastic or glass. When light passes
through the prism, the light bends due to a phenomenon called
refraction. Refraction can be defined as the phenomenon of
bending of light when it passes from one medium into another
medium. An ordinary triangular prism can separate white light
into its constituent colors called spectrum. Light is emitted
from a source such as a vapor lamp. A slit selects the thin strip
of light which passes through the collimator, where it gets
parallelized. The aligned light then passes through the prism
which is refracted twice.

1.2.2 Spectral analysis (19 century)

In the early 19" century, Joseph von Fraunhofer made
significant contributions to spectroscopy by systematically
studying the absorption lines in the solar spectrum. He also
discovered hundreds of dark lines,'! known as Fraunhofer
lines, which are caused by the absorption of specific
wavelengths of light by elements in the Sun's atmosphere.
Gustav Kirchhoff and Robert Bunsen further advanced the
field of spectroscopy in the mid-19" century. They developed
the technique of flame emission spectroscopy, which involves
heating samples in a flame to produce characteristic emission
spectra. Their work laid the foundation for quantitative
analysis of chemical elements based on their spectral
signatures. >l

1.2.3 Quantum mechanics and atomic spectra (Early 20
century)

The development of quantum mechanics in the early 20t
century revolutionized our understanding of atomic structure
and spectral lines. Scientists such as Niels Bohr, Max Planck,
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and Werner Heisenberg formulated theories to explain the
discrete energy levels of atoms and the quantized nature of
electromagnetic radiation. The Bohr model of the atom,
proposed by Niels Bohr in 1913, provided a theoretical
framework for understanding atomic spectra and the
transitions of electrons between energy levels.!

1.2.4 Modern spectroscopic techniques (20?-215¢ century)
Throughout the 20" and 21 centuries, spectroscopic
techniques have continued to evolve with technological
advancements and instrumentation. Developing techniques
such as infrared (IR) spectroscopy, Raman spectroscopy,
nuclear magnetic resonance spectroscopy, and X-ray
spectroscopy has expanded the range of applications in fields
such as chemistry, physics, biology, materials science, and
medicine. Innovations in detectors, lasers, optics, and
computational methods have enabled researchers to achieve
higher sensitivity, resolution, and versatility in spectroscopic
measurements.%!1]

1.3 Researcher's contribution in the development of
spectroscopy

The development of spectroscopic techniques involves
contributions from numerous scientists and researchers over
several centuries. Thus, it is difficult to mention the scientist
who developed the methods. However, an effort has been
made to identify some important personalities with the lion’s

share in the design and development of spectroscopic methods.

1.3.1 Sir Isaac Newton (1642-1727)

The fact is that Newton was not the inventor of the
spectroscopic technique, but he conducted groundbreaking
experiments in optics, including his famous prism experiments
demonstrating the dispersion of white light into its component
colors. Sir Isaac Newton proposed the idea of developing
spectroscopy based on his concept of optic experiment.['?!

1.3.2 Gustav Kirchhoff (1824-1887) and Robert Bunsen
(1811-1899)

These two essential scientists pioneered the development of
flame spectroscopy in the mid-19" century. Their work led to
the development of the Bunsen burner and using flame tests to
identify and quantify elements based on their characteristic
emission spectra.

1.3.3 Lord Rayleigh (1842-1919)

Rayleigh is another important personality who made
significant contributions to understanding scattering
phenomena, including Rayleigh scattering. Rayleigh
scattering effectively explains the blue color of the sky. His
work laid the foundation for the study of light scattering in
spectroscopy.['3

1.3.4 Niels Bohr (1885-1962)
The famous Bohr's atomic model was proposed in 1913 by
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Neils Bohr.l'Y His work provided a theoretical framework for
understanding atomic spectra and the quantized nature of
energy levels in atoms. His work laid the foundation for
quantum mechanics and spectroscopic studies of atomic and
molecular systems.

1.3.5 Albert Einstein (1879-1955)

Einstein's theory of the photoelectric effect, published in 1905,
helped explain the interaction of light with matter at the atomic
level. For this critical discovery, he was awarded the Nobel
Prize in Physics.'] This landmark discovery laid the
foundation of modern spectroscopy.

1.3.6 Jaroslav Heyrovsky (1890-1967)

In 1922, J. Heyrovsky invented the polarography technique
based on the measurement of current flowing through an
electrochemical cell. This laid the foundation for
electrochemical spectroscopic techniques.!'®!

These are just a few examples of the many scientists who
have contributed to the invention and development of
spectroscopic techniques over the centuries. Spectroscopy
continues to evolve with technological advancements and
remains a vibrant field of scientific research with applications
across numerous disciplines.

Thus, the history of spectroscopic techniques reflects the
gradual progression from simple observations of spectral
phenomena to sophisticated methods for analyzing the
composition, structure, and properties of matter across a wide
range of disciplines.

1.4 Classification and types of major spectroscopic
techniques

The spectroscopic techniques can be classified as optical
spectroscopy, electron spectroscopy, magnetic resonance
spectroscopy, mass spectroscopy, thermal spectroscopy,
vibrational spectroscopy, optical emission spectroscopy, etc.
As we have discussed above, there are various types of
spectroscopy. The instrumentations and principles of working
vary accordingly. However, all spectroscopic techniques have
some basic instrumentation, which is common. Here, an
attempt is made to discuss typical instrumentation in the
spectroscopic techniques:

a) Absorption instrumentation: The radiation from a white
source is directed by some guiding device onto the sample,
from which it passes through an analyzer, which selects the
frequency that reaches the detector at any given time. The
signal from the analyzer passes to a recorder, which is
synchronized with the analyzer to produce a trace of
absorbance as the frequency varies. A modulator is often
placed between the sample and the analyzer. The role of the
modulator is to manipulate the properties of light or other
electromagnetic radiation to exact specific information from a
sample. The types of modulators are as follows: (1) Optical
modulator: This type of modulator can modify the properties
of light, such as intensity, phase, or polarization. (2) Frequency
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Modulator: This modulator can regulate the intensity of the
radiation to optimize the signal-to-noise ratio. (3) Polarization
Control: Here, the modulators adjust the polarization state of
light to study sample properties. (4) Frequency Scanning: the
modulators sweep the frequency or wavelength of the
radiation to acquire spectral information. (5) Signal
Enhancement: the modulators amplify or suppress specific
signals to improve sensitivity. Thus, modulators play a vital
role in spectroscopy by controlling the properties of radiation,
enabling the extraction of specific information from samples,
and enhancing the overall performance of spectroscopic
techniques. In the microwave and radiofrequency (RF) regions,
it is possible to construct a monochromatic source whose
emission frequency can be varied over the range.

b) Emission instrument: Emission instrumentation in
spectroscopy refers to the device and systems used to measure
the emission spectra of atoms, molecules, or ions. The
components of emission spectra are as follows: (1) Source:
Some suitable excitation source to energize the sample, such
as a laser, lamp, or plasma, is required. (2) Monochromator:
The role of a monochromator is to select a specific wavelength
or frequency of radiation. (3) Sample Chamber: The sample
chamber is the place to house the sample under study. This is
often provided with temperature and pressure control. (4)
Detector: This is the device that measures the emitted radiation,
i.e., photomultiplier tubes (PTMs) or charge-coupled devices
(CCDs), and (5) Amplifier and Processor: This enhances and
processes the signal.

Many instruments are developed based on the emission
mechanism, such as atomic emission spectroscopy, optical
emission spectroscopy, inductively coupled plasma emission
spectroscopy, laser-induced breakdown spectroscopy, and
fluorescence spectroscopy.

2. Optical spectroscopy
The principle of optical spectroscopy revolves around the
interaction between matter and electromagnetic radiation
within the optical range of the electromagnetic spectrum,
typically spanning from ultraviolet to visible and near-infrared
wavelengths. This interaction involves light absorption,
emission, or light scattering by atoms, molecules, or materials.
This leads to characteristic spectral features that can be
analyzed to extract information about the sample's
composition, structure, and properties.!'7 -2

At its core, optical spectroscopy relies on the quantized
nature of energy levels in atoms and molecules. Once
electromagnetic radiation interacts with matter, it induces a
transition between two different energy levels, resulting in the
absorption or emission spectra. This phenomenon is governed
by the laws of quantum mechanics, particularly the selection
rules that dictate which transitions are allowed or forbidden
based on the quantum numbers of the states involved.

In optical spectroscopy, the absorption of light by a sample
is typically described by Beer-Lambert's law, which states that
the absorbance of light is proportional to the concentration of
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the absorbing species, the path length of the light through the
sample, and the molar absorptivity of the species at a given
wavelength. By measuring the absorbance of light at different
wavelengths, one can obtain an absorption spectrum that
reveals the characteristic absorption bands or peaks associated
with specific molecular or electronic transitions.

In emission spectroscopy, the intensity of light emitted is
measured. This light, which may occur instantaneously or with
a delay, contains information about the energy levels,
electronic states, and chemical environment of the emitting
species. There are two main types of spectroscopy:
fluorescence and Phosphorescence spectroscopy. These two
spectroscopic techniques are common types of emission
spectroscopy, distinguished by their respective mechanisms of
excited state relaxation and lifetime.

The Scattering spectroscopic technique examines the
scattered light from interacting with particles or structures
within the sample. Raman spectroscopy is a well-known
example of scattering spectroscopic techniques. It analyzes the
inelastic scattering of the photon by molecular vibration and
provides valuable information about chemical bonding,
molecular structure, crystallinity, etc.

The principle of optical spectroscopy lies in the analysis of
the interaction between light and matter, enabling the
characterization and analysis of samples across a wide range
of scientific disciplines, including chemistry, physics, biology,
materials science, and environmental science.?!1

2.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy has a rich historical
development, beginning with Sir Isaac Newton's pioneering
scientific contribution to the dispersion of light through prisms
in the 17" century. However, the modern era of UV-
Visspectroscopy began in the early 20" century with the
development of electronic components and advancements in
optics.

In 1930, the first commercial UV-Vis spectrophotometer
was launched by the Beckman Instruments Company, marking
a significant milestone in the field. Throughout the mid-20"
century, UV-Vis spectroscopy became an important scientific
tool widely in various scientific disciplines, including
chemistry, biochemistry, materials science, veterinary
medicine, pharmaceutical sciences, and environmental
science, due to its versatility and utility in analyzing the
electronic transitions of molecules. The discovery of Beer-
Lambert's law in the 19" century laid the theoretical
foundation for quantitative analysis using UV-Vis
spectroscopy, allowing researchers to determine the
concentration of analytes in solution based on their UV or
visible light absorption. This principle is still widely used in
various applications such as pharmaceutical analysis,
environmental —monitoring, and quality control in
manufacturing processes.

Modern, sophisticated UV-Vis spectrophotometers are
manufactured using advanced technologies, including
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computer-controlled systems, solid-state light sources, and
high-resolution detectors. The modern instrument shows
enhanced sensitivity, accuracy, and automation capabilities,
allowing for rapid and precise measurements across a wide
range of wavelengths. In addition, modern UV-Vis
spectrophotometers often feature software packages for data
analysis, spectral processing, and instrument calibration,
enhancing their usability and versatility.

The scope of UV-Vis spectroscopy continues to expand
with advancements in nanotechnology, materials science, and
biotechnology, driving innovation and interdisciplinary
research. UV-Vis spectroscopy is now used not only for
qualitative and quantitative analysis but also for studying
molecular  interactions, characterizing  nanoparticles,
monitoring chemical reactions in real time, and exploring the
electronic properties of advanced materials.

2.1.1 Instrumentation of UV-Vis spectroscopy

UV-Vis spectroscopy instrumentation typically consists of
several key components designed to generate, manipulate, and
detect UV and visible light, as well as analyze the resulting
spectra. Here's an overview of the instrumentation commonly
found in UV-Vis spectrophotometers, and the schematic
diagram is shown in Fig. 1.

a) Light source: Light sources are crucial components for
spectrometers and spectrophotometers as they provide the
necessary energy needed for excitation that spectral transition
requires. UV-Vis spectrophotometers are facilitated with a
light source that emits UV and visible light over a specific
wavelength range. The commonly used sources of light are
tungsten-halogen lamps for visible light and deuterium lamps
for UV light. Some instruments may also incorporate xenon
arc lamps or light-emitting diodes (LEDs) for specific
applications or extended wavelength coverage. (1) Deuterium
Lamp: A gas discharge lamp that emits a continuous spectrum
of light in near ultraviolet region from 150 nm to 400 nm. It is
a stable source in the ultraviolet range but requires a complex
power supply. (2) Tungsten or Halogen Lamp: A lamp that
emits light over the entire visible range and part of the UV
spectrum. Tungsten lamps are similar to high-intensity lamps
used for domestic purposes. Halogen lamps are cheap and
have a long service life. Apart from these two sources of light,
there may be some other types of sources of light, such as
Xenon, Mercury, efc.

b) Monochromator: The monochromator is a crucial
component that selects a narrow range of wavelengths from
the broadband light source. It typically consists of diffraction
gratings or prisms that disperse light into its component
wavelengths, allowing the user to select the desired
wavelength or wavelength range for analysis. Two types of
UV-Vis  spectrophotometers are  available:  single
monochromator and  double  monochromator. The
monochromator is placed between the light source and the
sample. Monochromators are tunable optical bandgap filters,
typically based on diffraction gratings, used for various
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applications such as spectroscopy.

¢) Sample compartment: The sample compartment houses
the sample to be analyzed. The sample containers are designed
to hold various types of sample containers, such as cuvettes,
microplates, or solid sample holders. The compartment may
include temperature control features to maintain sample
stability during analysis. A cuvette is a type of sample holder
for liquid samples. The material the cuvette is made from will
also have a UV-Vis absorbance cut. Glass will absorb all of
light higher in energy starting at about 300 nm, so if the sample
absorbs in the UV, quartz will be more practical as the
absorbance cut off is around 160 nm for quartz. In the sample
compartment, the sample is positioned to allow the beam from
the monochromator to pass through the sample. The liquid
sample would typically be held in the cuvette with a known
fixed path length for absorbance measurement. A cuvette is a
rectangular liquid holder made from glass, quartz, and plastic,
which can transmit UV-Vis radiations. Solid samples can be
placed for sample transmission measurement. It can be
measured at various angles of incidence. Light can also be
taken out of the sample compartment using fiber optics. Fiber
optics are helpful when measuring large, hot, cold, radioactive,
and dangerous samples. The fiber optics can take light from
the spectrophotometer through a fiber optic probe to measure
the solution outside the sample compartment.

d) Detector: The detector measures the intensity of light
transmitted through or reflected from the sample across the
selected wavelength range. Thus, detector can be scientifically
considered as a light intensity sensor. To detect the intensity of
light Photodiode arrays, or charge-coupled devices are
commonly used as detectors in UV-Vis spectrophotometers.
These detectors convert the optical signal into an electrical
signal that can be processed and analyzed by the instrument's
electronics.

e) Optical system: The optical system consists of lenses,
mirrors, and filters that direct and focus light onto the sample
and detector. It is designed to minimize optical aberrations and
ensure accurate and reproducible measurements. The types of
optical systems can be Single Beam, Double Beam, and Split
Beam.

f) Electronics and data processing: Modern UV-Vis
spectrophotometers are equipped with sophisticated
electronics and software for data acquisition, processing, and
analysis. These systems control instrument functions, record
spectral data, perform baseline correction, and calculate
sample concentrations or other analytical parameters based on
established algorithms. The electronic components are
Detectors. The data processing technique includes (1) signal
averaging, which reduces noise by averaging multiple scans;
(2) smoothing, which removes high-frequency noise; (3)
baseline corrections, which subtracts the background signal;
(4) data normalization, which scales data to compare spectra,
(5) peak peaking which identifies and quantifies spectral peaks.
The Data analysis software includes (1) Spectroscopy
software such as Origin, Excel and Grams, efc, (2)
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Fig. 1: A pictorial representation of UV-Vis Spectroscopy.??! (Copyright 2023 Kingfa scientific and technological Co. Ltd.)

Chemometric software such as Soft Independent Modeling of
Class Analogy (SIMCA) and MATrix LABoratory

(MATLAB), (3) Instrument-specific software such as

Shimadzu UV Probe. Data processing algorithms such as (1)

Fast Fourier transform, which enhances spectral resolution; (2)
Principle component analysis, which reduces data

dimensionally; (3) Partial east square regression; (4) Artificial

neural network: predictive modeling.

g) User interface: UV-Vis spectrophotometers feature user-

friendly interfaces for instrument operation and data analysis.

These may include touchscreen displays, software

applications, or computer interfaces that allow users to control

instrument parameters, select measurement modes, and

visualize spectral data in real time.

2.1.2 Principle of UV-Vis spectroscopy

UV-Vis spectroscopy is based on the principle of measuring
the absorption or transmission of UV and visible light by
molecules or materials. When light passes through or is
reflected from a sample, the amount of light absorbed is the
difference between the incident radiation and transmitted
radiation. The amount of light absorbed is expressed as
absorbance. Transmittance, or light that passes through a
sample, is usually given in terms of fraction 1 or as a
percentage. For most applications, absorbance values are used
since the relationship between absorbance and both
concentration and path length is usually linear. The principle
involves several key components:

a) Electromagnetic radiation: UV-Vis spectroscopy utilizes
electromagnetic radiation in the UV and visible regions of the
electromagnetic spectrum. UV radiation has shorter
wavelengths and higher energy than visible light, while visible
light has longer wavelengths and lower power. UV and visible
light can interact with molecules, causing electronic
transitions.

b) Electronic transitions: Molecules absorb UV and visible
light through electronic transitions, where electrons move
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from lower energy (ground) states to higher energy (excited)
states. The energy difference between the ground and excited
states corresponds to specific wavelengths of light, which are
absorbed by the molecule. The absorbed energy promotes
electrons to higher energy levels, producing electronic
excitation.

¢) Absorption spectra: UV-Vis spectroscopy measures the
absorption of light by a sample across a range of wavelengths.
The absorption spectrum represents the intensity of absorbed
light as a function of wavelength. Each molecule or compound
has characteristic absorption bands in the UV-Vis spectrum,
which arise from specific electronic transitions associated with
molecular structure and bonding.

d) Beer-lambert law: The Beer-Lambert law describes the
relationship between the absorbance of light by a sample, the
concentration of the absorbing species, the path length of the
light through the sample, and the molar absorptivity of the
species at a given wavelength. According to this law,
absorbance (A) is proportional to the concentration (C) and
path length (1), as expressed by the equation A = ecl, where ¢
is the molar absorptivity (also known as the extinction
coefficient) of the species. The mathematical equation for
Beer-Lambert’s Law is mentioned below: “When a bean of
monochromatic light is passed through a homogeneous
absorbing medium, then the rate of decrease of intensity of
radiation with the thickness of absorbing medium is directly
proportional to the intensity of radiation as well as the
concentration of the solution.”

dl o
dl
—— = kdxc

Integrating the above equations, we get,

IdI X
— —=kcf dx
101 0
l I—k
Ogelo_ cx
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Equation (1) is known as Beer — Lambert’s equation. Beer
Lambert’s law can also be mathematically represented in
another way, as mentioned in equation (2).

A= ecl 2)
where A is the absorbance, ¢ is the molar absorptivity or
extinction coefficient (L/mol X c¢m), ¢ is the concentration of
the absorbing species (mol/L), and 1 is the path length through
which the light passes (cm).

(e) Sample preparation parameters affected: For Beer-
Lambert's Law to hold, the concentration should be within a

range where the absorbance is linearly related to concentration.

Too high a concentration can lead to deviations due to
chemical interactions or scattering. Thus, accurate dilutions
are often necessary to bring the sample within the optimal
range. This involves preparing stock solutions and performing
serial dilutions. Another parameter, path length, is defined by
the width of the cuvette used in the spectrophotometer.
Standard cuvettes have a path length of 1 cm, but depending
on the concentration and absorbance range, different path
lengths might be chosen. Ensuring that the cuvette is properly
placed in the spectrophotometer is crucial to avoid any
misalignment that could affect the path length. Wavelength
Selection is also an important parameter, so choosing the
correct wavelength at which the absorbance measurement is
taken is crucial. This is usually the wavelength where the
analyte has maximum absorbance (Amax). The molar
absorptivity should be determined using standards with known
concentrations to ensure measurement accuracy.

(f) Practical considerations in sample preparation: The
solvent used in sample preparation should not absorb
significantly at the measurement wavelength. It should also be
compatible so as not to cause any chemical reactions or
precipitations. The sample should be free of particulates,
bubbles, or turbidity, as these can scatter light and lead to
erroneous absorbance readings. Filtration or centrifugation
might be necessary. Sufficient volume is required to fill the
cuvette adequately, ensuring consistent path length and
interaction with the light beam. The sample should be
thoroughly mixed to ensure homogeneity, preventing
concentration gradients that could affect absorbance readings.
Some analytes have absorbance that is temperature-dependent.
Maintaining a constant temperature during measurements is
important for accuracy.

2.1.3 Applications of UV-Vis spectroscopy

UV-Vis spectroscopy finds various applications across various
scientific disciplines and industries due to its versatility,
sensitivity, and ease of use. Some key applications are as
described below:

a) Quantitative analysis: UV-Vis spectroscopy is widely
used for quantitative analysis of analytes in solution. Beer-
Lambert's law relates the absorbance of light to the
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concentration of the absorbing species, allowing for the
determination of concentrations of substances such as drugs,
biomolecules, environmental pollutants, dyes, forensic
materials, and industrial chemicals. Quantitative analysis
involves comparing the absorbance of an unknown sample to
that of known standards. The principle behind this method lies
in the fact that the absorbance of light at a specific wavelength
is directly proportional to the concentration of the absorbing
substance. UV-Vis spectrometer is equipped with a
monochromator, which allows one to select the desired
wavelength, making it possible to target specific components
in the sample.

b) Qualitative analysis: UV-Vis spectroscopy is employed
for qualitative analysis, enabling the identification of
unknown compounds based on their characteristic absorption
or transmission spectra. Every substance is composed of
molecules, which in turn consist of atoms arranged in a
specific configuration. Each molecule exhibits its unique
absorption spectra, characterized by position and intensities of
absorption peaks. Determining molecular structure through
UV-Vis spectrophotometry is more challenging than
quantitative or qualitative analysis. The molecular weight of
the compound can be measured spectrophotometrically by
preparing the suitable derivatives of the compounds. For
instance, if we want to determine the molecular weight of
amine, it is converted into amine picrate. Then, the known
concentration of amine picrate is dissolved in one liter of
solvent, and its optical density is measured at 380nm. This
application is particularly wuseful in fields such as
pharmaceuticals, veterinary medicine, forensics, and
environmental monitoring.

¢) Kinetic studies: UV-Vis spectroscopy is widely
successfully and effectively used to monitor chemical
reactions in real-time by measuring changes in absorbance or
transmission as a function of time. Kinetic studies can provide
valuable insights into reaction mechanisms, reaction rates, and
reaction kinetics, aiding in the development and optimization
of chemical processes.

d) Protein and nucleic acid analysis: UV-Vis spectroscopy
is utilized in the analysis of proteins and nucleic acids, such as
DNA and RNA. Proteins and nucleic acids exhibit
characteristic absorbance in the UV region due to the presence
of aromatic amino acids and nucleotide bases. UV-Vis
spectroscopy is employed to quantify concentrations, assess
purity, and determine the structural features of biomolecules.

e¢) Environmental monitoring: UV-Vis spectroscopy is
widely used in environmental monitoring to analyze water
quality, air pollution, and soil contaminants. It can detect
presence and actual concentration of pollutants such as heavy
metals, organic compounds, and pesticides based on their UV-
Vis absorption spectra, aiding in environmental risk
assessment and regulatory compliance.

f) Material characterization: UV-Vis spectroscopy is used to
characterize the optical properties of materials, including
semiconductors, nanoparticles, polymers, and dyes. It
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provides information about bandgap energy, electronic
transitions, and molecular structure, which are essential for
material design, development, and quality control.

g) Pharmaceutical analysis: UV-Vis spectroscopy is
extensively used in the pharmaceutical industry for drug
formulation, quality control, and stability testing. It enables
the quantification of active pharmaceutical ingredients (APIs),
detection of impurities, and assessment of drug degradation
products, ensuring the safety, efficacy, and quality of
pharmaceutical products.

Overall, UV-Vis spectroscopy is a versatile analytical
technique with widespread applications in chemistry, biology,
environmental science, materials science, pharmaceuticals,
and many other fields. It contributes to scientific research,
industrial processes, and regulatory compliance.

2.1.4 Limitations of UV-Vis spectroscopy

Though UV-Vis spectroscopy is a powerful and widely used
analytical technique, it does have some limitations:

a) Limited sensitivity: UV-Vis spectroscopy may lack
sensitivity for samples with low concentrations or weak
absorbance. Detection limits can be challenging, particularly
for trace analysis or when dealing with samples with low
molar absorptivity.

b) Interference between solvents and matrix effects:
Solvents and matrix effects can interfere with UV-Vis
measurements, particularly if they absorb strongly in the UV-
Vis range. This can complicate quantitative analysis and lead
to inaccuracies in concentration determinations.

¢) Limited information about molecular structure: UV-Vis
spectroscopy can provide valuable information about
electronic transitions and molecular bonding, but it may not
offer detailed insights into molecular structure or
conformational changes. Additional techniques, such as
infrared spectroscopy or nuclear magnetic resonance
spectroscopy, may be needed for a comprehensive structural
analysis.

d) Limited chemical specificity: UV-Vis spectroscopy
provides limited chemical specificity, mainly when dealing
with complex mixtures or overlapping absorption bands. It
may be unable to distinguish between different chemical
species that absorb at similar wavelengths, leading to potential
misinterpretation of results.

e) Limited wavelength range: UV-Vis spectroscopy is
limited to the UV and visible regions of the electromagnetic
spectrum, typically ranging from 190 to 800 nanometers. This
restricts its applicability for studying electronic transitions
outside this wavelength range, such as in the infrared or far-
ultraviolet regions.

f) Sample compatibility: UV-Vis spectroscopy requires
samples to be in solution or sufficiently transparent to UV-Vis
light. Solid samples or samples with high turbidity may
require additional sample preparation steps or alternative
techniques for analysis.

g) Lack of structural

information: While UV-Vis

Engineered Science Publisher

spectroscopy can provide information about electronic
transitions, it keeps silent about detailed structural information
about molecular geometry, bond angles, or stereochemistry.
Techniques such as X-ray crystallography or nuclear magnetic
resonance spectroscopy are needed for structural elucidation.
Despite these limitations, UV-Vis spectroscopy remains a
valuable analytical tool with widespread applications in
chemistry, biochemistry, environmental science, materials
science, and pharmaceuticals. Understanding these limitations
is essential for appropriate experimental design and data
interpretation.??!

2.2 Ultraviolet photoemission spectroscopy

Ultraviolet photoemission spectroscopy (UPS) is an effective
and powerful surface analysis technique used to investigate
the electronic structure of materials. By irradiating a sample
with UV photons and measuring the kinetic energy of emitted
photoelectrons, UPS provides valuable information about the
energy levels, band structure, and electronic properties of
surfaces and thin films."?*

The working principle of UPS is based on the photoelectric
effect, where electrons in a material absorb photons of
sufficient energy, causing them to be ejected from the surface.
The energy of the emitted photoelectrons depends on the
energy of the incident photons and the binding energy of the
electrons in the material. UPS reveals information about the
electronic states near the material's Fermi level by analyzing
the kinetic energy and intensity of emitted photoelectrons as a
function of incident photon energy.?+3"

UPS measurements are typically conducted in an ultrahigh
vacuum (UHV) environment to minimize sample
contamination and surface reactions. The sample is
illuminated with monochromatic UV light generated by a UV
lamp or a synchrotron light source, which provides tunable
photon energies over a wide range. The emitted photoelectrons
are then collected and analyzed by an electron energy analyzer,
such as a hemispherical analyzer or a cylindrical mirror
analyzer, which measures their kinetic energy and angular
distribution."

UPS spectra consist of peaks corresponding to the binding
energies of electrons in different electronic states of the
material. These peaks reveal information about the density of
electronic states, work function, valence band structure, and
the Fermi-level position of the material. Researchers can
identify electronic transitions, bandgaps, and surface
electronic properties by comparing experimental UPS spectra
with theoretical calculations or reference materials.?*?

UPS is widely used in materials science, surface chemistry,
and solid-state physics to investigate the electronic structure
of surfaces, interfaces, and thin films. It provides insights into
surface reactions, interface phenomena, electronic properties
of semiconductor devices, and energy levels of organic and
inorganic materials. UPS is also valuable for studying surface
chemistry, catalysis, and electronic devices, contributing to
photovoltaics, sensors, and semiconductor technology

ES Energy. Environ., 2025, 27, 1264 | 9


https://www.espublisher.com/

Review article

ES Energy & Environment

advancements. UPS is a technique that measures the kinetic

energy of photoelectrons emitted by molecules that have

absorbed ultraviolet photons. This helps to determine the
molecular orbital energies in the valence region. UPS is used
to study the electronic structure of solids, atoms, and

molecules. It can also be used to determine the work function

of a material.

In summary, UPS offers a non-destructive and susceptible

method for probing the electronic structure of materials,
providing valuable insights into surface and interface
properties with atomic-scale resolution illustrated in Table 1.3

Table 1: Distinguish between UPS and X-ray photoelectron spectroscopy.**

Aspect

UPS

X-ray photoelectron spectroscopy (X-rays)

Principle

Photon Energy
Range

Type of
Information

Depth of
Analysis

Electron
Energy Range

Sensitivity to
Chemical
Environment

Resolution

Applications

Elemental
Sensitivity

Work
Function
Measurement

Sample Type

Depth

Profiling

Instrument
Setup

Non-
Destructive

Measures the kinetic energy of
electrons emitted from a material
when irradiated with ultraviolet
light.

Uses ultraviolet photons (10-50
eV), typically from a He=21.2eV
or He=40.8eV source

Provides information about the
valence electrons and electronic
structure of materials.
Surface-sensitive technique,
probing the top 1-5 nm of the
material.

Analyzes low-energy valence
electrons with binding energies
typically in the range of 0-50 eV.
Sensitive to the electronic structure
and chemical environment of
valence electrons (e.g., molecular
orbitals).

Provides high-resolution
information about electronic states
near the Fermi level.

Used to study the valence band
structure, work function, molecular
orbitals, and surface states of
materials.

Primarily sensitive to the electronic
structure of surface atoms; limited
elemental sensitivity.

Highly effective for measuring the
work function and electronic states
of surfaces.

Primarily used for conductive or
semi-conductive materials due to
the need to emit low-energy
electrons.

Not typically used for depth
profiling due to its extreme surface
sensitivity.

Requires an ultraviolet light source
(typically a helium discharge lamp)
and an electron energy analyzer.
Typically non-destructive for most
samples but sensitive to surface
contamination.

Measures the kinetic energy of electrons
emitted from a material when irradiated with
X-rays.

Uses higher energy X-rays 1-1.5 Kev
typically from Al Kq or Mg Ka source.

Provides information about core-level
electrons, chemical composition, and
oxidation states of elements.

It is also surface-sensitive but probes deeper
than UPS (typically 5-10 nm).

Analyzes high-energy core-level electrons
with binding energies typically in the range
of 1-1500 eV.

Sensitive to the chemical environment of core
electrons, providing detailed information on
oxidation states and chemical shifts.

Provides detailed information about
elemental composition and chemical states,
but with lower resolution for valence states.

Used to identify elements, quantify elemental
composition, and analyze chemical bonding
and oxidation states.

Highly sensitive to element identification and
chemical state analysis (oxidation states,
bonding environments).

Not typically used for work function
measurements; more focused on core-level
electronic structure.

It can be used for a wide variety of materials,
including insulators, conductors, and thin
films.

It can be combined with sputtering
techniques for depth profiling, enabling
analysis of subsurface layers.

Requires an X-ray source (Al K)
Generally non-destructive, though ion

sputtering for depth profiling can damage
samples.
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2.2.1 Instrumentation of UPS

The instrumentation for UPS typically includes several key
components designed to generate, analyze, and detect
photoelectrons emitted from a sample surface when
illuminated with UV light.l*>3% The Schematic diagram of UPS
is displayed in Fig. 2. Here's an overview of the essential
elements of UPS instrumentation:

a) UV light source: The UV light provides monochromatic
UV radiation with tunable photon energies. Common UV
sources used in UPS gas discharge lamps are helium lamps,
deuterium lamps, and synchrotron radiation. However,
sometimes other gases are also filled, such as Neon and Argon.
The photons emitted by Helium gas have energies of 21.2 and
40.8 eV. Synchrotron radiation offers a broad range of photon
energies and high photon flux, enabling high-resolution and
high-sensitivity UPS measurements.

b) Sample chamber: The sample chamber houses the sample
and provides a vacuum environment for UPS measurements.
It typically consists of a vacuum chamber with sample
manipulators, heating/cooling stages, and ports for
introducing gases or performing surface treatments. The
sample chamber is maintained at UHV conditions to minimize
sample contamination and surface reactions during
measurements. In this chamber, the sample can be heated to a
temperature of up to 3000 C using a resistance oven, the heat
of a discharge lamp, or circulating hot liquid. Unique oven
design can increase the temperature to 100 °C, and laser
vaporization can achieve a temperature of 200-250 °C.
Gaseous or vapor samples were used in the classical UPS
analysis. However, in modern UPS instrumentations, solid
samples can also be analyzed.

¢) Sample holder: The sample holder provides a stable
platform for mounting and positioning the sample during UPS
measurements. It may include mechanisms for sample rotation,
tilt, translation, and temperature control to optimize the
measurement conditions and acquire spectra from different
sample orientations or surface regions.

d) Electron energy analyzer: The electron energy analyzer
measures the kinetic energy and angular distribution of
photoelectrons emitted from the sample surface. Common
types of analyzers used in UPS include hemispherical
analyzers, cylindrical mirror analyzers, and electrostatic
analyzers. The analyzer selectively filters and detects
photoelectrons based on their energy and direction, providing
information about their energy distribution and emission
angles.

e) Detector system: The detector system captures and records
the energy distribution of emitted photoelectrons. It may
include electron multipliers or microchannel plates to detect
the electron current, channel electron multipliers (CEMs), or
electron energy analyzers coupled with position-sensitive
detectors. The detector system converts the incoming
electrons into electrical signals, which are then processed and
analyzed to generate UPS spectra. (1) Electron Multiplier: An
electron current of less than 1-14 A can be detected with an
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electron multiplier. Channeltrons, a type of electron multiplier,
are often used instead of copper beryllium dynodes.
Channeltrons are small, inexpensive, and rugged. (2)
Microchannel plates: Microchannel plates are another type of
detector that can collect electrons within the range of energies
simultaneously. (3) Data collection and processing: the
computer collects data and processes.

f) Data acquisition and control system: The data acquisition
and control system coordinates instrument operation, data
acquisition, and data processing. It includes hardware
components such as analog-to-digital converters (ADCs),
signal amplifiers, and pulse generators, as well as software for
instrument control, spectral acquisition, data analysis, and
visualization. The data acquisition system uses a gas discharge
lamp to produce ultraviolet photons that induce the
photoelectric effect. The emitted photoelectrons are then
analyzed by energy to produce a spectrum of peaks. The data
acquisition system typically includes components: (1) Glass
discharge lamp: The glass discharge lamp products UV
photons, usually filled with helium, but other inert gases like
argon or neon can also be used; (2) Advantage software: This
allows for complete instrumental control, data acquisition, and
data processing.

g) Vacuum system: UPS instrumentation requires a high
vacuum environment to minimize electron scattering and
absorption by gas molecules in the analysis chamber. The
vacuum system includes vacuum pumps, valves, and gauges
to achieve and maintain the required vacuum level during UPS
measurements.

h) Monochromator: In synchrotron-based UPS setups, a
monochromator is used to select and tune the photon energy
of the synchrotron radiation. The monochromator ensures the
production of monochromatic UV radiation with high energy
resolution and tunability over a broad range of photon energies.

UV lamp
Photon
. Detector
(Open counter)
@ O; ion
Spectrometer ‘. Electron
scanning energy 4

Fig. 2: Schematic diagram of Ultraviolet Photoémission
spectroscopy

These components work together to enable the generation,
analysis, and detection of photoelectrons emitted from the
sample surface when illuminated with UV light, providing
valuable insights into the electronic structure, band structure,
and surface properties of materials under study.
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2.2.2 Principle of UPS
The principle of UPS is based on the photoelectric effect and
the interaction between ultraviolet photons and electrons in a
material. UPS provides valuable insights into the electronic
structure, band structure, and surface properties of materials at
the atomic scale. Here's how UPS works:
a) Photoelectric effect: When a material is illuminated with
photons of sufficient energy, electrons in the material can
absorb the photons and be ejected from the surface. This
phenomenon is known as the photoelectric effect and forms
the basis of UPS. The energy of the ejected electron
corresponds to the secondary electron cut-off. The
phenomenon of the photoelectric effect was discovered by
Einstein in 1905, and he was awarded the Nobel Prize in
Physics for the same.
b) Photon absorption: In UPS, the sample is irradiated with
monochromatic UV light generated by a UV lamp or a
synchrotron light source. The incident photons have energies
corresponding to the UV wavelength, typically in the range of
a few electron volts to a few tens of electron volts. UPS is a
technique that measures the kinetic energy of photoelectrons
emitted by molecules that have absorbed ultraviolet photons.
The method uses low-energy ultraviolet light to study
materials' electronic properties and valence band structures.
¢) Electron emission: When a photon with sufficient energy,
i.e., equal to or higher than binding energy, strikes the surface
of the material, it can excite an electron from a bound state
within the material to a free state. Ultimately, the energy of the
emitted photoelectron depends on the difference between the
photon energy and the binding energy of the electron in the
material. UPS is performed by placing a solid sample in a
vacuum chamber and irradiating it with ultraviolet light. A
high-energy laser beam is applied to the sample in a vacuum
chamber, causing electrons to be emitted. The emitted
electrons are then analyzed by energy to produce a spectrum
of peaks. The energy of the ejected electrons cut off, and the
spectrum of peaks can be used to determine the concentration
of specific elements. UPS is used to study the bonding and
valence electron levels of atoms and is particularly used for
investigating valence and conducting bands.
d) Energy conservation: According to the law of energy
conservation, the energy of the emitted photoelectron (kinetic
energy) is equal to the difference between the energy of the
incident photon and the electron's binding energy in the
material

E=hv 3)
where E is the kinetic energy of the emitted photoelectron, v
is the energy of the incident photon (photon energy), and h =
6.625 x 1034 Js.
e) Electron analysis: The emitted photoelectrons are
collected and analyzed by an electron energy analyzer, such as
a hemispherical analyzer or a cylindrical mirror analyzer. The
analyzer measures the kinetic energy and angular distribution
of the emitted photoelectrons.
f) Spectral analysis: By varying the energy of the incident
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photons (photon energy) over a range of values, the kinetic
energy of the emitted photoelectrons is measured at each
photon energy. This results in a spectrum called the UPS
spectrum, which consists of peaks corresponding to the
binding energies of electrons in different electronic states of
the material. The analysis of the photoelectron spectrum
allows researchers to determine the distribution of
photoelectrons, which in turn helps them understand the
properties of the material being studied.

g) Electronic structure: The positions and intensities of
peaks obtained in the UPS spectrum provide information
about the density of electronic states, valence band structure,
Fermi level position, and work function of the material. Thus,
by comparing experimental UPS spectra with theoretical
calculations or reference materials, researchers can identify
electronic transitions, bandgaps, and surface electronic
properties.

Overall, UPS offers a powerful method for probing the
electronic structure and surface properties of materials with
high sensitivity and resolution, providing valuable insights
into surface chemistry, catalysis, semiconductor physics, and
materials science.

2.2.3 Applications of UPS
UPS is used across various scientific and technological fields
due to its ability to provide valuable insights into the electronic
structure and surface properties of materials. UPS is a
technique that uses ultraviolet light to measure the kinetic
energy of photo-electrons emitted from a material’s surface.
The technique is based on the photo-electric effect and uses
low-energy ultra-violet light to study the electronic properties
of materials. UPS can be used to study absorbed species and
their binding to the surface, as well as their orientation on the
surface. A useful result from the characterization of the solid
by UPS is the determination of the work function of the
material. UPS can be used to:
e Determine work function: The energy required to remove
an electron from the surface.
e Determine valence band maximum: The highest occupied
energy state below the Fermi level.
e Study electronic structure: UPS is typically used to study
the electronic structure of solids.
Some key applications of UPS include:
a) Surface chemistry and -catalysis: UPS finds huge
applications in chemistry and is used to study the electronic
structure of catalyst surfaces and elucidate the mechanisms of
surface reactions. It provides information about the energy
levels, band structure, and electronic states of catalyst
materials, helping researchers optimize catalyst design and
understand catalytic processes involved in chemical reactions.
UPS can help in understanding the chemical properties of
known systems and studying newly synthesized molecular
frameworks.
b) Semiconductor physics and device characterization:
UPS is used in semiconductor research and device fabrication
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to investigate the electronic properties of semiconductor
materials and device interfaces. It provides information about
the band alignment, energy levels, and surface states of
semiconductor surfaces, aiding in the development of
advanced semiconductor devices such as transistors,
photovoltaic cells, and light-emitting diodes. UPS can help
understand how organic semiconductors work in devices by
studying the alignment of electrodes and the interfaces
between organic layers.

¢) Organic and molecular electronics: Apart from the
determination of surface structure and catalytic properties,
UPS can be used to study the electronic structure of organic
semiconductors, molecular films, and organic-inorganic
interfaces in organic electronic devices. It provides insights
into the energy levels, charge transport mechanisms, and
interfacial interactions in organic materials, facilitating the
design and optimization of organic electronic devices for
applications such as organic light-emitting diodes, organic
solar cells, and organic field-effect transistors. UPS can help
develop and understand organic electronic devices, materials,
and interfaces by accurately measuring the -electronic
structures of organic semiconductors.

d) Surface science and materials chemistry: UPS is widely
used in surface science and materials chemistry to investigate
the electronic properties of surfaces, thin films, and
nanostructures. It provides information about surface band
bending, work function, chemical bonding, and adsorbate-
surface interactions, enabling researchers to understand
surface phenomena, surface reactions, and surface
modification processes for applications in materials science,
corrosion protection, and nanotechnology.

¢) Thin film growth and interface engineering: This film is
an important point of research in modern science and
technology. UPS is employed in thin film deposition and
interface engineering to monitor the electronic structure and
interface properties of thin film systems. It provides insights
into the growth kinetics, surface morphology, and electronic
properties of thin films, hetero-structures, and interfaces,
guiding the design and fabrication of functional materials for

microelectronics, optoelectronics, and spintronics applications.

f) Surface modification and functionalization: In the
modern period, surface modification is gaining importance.
Many times, we need to functionalize the surface of the
material by anchoring or loading suitable nanomaterial. UPS
is used to study surface modification techniques such as
chemical functionalization, surface doping, and surface
passivation. It provides information about changes in the
electronic structure, surface chemistry, and surface energetics
induced by surface treatments, facilitating the development of
tailored surface properties for applications in biomaterials,
sensors, and coatings.

g) Corrosion science and materials degradation: Corrosion
can be described as electrochemical destruction or decay of
material. Every year, there is tremendous economic loss due
to material corrosion. UPS is employed in corrosion science
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and materials degradation studies to investigate the electronic
properties of corroded surfaces, passive films, and protective
coatings. It provides insights into the corrosion mechanisms,
oxidation states, and electronic structure of materials exposed
to corrosive environments, contributing to the development of
corrosion-resistant materials and coatings for infrastructure,
aerospace, and automotive applications.[3%-4!

These applications highlight the versatility and importance
of UPS in advancing scientific knowledge, supporting
technological innovations, and addressing challenges in
various fields of research, development, and manufacturing.

2.2.4 Limitations of UPS

UPS has several limitations:

a) Surface sensitivity: UPS primarily probes the surface
region of materials, typically the top few atomic layers. As
UPS can provide information only about the topmost layer,
even minor surface contamination can affect the accuracy of
results, leading to incorrect interpretation of the material’s
electronic structure. Therefore, even a minute amount of gas
adsorbed or contamination from air exposure can significantly
alter the UPS spectra, which is a crucial limitation for practical
or industrial applications. It may not provide information
about the bulk electronic structure or buried interfaces,
limiting its applicability to surface-sensitive systems. This can
make it difficult to obtain information about the bulk
properties of the material, especially if surface contamination
or oxidation occurs.

b) Limited chemical information: UPS does not provide
detailed chemical information, which limits its applications in
chemical analysis.

¢) Sample preparation: UPS requires samples to be vacuum-
compatible and free from surface contaminants, oxides, or
adsorbates that can interfere with the analysis. Sample
preparation methods such as cleaning, drying, and handling
may introduce artifacts or alter the surface properties,
affecting the accuracy and reproducibility of measurements.
d) Sample requirement: UPS requires a sample that can
efficiently emit low-energy electrons, which restricts the
applications to conductive or semi-conductive materials. Non-
conductive or insulating material may charge under UV light,
making it difficult to obtain reliable data.

e) Limited depth profiling: UPS lacks depth profiling
capabilities and cannot provide information about subsurface
layers or buried interfaces without additional techniques. It
primarily provides information about the electronic structure
of the outermost surface layers, making it less suitable for
studying buried interfaces or multilayered structures.

f) High vacuum requirement: UPS requires UHV conditions
to prevent electron scattering in air and to maintain surface
cleanliness. This limits the in situ analysis of samples exposed
to atmospheric conditions.

g) Surface charging: Charging effects can occur during UPS
measurements, particularly for insulating or semiconducting
materials. The accumulation of charge on the sample surface
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can distort the energy levels and band structure, leading to
inaccurate measurements and difficulty in interpreting UPS
spectra.

h) Work function variability: The work function of a
material can be affected by surface adsorbate or contaminants,
which affects the measurement of electronic states and
complicates data interpretation.

i) Photon energy range: UPS measurements are limited to the
range of photon energies provided by the UV light source.
While synchrotron radiation offers tunable photon energies
over a broad range, conventional UV lamps have limited
energy tunability and may not cover the entire energy range of
interest for some materials. The low photon energy of UV light
restricts the ability to provide elemental composition data or
identify different oxidation states as it does not probe deeper
core levels.

j) Quantitative analysis: Quantitative analysis with UPS can
be challenging due to surface roughness, sample charging
effects, and variations in photoionization cross-sections for
different materials. Accurate quantification of electronic states,
band energies, and density of states may require careful
calibration, standards, and consideration of instrumental
parameters and sample conditions.

k) Poor sensitivity to light elements: Light elements like
hydrogen have weak photoemission, cross-section, and UV-
photon energy ranges, making them harder to detect in UPS as
compared with other instruments.

1) Instrumentation complexity: UPS instrumentation can be
complex and requires specialized equipment, including UV
light sources, electron analyzers, vacuum systems, and data
acquisition systems. Maintaining and operating UPS
instruments requires expertise in surface science, vacuum
technology, photonics, and data analysis.

m) Complex data interpretation: overlap of valence states:
The valence bands from elements in a material can overlap in
energy, making it challenging to distinguish between
contributions from different atoms or molecules.

n) Access and availability: Access to UPS facilities may be
limited, particularly in regions with fewer research
infrastructure resources. The high cost of instrumentation and
maintenance may restrict the accessibility of UPS for
researchers and industrial users, leading to challenges in
obtaining timely and cost-effective measurements.

Despite these limitations, UPS remains a valuable tool for
investigating the electronic structure and surface properties of
materials, providing valuable insights into surface chemistry,
semiconductor physics, and materials science. Addressing
these limitations through methodological improvements and
complementary techniques continues to be an active area of
research in the field of UPS. 46481

2.3 Fluorescence spectroscopy

Fluorescence is the phenomenon of emission of
electromagnetic radiation in the visible region from certain
materials by absorbing electromagnetic radiation in the
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invisible region. Fluorescence spectroscopy, a powerful
analytical technique, has evolved significantly since its
discovery in the late 19% century.*!

The roots of fluorescence can be traced back to Sir George
Stokes' observations in 1852, who discovered the phenomenon
while studying quinine sulfate. He noted that certain
substances absorbed light at a specific wavelength and re-
emitted it at a longer wavelength, a process termed
"fluorescence" after the mineral fluorite.

The scope of fluorescence spectroscopy expanded rapidly
with advancements in technology and understanding. In the
early 20" century, scientists like Wood and Wurzburg explored
fluorescence's applications in medicine and biology. Later,
during the mid-20" century, the development of synthetic
fluorophores and sophisticated instrumentation propelled
fluorescence spectroscopy into diverse fields including
biochemistry, environmental science, materials science, and
pharmacology."

Modern fluorescence spectroscopy encompasses a broad
range of techniques and applications. From steady-state
fluorescence measurements to time-resolved and single-
molecule fluorescence spectroscopy, researchers can
investigate molecular structures, dynamics, interactions, and
environmental changes with unparalleled sensitivity and
specificity. Fluorescence is pivotal in drug discovery,
environmental — monitoring, molecular biology, and
nanotechnology. [>!-34

Manufacture of modern fluorescence instruments involves
cutting-edge technologies. Lasers with precise wavelength
control, sensitive detectors, and advanced data analysis
software enable researchers to push the boundaries of
fluorescence spectroscopy.

In recent years, there has been a surge in miniaturization
and automation of fluorescence instrumentation, making it
more accessible to a wider range of users. Handheld
fluorescence  analyzers find applications in field
measurements, while integrated systems with high-throughput
capabilities streamline drug discovery and clinical diagnostics
screening processes. [°>-58]

In summary, fluorescence spectroscopy has come a long
way since its serendipitous discovery in the 19" century. Its
rich history, coupled with modern advancements in
technology and methodology, has cemented its position as a
cornerstone in analytical chemistry and interdisciplinary
research.b

2.3.1 Instrumentation of Fluorescence spectroscopy

The instrumentation used in fluorescence spectroscopy plays
a crucial role in facilitating the measurement and analysis of
fluorescence signals from samples. 5% The instrumentation
representation of fluorescence spectroscopy is shown in Fig. 3.
The key components of fluorescence spectroscopy are
described below:

a) Light source: Fluorescence spectroscopy requires a light
source to excite the sample molecules. Common sources
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Fig. 3: A pictorial representation of fluorescence spectroscopy. [¢!]

include xenon arc lamps, mercury lamps, tungsten-halogen
lamps, and laser systems. The choice of light source depends
on factors such as desired excitation wavelength, intensity, and
stability.

b) Monochromator: The monochromator is used to select a
specific wavelength of light for sample excitation. A
monochromator produces a beam of light with an extremely
narrow bandwidth or light of a single color. It is used in optical
measuring instruments where tunable monochromatic light is
sought. It ensures that only the desired wavelength reaches the
sample, thus enabling precise control over excitation
conditions. Monochromators can be prism-based or diffraction
grating-based. There are three types: single, double, and
quadruple.

¢) Sample compartment: This is the space where the sample
is placed for analysis. It is usually equipped with adjustable
holders to accommodate different sample formats, such as
cuvettes, microplates, or solid samples.

d) Optical filters: Optical filters are used to selectively
transmit fluorescence emission while blocking the excitation
light and other stray light. They help improve the signal-to-
noise ratio and enhance the sensitivity of fluorescence
measurements.

e) Detector: Detectors capture the fluorescence emission from
the sample and convert it into an electrical signal.
Photomultiplier tubes (PMTs) are commonly used detectors
due to their high sensitivity and wide dynamic range.
Alternatively, CCDs or PMTs may also be employed,
depending on the application.

f) Data acquisition system: The data acquisition system
digitizes and records the detector output, allowing for the
analysis and interpretation of fluorescence spectra. It may
include ADCs, data processing units, and software for data
visualization and analysis.

g) Spectrometer: In some fluorescence spectroscopy setups,
a spectrometer is used to disperse the emitted fluorescence
light into its spectral components. This allows for the
measurement of fluorescence spectra, which provide valuable
information about the molecular properties of the sample.

h) Control and software: Instrumentation is typically
controlled by dedicated software that allows users to set
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experimental parameters, acquire data, and perform data
analysis. Modern software packages often include advanced
features such as spectral deconvolution, kinetics analysis, and
multivariate analysis.

These components work together seamlessly to enable the
accurate and precise measurement of fluorescence signals,
making fluorescence spectroscopy a versatile and powerful
analytical technique in various scientific fields.

2.3.2 Principle of fluorescence spectroscopy

Fluorescence spectroscopy is based on the principle of
fluorescence, a phenomenon exhibited by specific molecules
called fluorophores. Fluorescence spectroscopy uses a beam
of light that excites the electrons in molecules of certain
compounds and causes them to emit light. Fluorescence is a
member of the ubiquitous luminescence family of processes in
which susceptible molecules emit light from electronically
excited states created by either a physical, mechanical, or
chemical mechanism. The generation of luminescence through
the excitation of a molecule by ultraviolet or visible light
photons is a phenomenon termed photoluminescence, which
is formally divided into two categories, fluorescence, and
phosphorescence, depending upon the electronic
configuration of the excited state and the emission pathway.
Fluorescence is the property of some atoms and molecules to
absorb light at a particular wavelength and to subsequently
emit light of a longer wavelength after a brief interval, termed
the fluorescence lifetime. The fluorescence is governed by
three important events, all of which occur on timescales that
are separated by several orders of magnitude. Excitation of a
susceptible molecule by an incoming photon happens in
femtoseconds while vibrational relaxation of excited state
electrons to the lowest energy level is much slower and can be
measured in picoseconds. The final process, emission, is the
emission of a longer wavelength photon and the return of the
molecule to the ground state, which occurs in a relatively long
time period of nanoseconds. Although the entire molecular
fluorescence lifetime, from excitation to emission, is measured
in only a billionths of a second, the phenomenon is a stunning
manifestation of the interaction between light and matter that
forms the basis for the expansive fields of steady-state and
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time-resolved fluorescence spectroscopy and microscopy. The
term fluorescence was coined on the basis of blue-white
fluorescent mineral fluorite. Stokes also discovered the
wavelength shift to longer values in emission spectra that
bears his name.[®?

Fluorescent probes are materials that can undergo
electronic transitions that ultimately result in fluorescence.
The fluorophore is a fluorescent probe or fluorochrome-
conjugated to a larger macromolecule through absorption or
covalent bonds. In general, fluorophores are divided into two
broad classes, termed intrinsic and extrinsic. Intrinsic
fluorophores, such as aromatic amino acids, neurotransmitters,
porphyrins, and green fluorescent proteins, are those that
occur naturally. Extrinsic fluorophores are synthetic dyes or
modified biochemicals that are added to a specimen to produce
fluorescence with specific spectral properties. The principle
can be summarized in several key steps: [¢*]

a) Absorption of light: When a fluorophore molecule is
exposed to light of a specific wavelength (known as the
excitation wavelength), it absorbs the energy from the incident
photons. This absorption promotes an electron from the
ground state to an excited state.

b) Relaxation to excited state: Upon absorption of light, the
fluorophore molecule transitions from its ground state (lower
energy) to an excited state (higher energy). This excited state
is typically short-lived, lasting only for a fraction of a
nanosecond to a few microseconds.

¢) Emission of light: After a brief period in the excited state,
the fluorophore molecule returns to its ground state by
releasing the excess amount of energy as light. The emitted
light, known as fluorescence emission, is of a longer
wavelength (lower energy) than the absorbed excitation light.
This phenomenon is governed by Stokes' law, which states that
the fluorescence emission takes place at a longer wavelength
than the absorbed light.

d) Stokes shift: The difference in wavelength between the
excitation and emission light is called the Stokes shift. It is a
characteristic property of each fluorophore and provides
valuable information about the molecule's structure,
environment, and interactions.

e) Fluorescence intensity: The intensity of fluorescence
emission is proportional to the concentration of fluorophores
in the sample and their quantum yield, which is the efficiency
of fluorescence emission relative to other non-radiative
relaxation pathways.

f) Fluorescence spectrum: By scanning the emission
wavelength while keeping the excitation wavelength constant
(or vice versa), a fluorescence spectrum can be obtained. This
spectrum represents the intensity of fluorescence emission at
different wavelengths and provides valuable insights into the
properties of the fluorophores and their environment.

Overall, fluorescence spectroscopy exploits the unique
electronic transitions and energy transfer processes of
fluorophore molecules to investigate various molecular
phenomena, including structure, dynamics, interactions, and
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environmental changes. It is widely used in biochemistry,
veterinary medicine, environmental science and engineering,
biophysics, chemistry, materials science, medicine, and other
scientific disciplines for both qualitative and quantitative
analysis.

2.3.3 Applications of fluorescence spectroscopy
Fluorescence spectroscopy finds diverse applications across
numerous scientific fields due to its sensitivity, selectivity, and
versatility. Some prominent applications include:

a) Biomedical research: Fluorescence spectroscopy is
extensively utilized in biomedical research for studying
biomolecules, cells, and tissues. It is employed in protein
structure analysis, DNA sequencing, detecting biomarkers,
monitoring enzyme kinetics, and studying cellular processes
such as membrane potential changes and intracellular ion
concentrations.

b) Clinical diagnostics: In clinical diagnostics, fluorescence
spectroscopy plays a crucial role in disease diagnosis and
monitoring. It is used to detect biomolecules indicative of
diseases such as cancer, diabetes, infectious diseases, and
cardiovascular disorders. Fluorescent probes and markers
enable sensitive and specific detection of target analytes in
biological samples like blood, urine, and tissue biopsies.

¢) Pharmaceutical analysis: Fluorescence spectroscopy is
widely applied in pharmaceutical analysis for drug discovery,
formulation development, and quality control. It facilitates the
characterization of drug compounds, including their purity,
stability, and interactions with other molecules. Fluorescence
assays are also employed in high-throughput screening of
potential drug candidates.

d) Environmental monitoring: Fluorescence spectroscopy
finds a wide range of applications in environmental science for
monitoring pollutants, contaminants, and natural organic
matter in water, soil, and air. Therefore, it can be used to assess
environmental quality, track sources of pollution, and study
ecological processes such as biodegradation and
photochemical reactions.[6+7"]

e) Food and beverage industry: In the food and beverage
industry, fluorescence spectroscopy is employed for quality
control, authentication, and safety assessment. It can detect
contaminants, adulterants, and spoilage markers in food
products. In addition to this, fluorescence techniques are used
to monitor food processing, assess nutritional content, and
study flavor compounds.

f) Material science: Fluorescence spectroscopy is valuable in
material science for analyzing the properties and behavior of
materials, including polymers, nanoparticles, and
semiconductor materials. It is used to investigate material
composition, structure, surface properties, and defects.
Fluorescence-based sensors are also employed to detect
analytes in materials and monitor manufacturing processes.
g) Forensic analysis: In forensic science, fluorescence
spectroscopy aids in the analysis of forensic evidence, such as
fibers, paints, inks, and biological fluids. It helps identify and
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characterize trace evidence, differentiate between materials,
and link evidence to specific sources or individuals.

h) Environmental science and engineering: Fluorescence
spectroscopy is widely used in environmental science and
engineering to study natural organic matter, pollutants, and
contaminants in water, soil, and air. Pollution of natural
resources is a major worldwide problem that directly or
indirectly affects a large number of flora and fauna.
Fluorescence spectroscopy helps to assess water quality,
monitor pollution, and understand environmental processes
such as biodegradation and photochemical reactions.!!-”]

2.3.4 Limitations of fluorescence spectroscopy

While fluorescence spectroscopy is a powerful analytical
technique with broad applicability, it also has certain
limitations:

a) Overlapping emission spectra: Fluorescent molecules
often have emission spectra that overlap with those of other
molecules in complex samples. This can lead to difficulties in
distinguishing between different fluorophores and interpreting
fluorescence signals accurately.

b) Quantum yield variation: The fluorescence quantum yield,
which represents the efficiency of fluorescence emission, can
vary significantly among different fluorophores and
environmental conditions. Variations in quantum yield can
affect the accuracy and reproducibility of quantitative
measurements.

¢) Inner filter effect: In samples with high absorbance at the
excitation wavelength, the incident light can be partially
absorbed before reaching the fluorophores, leading to a
decrease in fluorescence intensity. This phenomenon, known
as the inner filter effect, can distort fluorescence
measurements and complicate data analysis.

d) Photo-bleaching: Prolonged exposure to excitation light
can cause photo-bleaching, where fluorophores lose their
fluorescence activity over time due to irreversible chemical
reactions or physical degradation. Photo-bleaching limits the
duration of fluorescence measurements and can affect the
stability of fluorescence signals.

e¢) Background autofluorescence: The phenomenon of
autofluorescence, which arises from endogenous fluorophores,
is observed in certain biological materials such as flavins,
collagen, and lipofuscin. Background autofluorescence can
interfere with detecting specific fluorescent probes and reduce
the signal-to-noise ratio, particularly in complex biological
matrices.

f) Limited depth penetration: Fluorescence signals from
samples are typically detected from the surface or at a shallow
depth within the sample. This limitation restricts the
application of fluorescence spectroscopy to surface-sensitive
measurements and may not be suitable for analyzing samples
with significant light scattering or absorption properties.

g) Temperature sensitivity: Fluorescence intensity and
emission spectra can be sensitive to changes in temperature,
affecting the stability and reproducibility of measurements.
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Temperature control is often required to minimize
temperature-induced artifacts and ensure the accuracy of
fluorescence data.

h) Sample preparation requirements: Fluorescence
spectroscopy often requires specific sample preparation
procedures to optimize the signal-to-noise ratio and minimize
artifacts. Sample purification, labeling with fluorescent probes,
and removal of interfering substances may be necessary,
which can increase the complexity and time required for
analysis. [76-78]

2.4 Raman spectroscopy

Raman spectroscopy, a pivotal analytical technique, traces its
roots to the groundbreaking discovery by Sir Raman and
Krishnan in 1928. He was awarded the Nobel Prize in Physics
for the discovery of the Raman Effect. He is the only Scientist
from India who has been awarded the Nobel Prize. While
studying the scattering of light, they observed that a small
fraction experienced a shift in frequency, later termed the
“Raman effect”. This phenomenon revolutionized molecular
analysis, offering insights into the vibrational and rotational
modes of molecules. -3

Over the years, Raman spectroscopy has found wide-
ranging applications. It elucidates molecular structures and
interactions in chemistry, aiding pharmaceutical research,
materials science, and environmental monitoring. Its
capability to characterize materials extends to diverse fields,
including semiconductor analysis, art conservation, and
geology. Biomedical applications leverage Raman's ability to
probe biological tissues and fluids, facilitating disease
diagnosis and drug development. [348

Modern Raman spectroscopy owes much of its efficacy to
technological advancements. Laser technology, particularly
solid-state lasers, delivers precise and intense excitation light,
enhancing sensitivity and signal-to-noise ratios. Optical
components, such as filters and gratings, optimize light
collection and dispersion, ensuring accurate spectral analysis.
Detectors like CCDs enable sensitive detection and rapid data
acquisition.

Modern Raman spectroscopy owes much of its efficacy to
technological advancements. Laser technology, particularly
solid-state lasers, delivers precise and intense excitation light,
enhancing sensitivity and signal-to-noise ratios. Optical
components, such as filters and gratings, optimize light
collection and dispersion, ensuring accurate spectral analysis.
Instrumentation has also evolved, with sophisticated
spectrometers featuring automated sample stages and intuitive
software for data analysis. Portable Raman spectrometers have
emerged, facilitating on-site and field applications across
industries. Quality control measures guarantee instrument
performance, meeting the demands of scientific research,
industrial processes, and regulatory standards. [5¢:57]

Thus, Raman spectroscopy's historical journey from its
serendipitous discovery to modern applications epitomizes
scientific innovation. Its scope encompasses diverse
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disciplines driven by technological progress and
interdisciplinary collaboration. As manufacturing techniques
advance, Raman spectroscopy continues to shape our
understanding of the molecular world and address
contemporary challenges across science and industry.

2.4.1 Instrumentation of Raman spectroscopy

The instrumentation of Raman spectroscopy comprises
several key components that work together to generate, collect,
and analyze Raman scattering signals. [#-1 The schematic
diagram of Raman spectroscopy is presented in Fig. 4. Here is
an overview of the essential components of Raman
Spectroscopy:

a) Laser source: Raman spectroscopy typically employs a
monochromatic laser as the excitation source. Common lasers
used in Raman Spectroscopy include diode lasers, solid-state
lasers (such as diode-pumped and solid-state lasers), and
semiconductor lasers. The choice of laser depends on factors
like excitation wavelength, power, and stability.

b) Sample illumination: The laser beam is directed onto the
sample through a microscope objective or focusing lens. This
ensures precise control over the laser spot size and position on
the sample, enabling localized measurements and spatial
mapping.

¢) Optical filters: Optical filters are effectively used to block
the Rayleigh scattered light (light that undergoes elastic
scattering at the same frequency as the incident laser) and
transmit the Raman scattered light alone. Filters help to
improve the signal-to-noise ratio by removing unwanted
background noise from the spectrum.

d) Dispersion element: A dispersive element, such as a
diffraction grating or prism, disperses the Raman scattered
light into its component wavelengths. This allows the
detection of Raman shifts corresponding to vibrational modes
of molecules.

e) Detector: Raman scattered light is detected by a sensitive
detector, typically a CCD camera or PMT. These detectors
convert optical signals into electronic signals for data
acquisition and analysis.

f) Spectral analyzer: A spectral analyzer, such as a
spectrometer or spectrograph, is used to separate and analyze
the Raman scattered light according to its wavelengths. The
spectrometer may employ a diffraction grating or prism to
disperse the light and capture the Raman spectra.

g) Data acquisition system: The electronic signals from the
detector are processed and recorded by a data acquisition
system. This system digitizes the signals and stores them for
further analysis, often in the form of Raman spectra.

h) Software: Dedicated software is used for data analysis,
including spectral processing, peak identification, and
quantification of Raman signals. Advanced software packages
may also offer features like spectral deconvolution, baseline
correction, and multivariate analysis.

i) Optional accessories: Additional accessories, such as
sample stages with temperature control, polarization optics,
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and confocal microscopy attachments, can be incorporated
into the Raman spectroscopy setup to enhance measurement
capabilities and address specific experimental requirements.
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Fig. 4: Schematic diagram of Raman spectroscopy.!

Overall, the instrumentation of Raman spectroscopy
combines precision optics, lasers, detectors, and advanced
data analysis software to enable the accurate and sensitive
detection of Raman scattering signals from samples, making it
a versatile technique for molecular analysis across various
scientific disciplines.

2.4.2 Principle of Raman spectroscopy

Raman spectroscopy is based on the principle of inelastic light
scattering, known as the Raman effect, discovered by Sir
Raman and Krishnan in 1928. The principle can be
summarized in several key steps:

a) Incident light interaction: A monochromatic light source,
typically a laser, irradiates the sample. The photons from the
incident light interact with the sample molecules, leading to
elastic and inelastic scattering processes.

b) Elastic scattering (Rayleigh scattering): The majority of
incident photons undergo elastic scattering, known as
Rayleigh scattering, where the scattered light maintains the
same energy (frequency) as the incident light. This scattered
light contributes to the background and is much more intense
than Raman's scattered light.

c¢) Inelastic scattering (Raman scattering): A small fraction
of incident photons undergo inelastic scattering, known as
Raman scattering. During this process, the scattered photons
gain or lose energy due to interactions with the vibrational and
rotational modes of the sample molecules.

d) Energy transfer: In Raman scattering, the energy of the
scattered photon is shifted relative to the incident photon by
an amount corresponding to the energy of a specific
vibrational or rotational transition within the molecule. This
shift in energy is known as the Raman shift and is
characteristic of the molecular structure of the sample.

¢) Raman spectra: The Raman scattered light is collected and
dispersed by a spectrometer, separating it into component
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wavelengths. The resulting spectrum, known as a Raman
spectrum, represents the intensity of scattered light as a
function of Raman shift. Each peak in the spectrum
corresponds to a specific vibrational or rotational mode within
the molecule.

f) Information content: The Raman spectrum provides
valuable information about the molecular structure, chemical
composition, and bonding environment of the sample. It can
identify functional groups, detect molecular conformations,
and differentiate between different chemical species.

Thus, Raman spectroscopy exploits the Raman effect to
probe the vibrational and rotational modes of molecules,
offering a non-destructive, label-free, and highly sensitive
analytical technique for molecular analysis in various
scientific fields, including chemistry, materials science,
biology, and pharmaceuticals.

2.4.3 Applications of Raman spectroscopy

Raman spectroscopy, some of the applications can be enlisted
as below:

a) Chemical analysis: Raman spectroscopy is extensively
used for chemical analysis, including qualitative and
quantitative determination of molecular composition,
identification of functional groups, and characterization of
chemical reactions. It is employed in fields such as
pharmaceuticals, polymers, organic chemistry, and forensic
science.

b) Material characterization: Raman spectroscopy is an
important analytical tool and provides information regarding
structure, composition and properties of the material under
study. This spectroscopic technique can provide information
about crystalline phases, detect polymorphs and contaminants
assess material purity and homogeneity and investigate phase
transition and defects. Applications include semiconductor
analysis, mineralogy, ceramics, and thin-film characterization.
¢) Biomedical and veterinary sciences: Raman spectroscopy
is used to study the biological tissues, cells, and biomolecules.
It can provide information about bio-molecular structure,
identify disease markers, assess cell viability and metabolic
activity, and monitor drug interactions and distribution in
tissues. Also can be employed in detection of neoplastic
tissues, tissue engineering, drug discovery, and microbiology.
d) Pharmaceutical analysis: Raman spectroscopy plays a
crucial role in the pharmaceutical industry for design and

development of drug, formulation analysis, and quality control.

It can identify active pharmaceutical ingredients (APIs), detect
polymorphs and impurities, assess drug stability and
degradation, and monitor drug-polymer interactions in
formulations.

¢) Environmental monitoring: We observe environmental
pollution. The environmental pollution highly affects the
human life and livestock. Therefore, environmental
monitoring is an important parameter and Raman
spectroscopy is employed in environmental science for
measurement of pollutants, contaminants, and natural
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resources. It can identify organic and inorganic pollutants in
water, soil, and air, assess environmental degradation and
remediation processes, and study microbial communities and
biogeochemical cycles.

f) Art and cultural heritage conservation: Raman
spectroscopy is used for non-destructive analysis and
authentication of artworks, historical artifacts, and cultural
heritage objects. It can identify pigments, dyes, varnishes, and
degradation products, assess material aging and deterioration,
and guide conservation treatments and restoration efforts.

g) Food and beverage analysis: Raman spectroscopy finds
applications in the food and beverage industry for quality
control, authentication, and safety assessment. It can identify
ingredients, detect contaminants and adulterants, assess
nutritional content, and monitor food processing and storage
conditions.">%3

2.4.4 Limitations of Raman spectroscopy

Raman spectroscopy is a powerful analytical technique with
numerous applications, and it also has several limitations:

a) Fluorescence interference: Fluorescence from the sample
or impurities can interfere with Raman scattering signals,
particularly when the fluorescence intensity is comparable to
or higher than the Raman signal. Fluorescence background can
obscure Raman peaks, reducing the signal-to-noise ratio and
complicating spectral analysis.

b) Sample heating: The high-intensity laser used in Raman
spectroscopy can heat the sample, especially when analyzing
sensitive or thermally unstable samples. Sample heating may
cause thermal decomposition, phase transitions, or changes in
molecular conformation, potentially altering Raman spectra
and leading to inaccurate results.

¢) Limited depth penetration: Raman scattering is a surface-
sensitive technique, with the depth of penetration typically
limited to a few micrometers. This limits its applicability for
analyzing bulk materials or samples with significant light
scattering or absorption properties, as the Raman signal may
not adequately represent the entire sample volume.

d) Sample preparation: Raman spectroscopy often requires
minimal sample preparation; however, certain samples may
require specific preparation techniques to optimize signal
quality and reproducibility. Sample preparation steps such as
drying, grinding, and mounting can introduce artifacts or alter
sample properties, potentially affecting Raman spectra.

e) Low sensitivity for trace analysis: Raman spectroscopy
has lower sensitivity compared to some other analytical
techniques, particularly for trace analysis or detection of low-
concentration analytes. The Raman effect is inherently weak,
resulting in relatively low signal intensities, which may limit
its applicability for trace-level detection or quantification.

f) Instrumentation costs: High-quality Raman spectroscopy
instrumentation can be costly, particularly for systems with
advanced features such as high-resolution spectrometers,
sensitive detectors, and multiple laser excitation options. The
initial investment and maintenance costs may be prohibitive
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for some research labs or industrial settings.

g) Complex spectral interpretation: Raman spectra can be
complex and challenging to interpret, especially for samples
with overlapping peaks, multiphase materials, or mixtures of
compounds. Spectral interpretation may require expertise in
vibrational spectroscopy and molecular structure analysis,
making it time-consuming and subjective.

Despite these limitations, Raman spectroscopy remains a
valuable analytical tool with widespread applications in
diverse scientific fields, and ongoing advancements in
instrumentation and data analysis techniques continue to
address many of these challenges.

3. Electron spectroscopy

Electron spectroscopy encompasses a range of techniques that
utilize the interaction between electrons and matter to
investigate the electronic structure, composition, and
properties of materials. One of the fundamental principles
underlying electron spectroscopy is the measurement of the
energy distribution of electrons emitted or scattered from a
sample in response to various excitation processes. This
interaction provides valuable information about the electronic
states, bonding characteristics, and surface properties of the
material under investigation.[+-¢]

In electron spectroscopy, electrons are typically generated
and accelerated towards the sample using an electron source
such as a heated filament or a field emission cathode. The
energy of the incident electrons can be controlled and varied
to probe different depths within the sample, allowing for
surface-sensitive or bulk-sensitive analysis depending on the
technique employed.

One of the most widely used electron spectroscopy
techniques is X-ray photoelectron spectroscopy (XPS), also

known as electron spectroscopy for chemical analysis (ESCA).

In XPS, monochromatic X-rays are used to eject core electrons
from atoms within the sample. The kinetic energy and
intensity of the emitted photoelectrons are then measured to
determine the elemental composition, chemical bonding, and
oxidation states of the surface atoms. By analyzing the binding
energy of the photoelectrons, XPS can provide information
about the chemical environment and electronic structure of the
material's surface layers.

Another important electron spectroscopy technique is
Auger electron spectroscopy (AES), which detects the
characteristic Auger electrons emitted following the relaxation
of core holes created by an incident electron beam. AES is
particularly sensitive to the composition and elemental
distribution of atoms near the sample surface, making it a
valuable tool for surface analysis and depth profiling.

Transmission electron energy loss spectroscopy (TEM-
EELS) is another powerful electron spectroscopy technique
that measures the energy loss of electrons passing through a
thin sample in a transmission electron microscope (TEM). By
analyzing the energy loss spectrum, TEM-EELS can provide
information about the electronic structure, bonding, and
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elemental composition of materials with high spatial
resolution.

Overall, electron spectroscopy techniques offer valuable
insights into the electronic properties and composition of
materials, making them indispensable tools for scientific
research and technological applications in fields such as
materials science, nanotechnology, surface chemistry, and
catalysis.””!

3.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was officially
introduced as a technique for chemical analysis in the 1960s.
XPS capitalizes on the photoelectric effect discovered by
Hertz in 1887, which was later developed by Siegbahn and
awarded the Nobel Prize in 1981. It allowed researchers to
study the elemental composition, chemical states, and
electronic structures of materials with high sensitivity and
surface specificity. It offers valuable insights into the surface
chemistry and structure of solids, liquids, and thin films with
high sensitivity and resolution.

At its core, XPS relies on the photoelectric effect, first
described by Albert Einstein in 1905, where photons (X-rays)
incident on a material surface eject photoelectrons with
energies characteristic of the atomic species present and their
chemical environment. This emitted photoelectron energy is
measured to determine elemental composition and chemical
states within the top few nanometers of the sample surface.

The basic setup of an XPS instrument consists of an X-ray
source, typically employing a monochromatic X-ray beam,
which irradiates the sample. The emitted photoelectrons are
then collected and analyzed by an electron energy analyzer,
which separates electrons based on their kinetic energy. A
detector records the electron energy distribution, producing a
spectrum that reveals the binding energies of photoelectrons,
which are specific to the elements and chemical states present
in the sample.

XPS is highly versatile and finds applications across
various scientific fields and industries. In materials science, it
is used to study surface composition, chemical reactions, and
thin film growth. XPS provides insights into molecular
structure, surface functionalization, and catalysis in chemistry.
Semiconductor research is employed to characterize
semiconductor surfaces, interfaces, and electronic devices.
Additionally, XPS is utilized in environmental science for
analyzing pollutants, biomedical research for studying
biomaterials and biological surfaces, and forensic science for
trace analysis and materials identification.

Modern XPS instruments offer advanced capabilities,
including high spatial resolution, chemical state mapping, and
depth profiling, enabling detailed characterization of complex
materials and interfaces. Furthermore, sophisticated data
analysis software allows for accurate peak fitting, quantitative
analysis, and interpretation of XPS spectra.

Thus, X-ray Photoelectron Spectroscopy is a valuable
analytical tool that provides fundamental insights into the
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composition, structure, and properties of materials at the
nanometer scale, driving advancements in research,
development, and technology across diverse scientific
disciplines and industrial sectors.

3.1.1 Instrumentation of XPS

The XPS instrument comprises several key components that
work together to generate, analyze, and interpret XPS spectra.
Here is an overview of the essential components of X-ray
photoelectron Spectroscopy, and the pictorial representation is
shown in Fig. 5.

a) X-ray source: The X-ray source generates monochromatic
X-rays to irradiate the sample surface. Common X-ray sources
include Mg Ka (1253.6 eV), Al Ka (1486.6 eV), and Cu Ka
(8048 eV). These X-rays are produced using X-ray tubes or
synchrotron radiation sources.

b) Sample chamber: The sample chamber holds the specimen
under investigation and provides a vacuum environment to
minimize air-induced contamination and allow the interaction
of the X-ray beam with the sample surface.

¢) Detector: The detector records the energy and intensity of
the emitted photoelectrons as a function of their kinetic energy.
Modern XPS detectors include multi-channel electron
detection systems, such as delay-line detectors or
microchannel plate detectors, which offer high sensitivity and
spatial resolution.

d) Energy analyzer: The energy analyzer selects the desired
energy range of the emitted photoelectrons and rejects
unwanted background signals, such as secondary electrons or
Auger electrons. It ensures that only photoelectrons with
energies corresponding to the elements of interest are detected.
e) Data acquisition system: Modern XPS is equipped with
the data acquisition system digitizes and records the signals
from the detector, producing XPS spectra that represent the
energy distribution of emitted photoelectrons. It may include
signal amplifiers, ADCs, and data processing units.

f) Vacuum system: XPS requires maintenance of the vacuum.
A vacuum system maintains a high vacuum environment
inside the sample chamber to minimize collisions between
photoelectrons and air molecules, ensuring accurate XPS

measurements. It typically includes vacuum pumps, vacuum
gauges, and vacuum seals.

g) Software: Dedicated software is used for instrument
control, data acquisition, and spectral analysis different
software are developed and used. It allows users to set
experimental parameters, acquire XPS spectra, perform peak
fitting and quantification, and visualize and interpret the
results.

Thus, we notice that the instrumentation of XPS combines
precise X-ray sources, electron analyzers, detectors, and
advanced data analysis software to enable the accurate and
sensitive analysis of the elemental composition, chemical
states, and surface properties of materials, making it a versatile
tool for surface science, materials characterization, and
chemical analysis.

3.1.2 Principle of XPS

XPS operates on the principle of the photoelectric effect and
the subsequent analysis of emitted photoelectrons. The
principle can be summarized in several key steps:

a) X-ray irradiation: The sample under investigation is
irradiated with monochromatic X-rays, typically generated by
an X-ray source such as a magnesium (Mg Ka), aluminum (Al
Ka), or copper (Cu Ka) X-ray tube. These X-rays have
sufficient energy to penetrate the surface layers of the sample.
b) Photoelectric effect: When the X-rays interact with the
sample, they can excite inner-shell electrons (typically core
electrons) of atoms within the sample. If the energy of the
incident X-ray photons exceeds the binding energy of an inner-
shell electron, the electron can be ejected from the atom. This
process is known as the photoelectric effect.

¢) Emission of photoelectrons: The ejected inner-shell
electron, now referred to as a photoelectron, exits the atom
with kinetic energy equal to the difference between the energy
of the incident X-ray photon and the binding energy of the
electron. The kinetic energy of the emitted photoelectron is
characteristic of the element from which it originated and is
specific to the electron's initial binding state within the atom.

d) Energy analysis: The emitted photoelectrons are collected
and energy-analyzed using an electron energy analyzer. The
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Fig. 5: A pictorial representation of X-ray photoelectron spectroscopy.
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analyzer selects photoelectrons with specific kinetic energies
and separates them according to their energy distribution. This
process allows for the determination of the binding energy of
the photoelectrons, which is related to the chemical
environment and electronic structure of the atoms from which
they originated.

e) Spectral interpretation: The energy-analyzed
photoelectron signals are recorded, typically as a function of
binding energy, to generate an XPS spectrum. Peaks in the
spectrum correspond to the kinetic energies of emitted
photoelectrons, providing information about the elemental
composition, chemical states, and surface chemistry of the
sample.

f) Data analysis: XPS spectra are analyzed using specialized
software to identify and quantify the elements present in the
sample, determine their chemical states, and extract
information about chemical bonding and electronic structure.
Peak fitting algorithms, reference databases, and spectral
deconvolution techniques are commonly employed for data
analysis and interpretation.

Overall, XPS exploits the photoelectric effect to probe the
elemental composition, chemical states, and surface properties
of materials with high sensitivity and specificity, making it a
valuable tool for surface analysis, materials characterization,
and chemical analysis in various scientific and industrial
applications.

3.1.3 Applications of XPS

XPS finds diverse applications across numerous scientific
fields, such as chemical sciences, physics, veterinary science,
health, agriculture, pharmaceutical science, environmental
sciences and engineering, efc. It is also widely used in
industrial sectors, research, and development and can provide
detailed information about the chemical composition,
electronic structure, and surface properties of materials. Some
prominent applications include:

a) Surface analysis: XPS is widely used for surface analysis
of solid materials, providing valuable insights into surface
composition, elemental distribution, chemical states, and
surface contamination. It is employed in fields such as
catalysis, corrosion science, adhesion studies, and surface
modification.

b) Materials characterization: XPS is an important
technique widely and effectively used for materials
characterization, enabling researchers to analyze the chemical
composition and electronic structure of materials with high
sensitivity and resolution. It is employed in materials science,
nanotechnology, metallurgy, and semiconductor research to
study thin films, coatings, nanoparticles, and composite
materials.

¢) Catalysis and catalytic materials: XPS is utilized in
catalysis research to investigate the surface chemistry and
catalytic properties of catalyst materials. It provides
information about catalyst composition, active sites, oxidation
states, and surface reactions, aiding in the design and
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optimization of catalysts for various industrial processes,
including energy conversion, environmental remediation, and
chemical synthesis.

d) Semiconductor industry: XPS plays a critical role in the
semiconductor industry for characterizing semiconductor
materials, device surfaces, and interfaces. It is used to analyze
thin film deposition, interface engineering, doping profiles,
oxide layers, and surface passivation in semiconductor devices
such as integrated circuits, solar cells, and microelectronic
components.

¢) Polymer science: XPS is employed in polymer science for
studying polymer surfaces, interfaces, and functionalization. It
provides information about polymer composition, chemical
bonding, cross-linking, and surface modifications, facilitating
the development of advanced materials for applications in
coatings, adhesives, biomaterials, and electronics.

f) Biomedical research: XPS finds applications in biomedical
research for analyzing biomaterials, implants, and biological
surfaces. It is used to study the surface properties of
biomaterials, characterize tissue-engineered constructs, assess
implant integration and biocompatibility, and investigate
interactions between biomolecules and surfaces.

g) Environmental science and engineering: XPS is widely
used in environmental science and engineering to study
environmental samples, pollutants, and contaminants. It
provides information about surface chemistry, oxidation states,
and speciation of environmental pollutants, aiding in
environmental monitoring, pollution control, and remediation
efforts.

h) Coatings and thin films: XPS is employed in coatings and
thin film industries for quality control, composition analysis,
and surface characterization. It helps optimize coating
formulations, assess film thickness, detect defects, and study
the adhesion and durability of coatings in applications such as
automotive coatings, protective coatings, and electronic thin
films.

Overall, XPS is a versatile analytical technique with
widespread applications in scientific research, materials
development, quality control, and industrial manufacturing,
contributing to advancements in various technological fields
and addressing complex scientific and engineering challenges.

3.1.4 Limitations of XPS

XPS is a highly valuable technique for surface analysis and
materials characterization, it also has several limitations:

a) Surface sensitivity: XPS is primarily a surface-sensitive
technique, probing only the top few nanometers to
micrometers of the sample surface. Consequently, it may not
provide information about the bulk composition or buried
interfaces of thick or layered materials.

b) Sample preparation requirements: XPS requires clean
and flat sample surfaces for accurate analysis. Sample
preparation techniques such as polishing, sputtering, and
cleaning are often necessary to remove surface contaminants,
oxides, and roughness, which can affect XPS measurements.
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¢) Limited depth profiling: While depth profiling can be
performed using XPS, it is typically limited to shallow depths
due to the interaction volume of X-ray photons with the
sample. Depth profiling techniques such as ion sputtering or
angle-resolved XPS may be employed, but they have practical
limitations in terms of depth resolution and analysis depth.

d) Surface charging: XPS measurements can be affected by
surface charging phenomena, particularly for insulating or
semiconducting samples. Surface charging can distort the
kinetic energy of emitted photoelectrons, leading to shifts in
peak positions and spectral distortions, which may complicate
data interpretation.

e) Quantitative analysis challenges: Quantitative analysis in
XPS can be challenging due to factors such as differential
sensitivity factors, matrix effects, and variations in electron
escape depths. Accurate quantification of elemental
concentrations and chemical states requires careful calibration,
reference standards, and consideration of instrumental
parameters.

f) Limited elemental sensitivity: XPS has limited sensitivity
for detecting light elements (e.g., hydrogen, helium) and
elements with low atomic number (e.g., carbon, nitrogen) due
to their low X-ray photoionization cross-sections.
Consequently, XPS may not be suitable for analyzing samples
containing trace amounts of these elements.

g) Chemical state information: While XPS provides
valuable information about elemental composition and
oxidation states, it may not always distinguish between
chemically similar species or subtle chemical variations.
Interpretation of XPS spectra requires expertise in spectral
deconvolution, peak fitting, and chemical bonding analysis.
h) Cost and accessibility: High-quality XPS instruments can
be expensive to purchase, operate, and maintain. Additionally,
XPS facilities may not be readily accessible to all researchers,
limiting its widespread adoption and utilization in certain
academic and industrial settings.

Despite these limitations, XPS remains a powerful and
widely used technique for surface analysis, materials
characterization, and chemical analysis, offering valuable
insights into the composition, structure, and properties of
materials at the nanometer scale. Ongoing advancements in
instrumentation, data analysis techniques, and sample
preparation methods continue to address many of these
challenges, expanding the capabilities and applications of XPS
in scientific research and industrial applications.

3.2 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a powerful
analytical technique used to investigate the electronic and
structural properties of materials at the nanometer scale. It
operates on the principle of measurement of energy loss of
electrons once they interact with the sample material. ¢ 101
This spectroscopic technique can provide useful information
related with elemental composition, chemical bonding and
electronic excitation. Fig. 6 addresses a pictorial
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representation of electron energy loss spectroscopy.

In EELS, a high-energy electron beam is directed onto a
thin sample, such as a nanomaterial, semiconductor, or
biological specimen. As the electrons pass through the sample,
they undergo interactions with the sample's atoms and
electrons, resulting in energy losses due to processes such as
ionization, plasmon excitation, and inner-shell excitation.

The energy loss spectrum obtained from EELS contains
information about the energy distribution of electrons after
interacting with the sample. By analyzing the shape, intensity,
and position of peaks in the energy loss spectrum, researchers
can extract valuable information about the sample's
composition, chemical environment, and electronic structure.

EELS offers several advantages over other analytical
techniques. It provides high spatial resolution, allowing
researchers to probe nanoscale features and interfaces within
materials. It also offers elemental and chemical specificity,
enabling the identification of specific elements and chemical
bonding configurations within complex samples.

EELS finds diverse applications in various scientific fields,
such as veterinary science, environmental science and
engineering, agriculture, physics, chemistry, materials science,
nanotechnology, semiconductor physics, and biology. It is
used to study a wide range of materials, including catalysts,
nanoparticles, polymers, biomolecules, and electronic devices.

Overall, EELS is a valuable tool for investigating the
electronic and structural properties of materials at the
nanometer scale, offering detailed insights into their
composition, bonding, and functionality. Its versatility and
high sensitivity make it an indispensable technique for

advancing scientific understanding and technological
innovation in diverse research areas.

3.2.1 Instrumentation of EELS

The instrumentation of EELS involves several key

components that work together to generate, analyze, and
interpret electron energy loss spectra. Here's an overview of
the essential components present in EELS:

a) Electron source: EELS instruments utilize an electron
source capable of producing a high-energy electron beam.
This is commonly achieved using a field emission gun (FEG)
or a thermal electron source, such as a tungsten filament. The
electron source emits electrons with energies typically ranging
from a few hundred electron volts (eVs) to several kilo-
electron volts (keVs).

b) Electron optics: Electron optics, including electron lenses
and apertures, are used to control and focus the electron beam
onto the sample. These components ensure that the electron
beam is well-collimated and properly aligned for accurate and
precise measurements.

¢) Sample stage: A sample stage holds the specimen under
investigation and allows for precise positioning and
manipulation during the experiment. It may feature motorized
stages for automated sample positioning and rotation, as well
as heating or cooling capabilities to control sample
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temperature during analysis.

d) Energy filter: The heart of the EELS instrument is the
energy filter, which selects and analyzes the energy loss of
electrons that pass through the sample. The energy filter
consists of an electron energy analyzer, typically a magnetic
prism or a monochromator, which disperses electrons based on
their energy and selects a specific energy range for analysis.
e) Detector system: The detector system records the energy
loss spectrum of electrons after they interact with the sample.
Common  detectors include  scintillation  detectors,
semiconductor detectors, and electron multipliers. The choice
of detector depends on factors such as sensitivity, energy
resolution, and signal-to-noise ratio requirements.

f) Data acquisition system: Modern EELS is facilitated with
an efficient data acquisition system digitizes and processes the
signals from the detector, producing an electron energy loss
spectrum. It may include signal amplifiers, ADCs, and data
processing units to handle the large amount of data generated
during the experiment.

g) Vacuum system: Like earlier discussed instruments, EELS
also requires evacuated condition. Once vacuum is created the
instrument can operate efficiently by minimizing electron
scattering and interaction with air molecules, which gives
accurate and reliable measurement. The vacuum system
typically includes vacuum pumps, vacuum gauges, and
vacuum seals to maintain a stable vacuum environment within
the instrument.

h) Control and analysis software: Dedicated software
controls the instrument operation, acquires data, and performs
spectral analysis. It allows users to set experimental
parameters, acquire EELS spectra, and analyze spectral
features such as peak positions, intensities, and shapes.
Advanced software packages may also offer tools for spectral
deconvolution, background subtraction, and quantitative
analysis.
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Fig. 6: A pictorial representation of Electron energy loss
spectroscopy.

24 | ES Energy Environ., 2025, 27, 1264

Overall, the instrumentation of EELS combines precision
electron sources, optics, energy filters, detectors, and data
analysis software to enable the accurate and sensitive analysis
of electron energy loss spectra, providing valuable insights
into the electronic and structural properties of materials at the
nanometer scale.

3.2.2 Principle of EELS

EELS operates on the principle of measuring the energy loss
of electrons as they interact with a sample, providing valuable
information about the sample's electronic structure, chemical
composition, and bonding characteristics. The principle can be
summarized in several key steps:

a) High-energy electron beam: In EELS, a high-energy
electron beam is directed onto a thin sample, such as a
nanomaterial, semiconductor, or biological specimen. The
energy of the incident electrons typically ranges from a few
hundred eVs to several keVs.

b) Interaction with sample: As the high-energy electrons
pass through the sample, they undergo interactions with the
sample's atoms and electrons. These interactions can lead to
various energy loss mechanisms, including:

¢) Ionization: Electrons may lose energy by ionizing atoms
within the sample, causing the ejection of inner-shell electrons.
d) Plasmon excitation: Electrons may excite collective
oscillations of conduction electrons, known as plasmons,
within the sample material.

e) Inner-shell excitation: Electrons may excite core electrons
to higher energy levels, resulting in inner-shell ionization and
Auger electron emission.

f) Energy loss spectrum: The energy loss spectrum obtained
from EELS represents the energy distribution of electrons after
interacting with the sample. It is typically recorded as a
function of energy loss, measured in eVs.

g) Analysis of energy loss spectrum: By analyzing the energy
loss spectrum, researchers can extract valuable information
about the sample's electronic structure, chemical composition,
and bonding characteristics. Peaks in the spectrum correspond
to specific energy loss mechanisms, providing insights into the
types of electron transitions and excitations occurring within
the sample.

h) Quantitative analysis: Quantitative analysis of EELS
spectra involves determining the relative intensities and
positions of energy loss peaks, as well as comparing them to
reference spectra and theoretical calculations. This allows for
the identification of elemental constituents, chemical bonding
states, and electronic excitations within the sample.

Overall, EELS provides a powerful means of probing the
electronic and structural properties of materials at the
nanometer scale, offering detailed insights into their
composition, bonding, and electronic excitations. It is widely
used in materials science, nanotechnology, semiconductor
physics, and biological research for investigating a wide range
of materials and phenomena.
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3.2.3 Applications of EELS

EELS is a versatile analytical technique with numerous
applications across various scientific disciplines. Some
prominent applications include:

a) Materials science and nanotechnology: The electronic
and structural properties of the materials at nanoscale can be
investigated with EELS. It is employed to study nanoparticles,
nanocomposites, thin films, and nanostructured materials,
providing insights into their composition, chemical bonding,
and electronic excitations. EELS is particularly valuable for
characterizing advanced materials with tailored properties for
applications in electronics, photonics, catalysis, and energy
storage.

b) Semiconductor physics: modern electronics is based
upon semiconductors. It becomes very important to study
electronic structure; bandgap, and EELS give good insight into
it. It provides information about band alignments, dopant
distributions, interface states, and electronic defects, aiding in
the optimization of semiconductor devices such as transistors,
LEDs, photovoltaics, and sensors.

¢) Catalysis and surface chemistry: Catalysts are the
materials that can alter the rate of chemical reactions. EELS
finds wide applications in catalysis research for studying the
surface chemistry, catalytic mechanisms, and active sites of
catalyst materials. It is used to investigate catalyst-support
interactions, adsorbate species, reaction intermediates, and
surface reconstruction phenomena, facilitating the design and
development of efficient catalysts for chemical synthesis,
environmental remediation, and energy conversion processes.
d) Biomaterials and biological imaging: Biomedical
research is a developing sector. In biomedical research, EELS
finds applications to study biomaterials, biological specimens,
and cellular structures at the nanoscale. The chemical
composition, elemental distribution, and structural
organization of biological materials, including proteins,
nucleic acids, membranes, and organelles, can be determined
using EELS. Today, imaging techniques are widely used in
medicine. Imaging is possible using various advanced
techniques such as compact topographic scan and magnetic
resonance imaging (MRI)-Spectroscopy. The imaging
technique is a non-invasive technique and can be employed to

determine abnormalities or malfunctions of the internal organs.

Also, fractures and cracks in bone can be determined using
imaging techniques. EELS is also used for biological imaging
applications, such as electron energy loss imaging (EELI), to
visualize cellular ultrastructure and molecular interactions.

e) Plasmonics and photonics: EELS plays a crucial role in
plasmonics and photonics research for investigating the
optical properties, plasmonic resonances, and light-matter
interactions of nanostructured materials and plasmonic
devices. It enables the -characterization of plasmonic
excitations, surface plasmon polaritons (SPPs), and localized
surface plasmons (LSPs), guiding the design of plasmonic
sensors, nanophotonic devices, and metamaterials with
tailored optical properties and functionalities.
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f) Environmental science and geosciences: EELS is utilized
in environmental science and geosciences to study mineral
compositions, geological specimens, and environmental
samples. It provides information about mineral phases, crystal
structures, elemental abundances, and chemical weathering
processes, aiding in the identification and characterization of
minerals, ores, and geological formations, as well as the
assessment of environmental pollutants and contaminants.

Overall, EELS offers a powerful and versatile approach for
investigating the electronic and structural properties of
materials across diverse scientific disciplines, driving
advancements in materials research, device fabrication,
biomedical imaging, environmental monitoring, and
fundamental scientific understanding.

3.2.4 Limitations of EELS

While EELS is a powerful technique for investigating the
electronic and structural properties of materials, it also has
several limitations:

a) Low spatial resolution: Achieving high spatial resolution
in EELS can be challenging, particularly for thick or
heterogeneous samples. The spatial resolution is limited by the
electron beam diameter and the interactions of electrons with
the sample, which may result in broadening of features and
reduced spatial detail.

b) Sample thickness: EELS is primarily suited for analyzing
thin samples or regions with low electron scattering, as thicker
samples can lead to increased inelastic scattering and multiple
scattering events, which can distort the energy loss spectrum
and complicate data interpretation. Thicker samples may
require thinning techniques such as ion milling or focused ion
beam (FIB) milling to reduce scattering effects.

¢) Surface sensitivity: EELS is inherently a surface-sensitive
technique, probing only the top few nanometers to
micrometers of the sample surface. Consequently, it may not
provide information about bulk properties or buried interfaces
within thick or layered materials.

d) Instrumentation complexity: EELS instruments are
complex and require specialized expertise for operation and
data analysis. The setup typically involves sophisticated
electron optics, energy filters, detectors, and data acquisition
systems, as well as stringent vacuum conditions to minimize
electron scattering and interactions.

e) Beam damage and electron radiation effects: High-
energy electron beams used in EELS can induce sample
damage, such as electron beam-induced deposition, radiation
damage, and specimen charging effects, particularly for
sensitive or beam-sensitive materials. Minimizing beam
damage requires careful optimization of beam parameters and
sample handling procedures.

f) Quantitative analysis challenges: Quantitative analysis in
EELS can be challenging due to factors such as detector
efficiency, sample thickness variations, background signals,
and uncertainties in energy calibration. Accurate
quantification of elemental concentrations and electronic
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excitations requires careful calibration, reference standards,
and consideration of instrumental parameters.
g) Signal-to-noise ratio: EELS spectra may suffer from poor
signal-to-noise ratio, particularly for low-energy loss features
or weak signals, which can affect the detection and
identification of spectral features. Signal averaging techniques
and background subtraction methods may be employed to
improve the signal-to-noise ratio, but these techniques may
increase acquisition times and data processing complexity.
Despite these limitations, EELS remains a valuable
technique for investigating the electronic and structural
properties of materials at the nanometer scale, offering
detailed insights into their composition, bonding, and
electronic  excitations.  Ongoing  advancements in
instrumentation, data analysis techniques, and sample
preparation methods continue to address many of these
challenges, expanding the capabilities and applications of
EELS in scientific research and industrial applications.

4. Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is a powerful
analytical technique used to investigate the chemical structure,
composition, and dynamics of molecules and materials by
measuring the interactions of atomic nuclei with external
magnetic fields and electromagnetic radiation. The principle
of MRS is grounded in the fundamental properties of NMR,
which describes how atomic nuclei with non-zero spin
generate magnetic moments when placed in a magnetic field
and how these magnetic moments can interact with RF
radiation.

In MRS, a sample containing nuclei with non-zero spins,
such as hydrogen ('H), carbon ('3C), phosphorus (*'P), or
fluorine ('°F), is placed in a strong and homogeneous magnetic
field generated by a superconducting magnet. This magnetic
field causes the nuclei to align with or against the field,
resulting in a slight energy difference between the two
alignments, known as the Zeeman splitting.

When the sample is irradiated with RF pulses at the
resonant frequency corresponding to the Zeeman splitting,
nuclei transition between energy levels, absorbing or emitting
energy in the form of RF radiation. This phenomenon is
known as NMR. The resonance condition, determined by the
Larmor equation, depends on the strength of the magnetic field
and the gyromagnetic ratio of the nucleus.

MRS exploits the unique chemical environments and
interactions experienced by nuclei within a molecule or
material, which influence their resonance frequencies and
relaxation properties. By applying different RF pulse
sequences and varying experimental parameters, such as pulse
duration, repetition time, and magnetic field strength, MRS
can selectively excite and manipulate nuclei of interest,
leading to the acquisition of spectral data containing valuable
information about the sample's chemical composition,
molecular structure, and dynamic processes.

The acquired spectra, typically displayed as plots of signal
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intensity versus frequency or chemical shift, reveal
characteristic peaks corresponding to specific nuclei and
chemical environments within the sample. By analyzing the
positions, intensities, and line shapes of these peaks, MRS
enables researchers to identify molecular species, quantify
concentrations, elucidate chemical structures, and study
molecular interactions in a wide range of applications,
including chemistry, biochemistry, veterinary medicine,
pharmacology, agriculture, medicine, materials science, and
environmental science and engineering.

4.1 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a
powerful analytical technique used to study the structure,
composition, and dynamics of particularly organic molecules
at the atomic level. It exploits the magnetic properties of
atomic nuclei and their interactions with external magnetic
fields to provide detailed information about molecular
structure, chemical bonding, and molecular motion.

At its core, NMR spectroscopy relies on the principle of
nuclear spin-the intrinsic angular momentum possessed by
atomic nuclei due to the presence of unpaired protons or
neutrons. When placed in an external magnetic field, these
nuclei align themselves with or against the field, resulting in
two energy states with slightly different energies. This energy
difference between the two states corresponds to a
characteristic resonant frequency known as the Larmor
frequency, which is specific to each nucleus and its local
chemical environment.

To probe these resonant frequencies, NMR spectroscopy
employs RF radiation, typically in the radiofrequency region
of the electromagnetic spectrum. By applying RF pulses at the
Larmor frequency of the nuclei of interest, the nuclei can be
selectively excited from one energy state to another. When the
RF pulse is turned off, the excited nuclei relax back to their
lower energy state, emitting energy in the form of RF radiation,
which is detected and analyzed.

The information obtained from NMR spectroscopy is
encoded in the form of a spectrum, which represents the
intensity of the emitted RF radiation as a function of frequency.
Fig. 7 shows a schematic diagram of NMR spectroscopy. Each
peak in the spectrum corresponds to a specific resonance
frequency associated with different nuclei within the molecule.
The chemical shifts, intensities, and multiplicity of these peaks
provide valuable insights into the chemical environment,
connectivity, and spatial arrangement of atoms within the
molecule.

NMR spectroscopy offers several advantages, including
non-destructive analysis, high sensitivity, and the ability to
study samples in solution, solid state, or even living organisms.
It is widely used in various scientific disciplines, including
chemistry, veterinary science, physics, biochemistry,
pharmaceuticals, materials science, medical diagnostics,
environmental science, and engineering for applications such
as structure elucidation, compound identification, reaction
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Fig. 7: A pictorial representation of Nuclear magnetic resonance spectroscopy.

monitoring, and protein folding studies.

Overal, NMR spectroscopy is a versatile and
indispensable tool for chemical analysis and molecular
characterization, providing valuable information about the
properties and behavior of molecules in diverse research and
industrial settings.

4.1.1 Instrumentation of NMR spectroscopy

Here's an overview of its key components:

a) Magnet: The primary component of an NMR spectrometer
is a powerful magnet, typically a superconducting magnet,
which generates a strong and uniform magnetic field. The
strength of the magnetic field is measured in units of Tesla (T)
or Gauss (G), with higher field strengths providing better
resolution and sensitivity.

b) Radiofrequency system: The RF system generates
radiofrequency pulses used to manipulate the nuclear spins in
the sample and to detect the resulting NMR signals. It consists
of RF transmitters, amplifiers, and antennas (coils), which
generate the magnetic fields necessary to excite and detect
nuclear spin transitions.

¢) Sample holder: The sample holder, or probe, holds the
NMR sample in a precisely defined position within the
magnet's magnetic field. The sample may be in the form of a
solution, solid, or gas, depending on the type of NMR
experiment being performed. The probe typically contains RF
coils for transmitting and receiving RF signals, as well as
temperature control systems to maintain sample temperature.

d) Gradient coils: Gradient coils are used to generate spatially
varying magnetic field gradients, which are essential for
spatial encoding in multidimensional NMR experiments. By
applying gradient pulses during signal acquisition, spatial
information can be encoded along different dimensions,
allowing for the spatial localization of NMR signals.

e) Receiver system: The receiver system amplifies and detects
the NMR signals emitted by the sample following RF
excitation. It consists of RF receivers, preamplifiers, and
signal-processing electronics, which amplify and digitize the
NMR signals for further processing and analysis.

f) Computer control and data acquisition system: Modern
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NMR spectrometers are controlled by computer software,
which enables users to set experimental parameters, acquire
NMR spectra, and perform data processing and analysis. The
computer also controls the timing of RF pulses, gradient
pulses, and data acquisition, ensuring precise and accurate
measurements.

g) Shimming systems: Shimming systems are used to
optimize the homogeneity of the magnetic field within the
NMR sample. This is achieved by adjusting the currents in
shim coils located around the main magnet to minimize
magnetic field variations and distortions, which can lead to the
broadening of NMR signals and reduced spectral resolution.
h) Sample changer and automation: Some NMR
spectrometers are provided with sample changers and
automation systems, which allow for the automated handling
of multiple samples. This enables high-throughput NMR
experiments and sample screening, particularly in applications
such as metabolomics, drug discovery, pharmaceutical science,
veterinary medicine, environmental science, engineering
quality control, etc.

Overall, the instrumentation of NMR spectroscopy
comprises a combination of powerful magnets, RF systems,
gradient coils, detectors, and computer control systems, which
work together to generate, manipulate, and detect NMR
signals from the sample. These sophisticated instruments
enable the characterization of molecular structure, dynamics,
and interactions in a wide range of chemical and biological
systems.

4.1.2 Principle of NMR spectroscopy

The principle can be summarized as follows:

a) Magnetic properties of nuclei: Atomic nuclei possess a
property known as nuclear spin, which arises from the
presence of protons and neutrons. Nuclei with an odd number
of protons or neutrons have a nonzero nuclear spin and behave
like tiny magnets with a magnetic moment.

b) Alignment in magnetic field: When placed in an external
magnetic field, the nuclear magnetic moments of the nuclei
align either parallel (low-energy state) or antiparallel (high-
energy state) with the direction of the magnetic field. The
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energy difference between these two states is proportional to
the strength of the magnetic field and is determined by the
nuclei's gyromagnetic ratio.

¢) Resonance condition: If electromagnetic radiation with the
appropriate frequency is applied to the sample, it can induce
transitions between the low-energy and high-energy nuclear
spin states. This frequency, known as the Larmor frequency, is
determined by the strength of the magnetic field and the
gyromagnetic ratio of the nuclei according to the equation:

w =YBo )
where o is the angular frequency, v is the gyromagnetic ratio,
and By is the magnetic field strength.

d) Absorption of radiation: When the Larmor frequency
matches the frequency of the applied radiation, a resonance
condition occurs, and the nuclei absorb energy from the
radiation, transitioning from the lower-energy state to the
higher-energy state. This absorption of radiation results in the
excitation of nuclear spins.

e) Relaxation processes: After excitation, the nuclei return to
their original state through relaxation processes known as
spin-lattice relaxation (T1) and spin-spin relaxation (T2).
During these processes, the excess energy is released as NMR
signals, which can be detected and analyzed to provide
information about the chemical environment and molecular
structure of the sample.

f) NMR signals: The NMR signals are detected as variations
in the absorption or emission of electromagnetic radiation by
the sample. These signals, typically recorded as a function of
frequency or chemical shift, represent the resonance
frequencies of different nuclear species in the sample and
provide information about their chemical composition and
molecular environment.

Overall, NMR spectroscopy exploits the magnetic
properties of atomic nuclei to probe the chemical structure,
composition, and dynamics of molecules in a sample. By
measuring the resonance frequencies and intensities of NMR
signals, valuable information about molecular structure,
conformation, and interactions can be obtained, making NMR
spectroscopy a powerful tool in chemistry, biochemistry,
materials science, and many other scientific disciplines.

4.1.3 Applications of NMR spectroscopy

Some prominent applications of NMR spectroscopy include:

a) Chemical analysis and structure elucidation: NMR
spectroscopy is widely used for the determination of the
structure of organic compounds and organometallic
compounds and the study of the physical, chemical, and
biological properties of matter also medical and veterinary
doctors are widely using magnetic resonance imaging, a
multidimensional NMR imaging technique for diagnosis of
disease or internal injury. This analytical technique provides
valuable information regarding molecular connectivity,
stereochemistry and various functional groups present. Thus,
NMR spectroscopy is a popular analytical tool based on
synthetic organic chemistry, natural product chemistry, and
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drug discovery.

b) Protein and biomolecular structure determination:
NMR spectroscopy finds extensive applications in structural
biology and biochemistry for structural elucidation,
particularly of giant bio-molecular complexes, proteins,
nucleic acids, efc. It provides insights into protein folding,

dynamics, and interactions, facilitating the study of
biomolecular mechanisms, drug binding, and disease
pathways.

¢) Metabolomics and metabolic profiling: Veterinary
pathology is an important branch of veterinary science that
deals with the study of causes of disease. Since earlier periods,
attempts have been made to elucidate the cause of disease, and
with the progress of time, the methods for the detection of
disease have been replaced. In modern scenarios, various
advanced techniques are used in the diagnosis of diseases.

d) Medical imaging and diagnosis: NMR spectroscopy is
utilized in MRI for non-invasive medical imaging and
diagnosis of anatomical structures and pathological conditions
in the body. Magnetic Resonance Imaging technique can be
used for high-resolution imaging of soft tissues, organs, and
physiological processes. This technique can be used to detect
fractures, the presence of neoplastic tissues, efc. However, it
is worth mentioning that this is not a confirmatory test for the
diagnosis of a tumor. We would like to mention here glioma is
a deadly brain tumor. It is a primary tumor. Hence, every good
physician should try to co-relate the clinical symptoms and
should not merely depend upon MRI imaging.

e) Material characterization and solid-state NMR: NMR
spectroscopy is employed in materials science for
characterizing the chemical composition, molecular structure,
and physical properties of materials such as polymers,
catalysts, nanoparticles, and surfaces. Solid-state NMR
techniques provide insights into crystalline and amorphous
materials, interfaces, and nanoscale structures, aiding in
materials design, development, and quality control.

f) Environmental analysis and pollution monitoring: In the
modern period, environmental pollution is increasing day by
day. Attempts are going on globally to protect the environment
and earth. Environmental pollution can be estimated using
various techniques. One of the important techniques for
analyzing environmental pollution is NMR spectroscopy. It
provides information about the composition, transformation,
and fate of environmental substances, supporting
environmental monitoring, risk assessment, and remediation
efforts.

g) Food and beverage analysis: NMR spectroscopy is
applied in the food and beverage industry for analyzing the
composition, quality, and authenticity of food products,
ingredients, and beverages. It enables the detection of
nutritional components, additives, contaminants, and
adulterants, contributing to food safety, quality control, and
product development.

h) Pharmacology and drug development: NMR
spectroscopy is used in pharmacology and drug development
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to study drug-receptor interactions, drug metabolism, and drug
formulation. It provides insights into drug binding sites,
affinity, and specificity, facilitating the design and
optimization of therapeutic agents and pharmaceutical
formulations.

Overall, NMR spectroscopy offers a versatile and powerful
analytical tool for addressing a wide range of scientific and
technological challenges in chemistry, biology, medicine,
veterinary  science, agriculture, materials  science,
environmental science, and food science, driving
advancements in research, innovation, and industry.

4.1.4 Limitations of NMR spectroscopy

Some of the limitations of NMR spectroscopy are mentioned
below.

a) Resolution: Despite advancements in NMR
instrumentation, achieving high-resolution spectra can be
challenging for complex samples or samples with overlapping
signals. Spectral resolution may be limited by factors such as
line broadening due to molecular motion, signal-to-noise ratio,
and spectral congestion.

b) Sensitivity: NMR spectroscopy typically requires a
relatively large amount of sample, often in the milligram to
microgram range, depending on the sensitivity of the NMR
instrument and the properties of the sample being analyzed.
This requirement can be challenging for samples with limited
availability or low concentration.

¢) Signal overlap: When complex molecule is analyzed signal
overlap may take place. In case of signal overlap, it becomes
difficult to analyze the compounds. This can complicate data
interpretation and analysis, particularly in metabolomics,
natural product chemistry, and environmental samples.

d) Instrument cost and maintenance: NMR instrument is a
complex instrument and is expensive. It is expensive to
purchase, maintain and even requires skilled man power. Apart
from these the cost of consumable, such as deuterated solvents
and NMR tubes, can also be significant.

e) Sample preparation: The sample cannot be directly used
as obtained. For the analysis we need to carefully prepare the
sample. The sample preparation requires skilled hands and
needs to maintain sample purity, stability and solubility. For
biological samples, such as proteins and nucleic acids, isotopic
labeling may be necessary to enhance sensitivity and spectral
resolution, adding complexity and cost to experiments.

f) Magnetic field homogeneity: NMR spectroscopy relies on
a uniform magnetic field for accurate and reliable
measurements. Magnetic field inhomogeneities, arising from
imperfections in the magnet or sample positioning, can lead to
spectral distortions, line broadening, and reduced sensitivity.
g) Limited information depth: Although NMR
Spectroscopy is a powerful analytical tool, it is effective only
up to the upper strata of the material. The internal structure of
the material cannot be determined using NMR techniques.
Consequently, it may not provide the required information
about the bulk of the material under study. It is to be noted that
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if the surface composition and bulk composition are different,
then perhaps NMR cannot give detailed information about the
bulk composition of the material.

h) Time consumption: NMR experiments can be time-
consuming, particularly for multidimensional experiments or
samples requiring long acquisition times to achieve a
sufficient signal-to-noise ratio. This can limit the throughput
of NMR analyses, especially in high-throughput screening
applications.

Despite these limitations, NMR spectroscopy remains a
valuable and widely used technique for structural elucidation,
chemical analysis, and molecular characterization in chemistry,
biology, materials science, and many other scientific
disciplines. Ongoing advancements in NMR instrumentation,
methodologies, and data analysis techniques continue to
address many of these challenges, expanding the capabilities
and applications of NMR spectroscopy in research, industry,
and academia.

5. Mass spectroscopy

Mass spectrometry (MS) is an analytical technique used to
identify and quantify molecules based on their mass-to-charge
ratio (m/z). The principle of mass spectrometry relies on the
separation, detection, and analysis of ions generated from a
sample through the interaction with high-energy particles or
electromagnetic radiation. The process involves several key
steps such as ionization, ion separation, detection, and analysis.
The difference between magnetic and mass spectroscopy is
illustrated in Table 2. Overall, the principle of mass
spectrometry enables the accurate and sensitive analysis of a
wide range of compounds, including small molecules, proteins,
peptides, nucleic acids, and polymers. Mass spectrometry
finds applications in various fields such as chemistry,
biochemistry,  pharmaceuticals, veterinary  medicine,
nanoscience and technology, material sciences, agriculture
sciences,  agro-chemistry = and pest management,
environmental science, forensics, and proteomics, providing
valuable insights into the composition, structure, and function
of molecules in complex samples.

5.1 Time-of-flight mass spectrometry

Time-of-Flight Mass Spectrometry (TOF-MS) is a powerful
analytical technique used for the rapid and accurate
determination of the mass-to-charge ratio (m/z) of ions in a
sample. It operates on the principle of measuring the time
taken by ions to travel a known distance under the influence
of an electric field, allowing for the determination of their
mass-to-charge ratio.

In TOF-MS, the sample is ionized, typically using
techniques such as electron impact ionization, electrospray
ionization (ESI), or matrix-assisted laser desorption/ionization
(MALDI). The resulting ions are accelerated into the flight
tube, a vacuum chamber maintained at low pressure, by
applying a high-voltage electric field. Fig. 8 indicates the
schematic diagram of time-of-flight mass spectroscopy. As the
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Table 2: Differentiate between Magnetic Spectroscopy and Mass Spectroscopy.

Aspect

Magnetic spectroscopy

Mass spectroscopy

Principle

Interaction Type

Energy Range

Techniques

Type of Information

Sample Types

Sample lonization

Data Output

Sensitivity

Quantitative Analysis

Magnetic Sensitivity

Applications

Sample Preparation

Destructive/Non-

destructive

Resolution

Measures the interaction of magnetic
fields with magnetic moments or spin
states of electrons and nuclei.

Involves magnetic field interactions
with electron/nuclear spins or magnetic
properties.

Involves low-energy transitions,
typically in the radiofrequency or
microwave range.

Nuclear Magnetic Resonance, Electron
Spin Resonance (ESR/EPR),
Mossbauer Spectroscopy.

Provides information on magnetic
properties, spin states, electronic
environments, and hyperfine
interactions.

Applicable to solids, liquids, and
biological samples containing magnetic
nuclei or unpaired electrons.

No ionization of the sample is required.

Spectra showing resonance frequencies,
spin transitions, and magnetic
interactions.

Sensitive to magnetic environments and
unpaired electron or nuclear spin states.
Generally qualitative, although NMR
can provide quantitative information
about molecular environments.
Sensitive to magnetic properties, spin
states, and hyperfine interactions.

Used for studying molecular structures,
magnetic properties, and local atomic
environments.

Requires magnetic field alignment; may
need specific solvents or conditions
(e.g., deuterated solvents for NMR).
Typically, non-destructive (NMR,
ESR), though some techniques
(Mossbauer) may slightly alter samples.
Resolves fine details of electron/nuclear
spin environments.

Measures the mass-to-charge ratio (m/z) of ions to
identify and quantify molecules.

Involves ionizing molecules and separating ions based on
their mass-to-charge ratio in electric/magnetic fields.

Ions are accelerated to high kinetic energies; m/z ratios
span from low to very high, depending on the ion.

Time-of-flight (TOF), Quadrupole Mass Spectrometry,
Matrix-Assisted Laser Desorption Ionization (MALDI),
Electrospray lonization (ESI).

Provides molecular mass, structural information, and
isotopic composition of compounds.

Applicable to gases, liquids, solids, biomolecules, and
complex mixtures.

Ionization is essential (e.g., by electron impact, MALDI,
or ESI) to create ions for analysis.

Spectra displaying peaks that correspond to mass-to-
charge (m/z) ratios of ions.

Sensitive to molecular mass and structure; capable of
detecting trace quantities of molecules.

Highly quantitative, allowing precise determination of
molecular weights and concentrations.

Not sensitive to magnetic properties. Focuses on the mass
and charge of ions.

Used for molecular identification, structural elucidation,
quantification of biomolecules, and proteomics.

Requires ionization, may involve sample fragmentation,
and often requires sample purification.

Often destructive due to ionization and fragmentation of
molecules.

Resolves fine details of molecular mass and isotopic
composition with high mass resolution.

ions travel through the flight tube, they experience a constant
accelerating force and gain kinetic energy proportional to their
charge-to-mass ratio. Heavier ions, with lower charge-to-mass
ratios, take longer to reach the detector compared to lighter
ions, with higher charge-to-mass ratios.

The time taken by ions to traverse the flight tube is directly
proportional to their mass-to-charge ratio, according to the
equation:

T = kmz )
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where T is the time of flight, k is a proportionality constant, m
is the mass of the ion, and z is the charge of the ion.

By measuring the time of flight of ions to the detector,
TOF-MS allows for the determination of their mass-to-charge
ratios. The resulting mass spectrum displays peaks
representing ions of different mass-to-charge ratios present in
the sample.

TOF-MS offers several advantages over other mass
spectrometry techniques, including high sensitivity, high mass
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resolution, wide mass range, and fast data acquisition rates. It
is particularly well-suited for analyzing complex mixtures,
high-throughput screening, and characterizing biomolecules
such as proteins, peptides, nucleic acids, and metabolites.
Overall, TOF-MS is a versatile and widely used analytical
technique with applications spanning chemistry, biochemistry,
veterinary sciences, agriculture, agro-chemistry,
pharmaceuticals, environmental science, and materials
science, providing valuable insights into the composition,
structure, and behavior of molecules in diverse sample types.

5.1.1 Instrumentation of TOF-MS

The instrumentation of TOF-MS involves several key
components that work together to ionize, accelerate, and
detect ions based on their mass-to-charge ratio (m/z). The
components involved in TOF-MS are discussed as follows:

a) Ion source: The ion source is responsible for generating
ions from the sample molecules. Standard ionization
techniques used in TOF-MS include electron impact
ionization, ESI, MALDI, and laser ablation. The choice of ion
source depends on the nature of the sample and the desired
ionization method.

b) Ion acceleration region: In TOF-MS, ions are accelerated
into the flight tube or drift region by applying a high-voltage
electric field. This region typically consists of a series of
electrodes or grids that create a uniform electric field to
accelerate the ions toward the detector.

¢) Flight tube or drift region: The flight tube or drift region
is a vacuum chamber maintained at low pressure where ions
travel under the influence of the electric field. The flight tube
is typically several meters long and may contain additional
focusing elements to improve mass resolution and ion
transmission.

d) Ion detector: At the end of the flight tube, ions are detected
by an ion detector, which converts the arrival time of ions into
electrical signals. Common types of ion detectors used in
TOF-MS include electron multipliers, microchannel plates,
and Faraday cups. The choice of ion detector depends on
factors such as sensitivity, dynamic range, and response time.
e) Data acquisition system: The data acquisition system
digitizes and processes the electrical signals from the ion
detector, recording the arrival times and intensities of ions as
a function of time. This system typically includes ADCs,
signal processing electronics, and data acquisition software for
real-time data analysis and visualization.

f) Time-to-digital converter: In TOF-MS, the time of flight
of ions is measured with high precision using the TDC. The
TDC converts the arrival times of ions into digital signals with
nanosecond or picosecond resolution, allowing for accurate
determination of mass-to-charge ratios.

g) Control electronics and software: Like other modern
characterization tools, TOF-MS is also equipped with
electronics and software, which enable wusers to set
experimental parameters, control instrument operation, and
acquire mass spectra. Advanced software packages may also
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offer tools for data processing, peak deconvolution, and
spectral interpretation.

Time of Flight Mass Spectrometry
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Fig. 8: A pictorial representation of time-of-flight mass
spectroscopy.

Overall, the instrumentation of TOF-MS combines ion
sources, ion acceleration regions, flight tubes or drift regions,
chemical sensors that act as ion detectors, data acquisition
systems, and control electronics to enable the rapid and
accurate analysis of ions based on their mass-to-charge ratios.
These components work together to provide high sensitivity,
high mass resolution, and wide mass range capabilities for a
wide range of applications in chemistry, biology,
environmental science, and materials science.

5.1.2 Principle of TOF-MS

The TOF-MS operates on the principle of measuring the time
taken by ions to traverse a known distance under the influence
of an electric field, allowing for the determination of their
mass-to-charge ratio (m/z).

The principle can be summarized in several key steps:

a) Ionization: The sample is ionized using various ionization
techniques such as electron impact ionization, ESI, MALDI,
or laser ablation. This process generates ions from the sample
molecules, which may be positively or negatively charged
depending on the ionization method.

b) Acceleration: Once the ions are generated, it is required to
accelerate them. The acceleration of ions is possible in the
flight tube or drift region by applying the appropriate amount
of high voltage. This electric field imparts kinetic energy to
the ions, causing them to accelerate towards the detector.

c¢) Flight: As the ions travel through the flight tube or drift
region, they experience a constant accelerating force and gain
kinetic energy proportional to their charge-to-mass ratio (m/z).
The ions do not travel at uniform speed. Heavier ions, with
lower m/z ratios, take longer to traverse the flight tube
compared to lighter ions, with higher m/z ratios.

d) Time measurement: The time taken by ions to travel from
the ion source to the detector is measured with high precision
using a TDC. This device converts the arrival times of ions
into digital signals with nanosecond or picosecond resolution.
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e) Detection and analysis: The ions are detected at the end of
the flight tube or drift region by an ion detector, which
converts their arrival times into electrical signals. These
signals are then processed and analyzed to generate the mass
spectrum, providing information about the mass distribution
and composition of the sample.

Overall, TOF-MS provides a rapid, sensitive, and accurate
method for analyzing ions based on their mass-to-charge ratios,
making it a valuable tool in a wide range of scientific and

industrial  applications, including chemistry, biology,
pharmaceuticals, environmental science, and materials
science.

5.1.3 Applications of TOF-MS

Some prominent applications of TOF-MS include:

a) Proteomics and protein analysis: Biological systems have
many supramolecular structures, including proteins,
carbohydrates, nucleic acids, etc. TOF-MS can be effectively
used in proteomics for the identification, characterization, and
quantification of proteins and peptides. It enables the analysis
of complex protein mixtures, post-translational modifications,
protein-protein interactions, and protein expression profiling,
aiding in biomarker discovery, disease diagnosis, and drug
development.

b) Metabolomics and metabolic profiling: Metabolism is the
fundamental characteristic of living beings. There are certain
types of disorders arising due to metabolic dysfunctions.
Therefore, the determination of metabolic pathways is of
prime importance in the treatment of such conditions. The
advanced characterization tool TOF-MS is employed in
metabolomics for analyzing the metabolites present in
biological samples such as blood, urine, and tissues. It allows
for the comprehensive profiling of metabolites, metabolic
pathways, and metabolic fluxes, providing insights into
cellular metabolism, physiological processes, and disease
states. Thus, it becomes possible to monitor the disease and
plan effectively the treatment.

¢) Pharmaceutical analysis and drug discovery: For non-
surgical treatment of illness medicines are important.
Pharmaceutical science is the domain concerned with the
manufacture of medicinal drugs. TOF-MS is utilized in
pharmaceutical analysis for the identification, quantification,
and characterization of drug compounds, metabolites, and
impurities. The metabolism of the drug is another important
factor. In order to determine the metabolism of the drug, we
determine the half-life period. TOF-MS enables high-
throughput screening of compound libraries, drug metabolism
studies, pharmacokinetic analysis, and quality control of
pharmaceutical products.

d) Environmental monitoring and toxicology: TOF-MS is
used in environmental science and engineering to analyze
pollutants, contaminants, and natural organic matter in
environmental samples such as water, soil, and air. It allows
for the detection and quantification of environmental
pollutants, pesticides, toxins, and emerging contaminants,
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supporting environmental monitoring, risk assessment, and
regulatory compliance.
e) Food and beverage analysis: TOF-MS is applied in the
food and beverage industry for analyzing the composition,
quality, and safety of food products, ingredients, and
beverages. It enables the detection of food contaminants,
additives, allergens, and adulterants, as well as the profiling of
flavor compounds and nutritional components, contributing to
food safety, quality assurance, and product development.
f) Clinical diagnostics and biomarker discovery: With the
onset and advancement of the disease, various conditions
change from normal physiological conditions. Thus, the
biomarkers can be used for the effective detection of a
diseased condition of an individual. TOF-MS is employed in
clinical diagnostics to detect biomarkers associated with
various diseases and medical conditions. It allows for
identifying and quantifying disease biomarkers in biological
samples such as blood, urine, and cerebrospinal fluid, aiding
in early disease detection, prognosis, and personalized
medicine.
g) Materials analysis and characterization: TOF-MS is
used in materials science to analyze the composition, structure,
and properties of materials such as polymers, nanoparticles,
and thin films. It enables the detection of elemental
composition, surface chemistry, molecular weight distribution,
and  degradation  products, supporting  materials
characterization, quality control, and product development.
h) Forensic analysis and homeland security: TOF-MS is
employed in forensic science for analyzing forensic evidence
such as drugs, explosives, and trace materials. It allows for the
detection of illicit substances, identification of chemical
signatures, and forensic profiling of samples, assisting in
criminal investigations, forensic casework, and border security.
Thus, TOF-MS offers a versatile and powerful analytical
tool for addressing a wide range of scientific, industrial, and
societal challenges, providing valuable insights into the
composition, structure, and behavior of molecules in diverse
sample types.

5.1.4 Limitations of TOF-MS

The limitation of TOF-MS can be encountered as below:

a) Resolution: TOF-MS typically offers lower mass
resolution compared to other mass analyzers such as
quadrupole and ion trap mass spectrometers. This limitation
can affect the ability to resolve ions with similar mass-to-
charge ratios, leading to spectral overlap and potential
misinterpretation of results.

b) Dynamic range: TOF-MS may have limitations in its
dynamic range, particularly for samples with a wide range of
ion abundances. High-abundance ions can saturate the detector,
leading to signal suppression or loss of sensitivity for lower-
abundance ions. This can affect the accuracy and reliability of
quantitative measurements.

¢) Mass accuracy: High mass accuracy in TOF-MS can be
challenging, particularly for large biomolecules or high-mass
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ions. Factors such as ionization efficiency, flight tube length,
and detector calibration can introduce errors in mass
measurements, affecting the accuracy of molecular
identification and quantification.

d) Sample introduction: The ionization techniques used in
TOF-MS may require careful sample preparation and
optimization to achieve efficient ionization and ion
transmission. Variability in sample composition, matrix effects,
and ion suppression can affect the reproducibility and
reliability of results, particularly for complex samples.

e) Data processing and analysis: Like other modern
scientific instruments, TOF-MS is equipped with electronic
circuits and soft-wares. This can work on spectral processing,
peak deconvolution, and molecular identifications. Incorrect
parameter settings or data processing methods can lead to
artifacts, false positives, or misinterpretation of results.

f) Fragmentation: TOF-MS may produce significant
fragmentation of analyte ions, particularly for large
biomolecules such as proteins and peptides. Fragmentation
can complicate spectral interpretation and reduce the ability to
obtain intact molecular ions for structural analysis.

g) Sensitivity to ion velocity: TOF-MS is sensitive to
variations in ion velocity, which can arise from differences in
ionization conditions, flight tube length, and ion mobility
effects. Variations in ion velocity can lead to the broadening
of peaks and reduced mass resolution, particularly for ions
with different charge states or kinetic energies.

h) Sample throughput: TOF-MS may have limitations in
sample throughput compared to other mass spectrometry
techniques, particularly for high-resolution analyses or
complex multidimensional experiments. Longer data
acquisition times and data processing requirements can limit
the number of samples that can be analyzed within a given
time frame.

Despite these limitations, TOF-MS remains a valuable
analytical technique with widespread applications in
chemistry, biology, pharmaceuticals, environmental science,
and materials science. Ongoing advancements in
instrumentation, data analysis methods, and sample
preparation techniques continue to address many of these
challenges, expanding the capabilities and applications of
TOF-MS in scientific research and industrial settings.

5.2 Matrix-assisted laser desorption/ionization mass
spectrometry
Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) is a powerful analytical technique used for the
rapid and sensitive analysis of biomolecules, polymers, and
other organic compounds. It enables the characterization and
identification of molecules based on their mass-to-charge ratio
(m/z) and is widely used in various scientific disciplines,
including proteomics, metabolomics, lipidomics, and clinical
diagnostics.

In MALDI-MS, the sample molecules are co-crystallized
or mixed with a matrix compound on a solid support, such as
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a stainless steel target plate. The matrix serves multiple
purposes, including absorbing laser energy, promoting
desorption/ionization of analyte molecules, and enhancing
ionization efficiency. Common matrix compounds used in
MALDI-MS include o-cyano-4-hydroxycinnamic acid
(CHCA), 2,5-dihydroxybenzoic acid (DHB), and sinapinic
acid.

Overall, MALDI-MS is a versatile and powerful analytical
technique that enables the rapid and sensitive analysis of a
wide range of molecules, making it an indispensable tool in
modern analytical chemistry and life sciences. Fig. 9
represents the MALDI-mass spectroscopy.

5.2.1 Instrumentation of MALDI-MS

MALDI-MS is a powerful analytical technique used to
analyze biomolecules such as peptides, proteins, nucleic acids,
and carbohydrates. The instrumentation of MALDI-MS
typically consists of several key components:

a) Laser system: A pulsed laser system is used to irradiate the
sample, causing desorption and ionization of analyte
molecules from the sample matrix. The laser wavelength is
typically in the UV or near-infrared (NIR) range.

b) Sample target: The sample to be analyzed is applied onto
a target plate. This target plate is typically made of a
conductive material such as stainless steel or indium tin oxide
(ITO) coated glass. The sample is mixed with a matrix
compound, which helps to facilitate desorption and ionization
of analyte molecules.

¢) Matrix solution: The matrix solution is prepared by
dissolving a suitable organic compound in a solvent. Common
matrices used in MALDI-MS include a-cyano-4-
hydroxycinnamic  acid, sinapinic acid, and 2,5-
dihydroxybenzoic acid. The choice of matrix depends on the
type of analyte and the desired ionization mechanism.

d) Ion optics: After desorption and ionization, the ions are
accelerated and focused using a series of ion optics
components such as ion lenses and ion mirrors. These
components help to improve the efficiency of ion transmission
from the ion source to the mass analyzer.

e) Mass analyzer: The mass analyzer separates the ions based
on their mass-to-charge ratio (m/z). Common types of mass
analyzers used in MALDI-MS include TOF, ion trap, and
Fourier transform ion cyclotron resonance (FT-ICR) analyzers.
TOF analyzers are most commonly used in MALDI-MS due
to their high sensitivity and high mass resolution.

f) Detector: The detector detects the ions that reach the mass
analyzer and generates an electrical signal proportional to their
abundance and mass-to-charge ratio. PMTs or microchannel
plate detectors are commonly used as detectors in MALDI-MS
instruments.

g) Data acquisition and analysis software: Data acquisition
software controls the instrument operation and collects mass
spectra from the detector. Analysis software is used to process
and interpret the mass spectra, identify analyte peaks, and
perform quantitation and characterization of analytes.
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Fig. 9: A pictorial representation of MALDI-mass spectroscopy.

Overall, MALDI-MS instrumentation combines laser
technology, ion optics, mass analyzers, and sophisticated data
analysis software to enable high-throughput and sensitive
analysis of biomolecules with minimal sample preparation.

5.2.2 Principle of MALDI-MS

MALDI-MS is a technique used for the analysis of
biomolecules, such as peptides, proteins, nucleic acids, and
carbohydrates. The principle of MALDI-MS involves several
key steps:

a) Sample preparation: The sample cannot be directly
analyzed using MALDI-MS. The sample requires preparation;
here, we mix the sample with a matrix compound. The matrix
compound may work for different purposes, including
assisting in the desorption and ionization of the analyte to be
analyzed mixed with a matrix compound. The matrix serves
multiple purposes, including assisting in the desorption and
ionization of analyte molecules molecules, protecting them
from degradation during the process, and facilitating the
formation of ions suitable for mass analysis. The common
matrix used in the process may be benzoic acid and cinnamic
acids. The inorganic material such as graphite can also be used
as the matrix.

b) Desorption and ionization: The sample-matrix mixture is
applied to a target plate and allowed to dry, forming a thin film.
A pulsed laser beam is then directed onto the sample, causing
rapid heating and vaporization of the matrix molecules. This
process desorbs and ionizes the analyte molecules present in
the sample, generating gas-phase ions.

¢) Ionization mechanism: The exact mechanism of ionization
in MALDI-MS is complex and can vary depending on the
analyte and matrix used. However, it generally involves
processes such as protonation, deprotonation, and adduct
formation. The matrix absorbs the laser energy and transfers it
to the analyte molecules, leading to their ionization.

d) Ion acceleration and detection: The generated ions are
accelerated into the mass analyzer by an electric field. In TOF
mass analyzers, which are commonly used in MALDI-MS,
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ions are accelerated to high velocities and separated based on
their mass-to-charge ratio (m/z). Lighter ions reach the
detector before heavier ions, allowing for their separation and
detection.
e) Mass analysis and detection: The ions reaching the
detector generate an electrical signal proportional to their
abundance and mass-to-charge ratio. This signal is then
processed to produce a mass spectrum, which represents the
distribution of ions as a function of their m/z values. The mass
spectrum provides information about the mass and relative
abundance of the analyte molecules present in the sample.
Overall, the principle of MALDI-MS involves the use of a
matrix compound to facilitate the desorption and ionization of
analyte molecules upon laser irradiation, followed by mass
analysis and detection of the generated ions. This technique
enables the sensitive and selective analysis of biomolecules
with high throughput and minimal sample preparation.

5.2.3 Applications of MALDI-MS

MALDI-MS finds applications across various fields due to its
ability to analyze a wide range of biomolecules with high
sensitivity and accuracy. Some of the critical applications
include:

a) Proteomics: Proteomics is the complete evaluation of the
function and structure of proteins to understand an organism’s
nature. MALDI-MS is extensively used in proteomics to
analyze proteins and peptides. This technique can be used to
identify, characterize, and quantify the protein molecules in
complex mixtures, such as cell lysates, tissues, and body fluids.
MALDI- MS can be coupled with techniques like liquid
chromatography (LC) to enhance proteome coverage and
identify post-translational modifications. MALDI-MS can be
connected with techniques like LC to enhance proteome
coverage and identify post-translational modifications.

b) Clinical diagnostics: Correct diagnosis of the disease is the
key factor in success of treatment. There is continuous
evolution in the process of clinical diagnosis. In the earlier
day’s doctors or then practitioners used to detect the disease
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based on their own skills. However, in modern world the
disease is generally confirmed with the help of advanced
instruments. Few decades back various tests such as
hematological tests were performed based upon biochemical
tests. With the advancement in electronics, many of the tests
are replaced with electronic instruments. Today we are aware
that blood glucose assay is possible in home also by unskilled
personnel’s also. Similarlyy, MALDI-MS has emerged as a
valuable tool in clinical diagnostics for the analysis of
biomarkers associated with diseases such as cancer,
cardiovascular disorders, and infectious diseases. It enables
the rapid and sensitive detection of disease-specific molecules
in patient samples, offering potential for early diagnosis,
prognosis, and monitoring of therapeutic responses.

¢) Pharmaceutical analysis: MALDI-MS is used in
pharmaceutical research and development for drug discovery,
pharmacokinetic studies, and quality control. It facilitates the
analysis of small molecules, peptides, and proteins, aiding in
the identification of drug candidates, determination of drug
metabolism pathways, and assessment of drug purity and
stability.

d) Glycomics: The tool of glycomics can be used for several
clinical applications such as disease diagnosis, detection of
cancer, personalized medicine, efc. MALDI-MS is employed
in glycomics for the analysis of carbohydrates and
glycoproteins. It enables the profiling of glycan structures and
quantification of glycan abundances in biological samples.
MALDI-MS can provide valuable insights into the role of
glycans in various physiological and pathological processes,
including cell signaling, immune response, and disease
progression.

e) Metabolomics: Metabolomics is the large-scale study of
small molecules commonly known as metabolites within cells,
biofluids, tissues, or organisms. MALDI-MS is used in
metabolomics for the comprehensive analysis of small-
molecule metabolites present in biological samples. It enables
the profiling of metabolite fingerprints and the identification
of metabolite biomarkers associated with metabolic pathways,
diseases, and environmental exposures. MALDI-MS can
contribute to the understanding of metabolic regulation and
disease mechanisms.

f) Imaging mass spectrometry: Imaging is an essential
phenomenon in modern veterinary sciences and medicine. If
MALDI-MS is equipped with imaging techniques, the
technique's effectiveness will be further enhanced. Imaging
mass spectrometry enables the visualization and mapping of
molecular distributions, allowing researchers to study
molecular changes in diseased tissues, drug distribution in
pharmacokinetic studies, and biomarker localization in
biological samples.

g) Environmental science and engineering: MALDI-MS is
applied in environmental analysis to detect and quantify
pollutants, toxins, and environmental contaminants in soil,
water, and air samples. It offers high sensitivity and selectivity
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for analyzing organic and inorganic compounds, contributing
to environmental monitoring and risk assessment efforts.[102-10¢]

Overall, MALDI-MS has diverse applications spanning
basic research, clinical diagnostics, pharmaceutical analysis,
and environmental monitoring, making it a versatile tool in
analytical chemistry and life sciences.

5.2.4 Limitations of MALDI-MS

The limitations of MALDI-MS are encountered as below:

a) Sample preparation: MALDI-MS often requires extensive
sample preparation, including matrix application and
purification steps, which can be time-consuming and labor-
intensive. Sample preparation can also introduce variability
and affect the reproducibility of results.

b) Matrix interference: The choice of matrix can
significantly impact the quality of MALDI-MS spectra.
Matrix interference, such as matrix adducts and background
signals, can complicate data interpretation and affect
sensitivity and specificity.

¢) Analyte size: The detection efficiency of MALDI-MS
depends on the size of the analyte. It is observed that MALDI-
MS is more suitable for the analysis of small to medium-sized
molecules (up to 100 kDa) compared to larger biomolecules
such as intact proteins (>100 kDa). Analyzing larger
molecules with MALDI-MS may require specialized
techniques or additional sample preparation steps.

d) Ionization efficiency: The ionization efficiency of
MALDI-MS can vary depending on the analyte and matrix,
leading to differences in signal intensity and detection limits
for different compounds. Some analytes may exhibit poor
ionization efficiency, limiting their detection sensitivity.

e) Mass accuracy and resolution: While MALDI-MS offers
high throughput and sensitivity, it may have limitations in
mass accuracy and resolution compared to other mass
spectrometry techniques such as ESI-MS or Fourier transform
ion cyclotron resonance (FT-ICR) MS.

f) Matrix suppression: In complex samples, matrix
suppression effects can occur, where the ionization of analyte
molecules is suppressed by coexisting matrix compounds or
sample contaminants. This can lead to reduced sensitivity and
compromised detection of low-abundance analytes.

g) Matrix clustering: The sensitivity and effectiveness of the
instrument depend upon the concentration of the analyte also.
At higher concentrations, there is the possibility of the
formation of clusters or aggregates, and these clusters or
aggregates may interfere with the ionization and can lead to
spectral artifacts. However, controlling matrix concentration
and optimizing sample preparation conditions can help
mitigate this issue.

h) Limited mass range: MALDI-MS may have limitations in
the mass range it can effectively analyze. While MALDI-TOF
instruments typically have high mass accuracy and resolution,
they may not be suitable for analyzing very high or very low
mass ions.
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i) Surface effects: MALDI-MS is sensitive to surface effects,
and variations in sample topography or surface roughness can
affect ionization efficiency and spectral quality. To minimize
surface effects, homogeneous sample application and careful
target preparation is essential.

Despite these limitations, MALDI-MS remains a valuable
technique for analyzing biomolecules in various fields, and
ongoing advancements in instrumentation, sample preparation,
and data analysis continue to address many of these challenges.

6. Thermal spectroscopy

Thermal spectroscopy encompasses a range of techniques that
utilize the interaction between matter and electromagnetic
radiation, particularly in the infrared region of the
electromagnetic spectrum, to study the thermal properties of
materials. The principle of thermal spectroscopy revolves
around the measurement and analysis of how materials absorb,
emit, or transmit infrared radiation as a function of
temperature. This interaction provides valuable information
about the molecular vibrations, chemical bonds, and thermal
behavior of the sample under investigation.

The principle of thermal spectroscopy can be elucidated
through several key components such as infrared radiation,
sample interaction, spectral measurement, temperature
dependence, and data analysis. Overall, the principle of
thermal spectroscopy enables the characterization and analysis
of materials based on their thermal properties and infrared
spectra. Thermal spectroscopy finds applications in various
fields, such as materials science, chemistry, polymer science,
pharmaceuticals, and food science, providing valuable
insights into the composition, structure, and thermal behavior
of a wide range of materials.['?7-113]

6.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis
technique used to study changes in the mass of a sample as a
function of temperature or time under controlled atmospheric
conditions. This method provides valuable insights into the
composition, thermal stability, and decomposition kinetics of
materials.!!4117]

In a typical TGA experimentation process, the sample is
placed in a crucible or pan made of inert materials such as
alumina or platinum. The crucible, suspended from a highly
sensitive balance, is subjected to a programmed temperature
ramp within a furnace. With the change in temperature of the
system, the sample undergoes physical and chemical changes
such as evaporation, decomposition, oxidation, or reduction.
These changes cause a corresponding change in the sample's
mass, which is continuously monitored by the balance.

The temperature ramp can be either isothermal or non-
isothermal, depending on the experimental requirements.
Additionally, TGA experiments are conducted under
controlled atmospheres, such as inert gases (e.g., nitrogen or
argon) or reactive gases (e.g., oxygen) supplied by a gas flow
system. The resulting thermogravimetric curve provides a
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graphical representation of the mass loss or gain of the sample
as a function of temperature or time.[!!3.11%]

6.2 Instrumentation to TGA

Thermogravimetric analysis spectroscopy is described in Fig.
10. The critical components of the TGA instrument are
described below:

a) Sample holder: The sample holder is usually a crucible or
pan made of inert materials like alumina or platinum. It holds
the sample during the analysis and is suspended from a
compassionate balance.

b) Furnace: The sample holder, with the sample, is placed
inside a furnace. The furnace provides controlled heating
according to the experimental parameters. It can ramp the
temperature at a constant rate (non-isothermal) or maintain a
constant temperature (isothermal) for specific time intervals.
¢) Balance: A highly sensitive balance continuously measures
the mass of the sample throughout the experiment. It detects
small changes in mass, often in the sub-microgram range, and
provides accurate mass measurements.

d) Temperature control system: The temperature control
system regulates and maintains the desired temperature profile
inside the furnace. It ensures precise temperature control
throughout the analysis, which is critical for obtaining reliable
data.

e) Gas flow system: TGA experiments are conducted under
controlled atmospheric conditions. A gas flow system supplies
the desired atmosphere, typically inert gases like nitrogen or
argon or reactive gases like oxygen. The flow rate and
composition of the gas can be adjusted as per experimental
requirements.

f) Data acquisition and analysis software: Specialized
software controls the instrument operation and collects data
from the balance and temperature control system. It processes
the data to generate thermogravimetric curves, which plot
mass changes against temperature or time. Additionally, the
software may offer tools for data analysis and interpretation.

Atmosphere control
Furnace
Sample holder
//
— 4

F et
urnace — Recorder

temperature —

programmer
Temperature
sensor

Recording Balance
Balance control

Fig. 10: A pictorial representation of Thermo-gravimetric
analysis spectroscopy.
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These components work together seamlessly to enable
accurate and reproducible TGA measurements. They provide
insights into the thermal properties, decomposition kinetics,
and compositional changes of materials under varying
temperatures and atmospheric conditions. TGA instruments
are essential tools in materials science, polymers,
pharmaceuticals, and other fields for characterizing a wide
range of materials and understanding their behavior under
thermal stress.

6.3 Principal of TGA

The principle of TGA revolves around measuring the change
in mass of a sample as a function of temperature (or time)
while subjecting it to controlled heating in a defined
atmosphere. This technique provides valuable information
about the thermal stability, composition, and decomposition
kinetics of materials. The basic steps involved in TGA are as
follows:

a) Sample preparation: A small amount of the sample
(usually a few milligrams to grams) is placed in a crucible or
pan, which is typically made of inert materials such as alumina
or platinum. The sample is then loaded into the TGA
instrument.

b) Heating profile: The sample is subjected to a programmed
temperature profile within a furnace. The temperature can be
increased at a constant rate (non-isothermal) or maintained at
a constant level (isothermal) for specific time intervals. The
chosen heating profile depends on the experimental
requirements and the thermal behavior of the sample.

¢) Mass measurement: A highly sensitive balance
continuously measures the mass of the sample throughout the
experiment. Any change in mass, whether due to evaporation,
decomposition, oxidation, reduction, or other processes, is
recorded by the balance.

d) Data analysis: The mass data collected by the balance is
processed to generate a thermogravimetric curve, which plots
the mass of the sample as a function of temperature (or time).
This curve provides insights into the thermal stability and
decomposition behavior of the sample. Key parameters
extracted from the curve include onset temperature, peak
temperature, rate of mass loss, and total mass change.

e) Controlled atmosphere: TGA experiments are often
conducted under controlled atmospheric conditions. The
atmosphere can be inert (e.g., nitrogen or argon) or reactive
(e.g., oxygen) depending on the sample and the phenomena
under investigation. A gas flow system supplies the desired
atmosphere to the furnace chamber.

By analyzing the thermogravimetric curve, researchers can
determine various characteristics of the sample, such as its
decomposition temperature, degradation kinetics, moisture
content, and composition. TGA is widely used in materials
science, polymers, pharmaceuticals, and other fields for
characterizing the thermal behavior of a wide range of
materials and understanding their thermal stability and
decomposition mechanisms.
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6.4 Applications of TGA
Some critical applications of TGA include:
a) Polymer characterization: Polymers are widely used in
various domains of science and technology, such as veterinary
science and medicine. The polymeric materials can be used for
effective drug delivery. Therefore, it is essential to have
correct knowledge regarding the structure, properties, and
thermal stability of polymeric molecules. TGA is an efficient
characterization tool used to determine the thermal stability,
decomposition temperature, degradation kinetics, and
composition of polymeric materials. It helps in assessing
factors such as polymer purity, the presence of additives, and
polymer aging.
b) Quality control in materials manufacturing: TGA is
employed for quality control purposes in industries such as
plastics, rubber, composites, and textiles. It allows
manufacturers to monitor the thermal properties of raw
materials, intermediate products, and finished goods, ensuring
consistency and reliability in product performance.
¢) Pharmaceuticals: TGA is utilized in pharmaceutical
research and development to assess the purity, stability, and
compatibility of drug substances and formulations. It helps
identify degradation products, determine shelf-life, and
optimize formulation processes.
d) Environmental science and engineering: TGA is applied
in environmental science to analyze organic and inorganic
contaminants, pollutants, and waste materials. It provides
insights into the thermal decomposition behavior of ecological
samples, aiding in pollution control, waste management, and
remediation efforts.
e) Catalyst characterization: TGA is used to study the
thermal stability and catalytic properties of catalyst materials
in various chemical processes. It helps evaluate catalyst
activity, selectivity, and lifetime, contributing to the
development and optimization of catalytic reactions.
f) Food science: Food ingredients require thermal treatment,
which we observe in our daily lives. Thus, it becomes
important to determine the thermal stability, composition, and
quality of food ingredients and products. TGA can be
effectively used for this and helps to study dehydration,
decomposition, and oxidation of food materials.
g) Minerals and ceramics: TGA is utilized to characterize
minerals, ceramics, and refractory materials to understand
their thermal behavior, phase transitions, and sintering
properties. It aids in optimizing processing parameters and
developing advanced materials.
h) Fuel analysis: TGA is employed in the analysis of fuels,
including fossil fuels, biomass, and alternative energy sources,
to study their combustion behavior, calorific value, and
thermal degradation characteristics. It contributes to the
development of efficient and sustainable energy systems.
Overall, TGA is a versatile technique that plays a crucial
role in materials science, chemistry, pharmaceuticals,
environmental science, and various other fields, providing
valuable information for research, development, and quality
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control purposes.

6.5 Limitations of TGA

The limitations of TGA are encountered as below:

a) Sample size and homogeneity: The size and structure of
the sample play a crucial role in TGA analysis. TGA
instrumentation requires small sample sizes, which may not
always be uniformly present inside the bulk structure. Also,
the homogeneous nature of the material to be studied is
important. Heterogeneous samples can lead to variability in
measurements.

b) Temperature range: TGA instruments have a limited
temperature range, and they may not be suitable for studying
materials that undergo extreme temperature changes or have
high melting points. Some materials may decompose or
evaporate outside the instrument's temperature range.

¢) Atmospheric effects: The choice of the atmosphere (e.g.,
inert, oxidative, or reducing) in TGA experiments can
significantly influence the thermal behavior of materials.
Contaminants in the atmosphere or reactive gases may interact
with the sample, leading to inaccurate results.

d) Calibration: Accurate calibration of the TGA instrument is
essential for obtaining reliable data. Variations in the
calibration procedure or instrument performance can affect the
accuracy and reproducibility of measurements.

e) Sensitivity to environmental conditions: TGA
measurements can be sensitive to environmental conditions
such as humidity and air flow. Changes in these parameters
can affect the mass readings and introduce errors in the
analysis.

f) Interpretation of results: Interpreting TGA data requires
careful consideration of various factors, including sample
composition, heating rate, atmosphere, and experimental
conditions. Incorrect interpretation or misidentification of
thermal events can lead to erroneous conclusions.

g) Limited Kkinetic information: While TGA provides
information about the onset temperature and rate of mass
change, it may not always yield detailed kinetic parameters
such as activation energy or reaction mechanisms. Additional
techniques, such as differential scanning calorimetry or kinetic
modeling, may be required for a comprehensive analysis.

h) Instrumental limitations: TGA instruments may have
limitations in terms of sensitivity, resolution, and detection
limits. Some materials may exhibit subtle thermal changes that
are beyond the detection capabilities of standard TGA setups.
Despite these limitations, TGA remains a valuable tool for
studying the thermal properties, decomposition behavior, and
composition of materials in various fields. Careful
experimental design, calibration, and data interpretation are
essential for mitigating potential challenges and obtaining
meaningful results.

7. Vibrational spectroscopy

Vibrational spectroscopy encompasses techniques that utilize
the interaction between matter and electromagnetic radiation
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to probe molecular vibrations within a sample. The principle
of vibrational spectroscopy is grounded in the fundamental
concept that molecules exhibit characteristic vibrational
modes that absorb or emit energy at specific frequencies
corresponding to these vibrational motions. The principle of
vibrational spectroscopy can be elucidated through several key
components such as infra-red radiation, sample interaction,
spectral measurement, Raman scattering, selection rules, and
data analysis.

Table 3 lists the distinction between Optical Spectroscopy
and Vibrational Spectroscopy. Overall, the principle of
vibrational spectroscopy enables the characterization and
analysis of molecules based on their vibrational modes and
infrared spectra. Vibrational spectroscopy finds applications in
various fields such as chemistry, biochemistry, materials
science, pharmaceuticals, and environmental science,
providing valuable insights into the composition, structure,
and properties of a wide range of materials and compounds.

7.1 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a versatile
analytical technique used to qualitatively and quantitatively
analyze the chemical composition of materials based on their
interaction with infrared radiation. FT-IR mainly provides
information regarding the various functional groups present in
the molecule. The data obtained from FT-IR can be combined
with the data obtained from another analytical technique,
giving a picture of organic molecules. Thus, FT-IR is a
versatile and essential tool in the determination of the structure
of organic molecules.['20-12%]

The basic principle of FT-IR involves passing a beam of IR
radiation through a sample and measuring the intensity of
transmitted or reflected light at different wavelengths. The
sample interacts with the IR radiation, causing selective
absorption or scattering of specific frequencies corresponding
to the vibrational modes of its constituent molecules. These
vibrational modes result from the stretching, bending, and
twisting motions of chemical bonds within the molecules.

In an FT-IR spectrometer, the IR radiation is generated by
an IR source such as a heated filament or a laser. The IR beam
is directed through an interferometer, which modulates the
frequency of the radiation using a moving mirror. The
modulated IR beam is then passed through the sample and
onto a detector, where the intensity of the transmitted or
reflected light is measured as a function of wavelength. The
interferogram generated by the detector contains information
about the sample's IR absorption spectrum, which represents
the unique fingerprint of the sample's molecular composition.
The interferogram is subjected to Fourier transformation, a
mathematical process that converts the time-domain data into
a frequency-domain spectrum. The resulting FT-IR spectrum
displays absorption peaks at specific wavenumbers (reciprocal
of wavelength), corresponding to the vibrational frequencies
of the sample's chemical bonds. Fig. 11 shows the schematic
diagram of Fourier transform infrared spectroscopy. FT-IR
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Table 3. Differentiate between Optical Spectroscopy and Vibrational Spectroscopy.

Aspect Optical Spectroscopy Vibrational Spectroscopy
Measures the interaction of light UV- L o
.. . . Measures vibrational transitions in
L visible, or near-infrared) with matter, . . .
Principle molecules, typically in the infrared or

Type of Interaction

Energy Range

Information Provided

Spectral Region

Sample Types

Sensitivity to Molecular Structure

Common Techniques

Instrumentation

Data Output

Chemical Sensitivity

Applications

Sample Preparation

Non-Destructive

typically focusing on electronic
transitions.

Involves absorption, emission, or
scattering of light related to electronic
energy levels in atoms or molecules.

Higher energy transitions (UV-Vis: 1.5~
6 eV; NIR: 0.5-1.5 eV).

Provides information about electronic
states, band gaps, and chromophores in
materials.

UV-Vis (200-800 nm) and near-infrared
(8002500 nm).

Suitable for gases, liquids, and solids,
especially molecules with electronic
transitions.

Sensitive to electronic configurations
and environments of atoms within
molecules.

UV-Vis Spectroscopy, Fluorescence
Spectroscopy, Absorption/Emission
Spectroscopy.

Requires a light source (e.g., UV-Vis
lamp), monochromator, and detector.

Spectra showing absorption/emission as
a function of wavelength or frequency.
Can detect chromophores and
determine electronic transitions in
molecules and materials.

Used for studying electronic transitions,
material band gaps, and the presence of
specific chromophores.

Typically minimal, it requires
transparent or thin samples for UV-Vis
studies.

Typically non-destructive, especially in
absorption spectroscopy.

Raman spectra.

Involves absorption or scattering of
light due to vibrational transitions
within molecules.

Lower energy transitions (IR: 0.01-0.5
eV). Raman covers similar energy
transitions but with a scattering process.
Provides detailed information on
molecular vibrations, bond strengths,
and molecular structure.

Infrared (IR: 2.5-25 um) and Raman
(typically near visible or IR).

Suitable for molecules, polymers,
crystals, biological samples, and
materials with distinct vibrational
modes.

Sensitive to functional groups,
molecular bonds, and interactions
between atoms.

Infrared Spectroscopy, Raman
Spectroscopy.

Requires an IR source or laser (for
Raman), and a detector such as a
photodiode or CCD camera.

Spectra showing vibrational peaks as a
function of wavenumber (cm™).
Sensitive to molecular vibrations,
providing information on bond types
and molecular symmetry.

Used for identifying functional groups,
studying molecular structures, and
analyzing chemical bonds.

May require solid, liquid, or gas phase
samples, often needing specific
conditions for Raman or IR studies.

It can be non-destructive, particularly in
Raman spectroscopy. IR can cause
some heating.

spectra are highly informative and can identify functional
groups, determine molecular structures, analyze mixtures, and
monitor chemical reactions.

FT-IR is widely applied in various fields, including
chemistry, materials science, pharmaceuticals, environmental
science, forensic analysis, and polymer science. Its non-
destructive nature, high sensitivity, and rapid data acquisition
make FT-IR indispensable for characterizing a wide range of
organic and inorganic materials.
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7.1.1 Instrumentation to FT-IR

FT-IR instruments typically consist of several key components
designed to generate and analyze infrared radiation and
measure its interaction with a sample. The key components of
FT-IR are furnished as below:

a) Infrared source: Like other spectroscopic techniques FT-
IR also requires some source to generate electromagnetic
radiations. Here in case of FT-IR Spectroscopy we require
longer wavelength infra-red source of radiations. FT-IR
instruments utilize various sources to generate infrared
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radiation across a broad spectral range. The source is always
some form of filament which is maintained at red or white heat
by electric current Common sources include nichrome wire
filaments, silicon carbide globars, and ceramic heaters. Also
Nernst filament, consisting of a spindle rare earth oxides about
1 inch long 0.1 inch in diameter, and globar filament, a rod of
carborundum, somewhat thicker and longer than the Nernst.
Some advanced FT-IR instruments may also incorporate
quantum cascade lasers (QCLs) or other tunable lasers for
specific applications.

b) Interferometer: The heart of an FT-IR spectrometer is the
interferometer, which modulates the infrared radiation and
enables Fourier transformation of the resulting interferogram.
The most common type of interferometer used in FT-IR
instruments is the Michelson interferometer, consisting of a
beam splitter, fixed mirror, and moving mirror. Other
interferometer configurations such as the Rocking Arm and
Fourier transform spectrometers may also be employed.

¢) Sample compartment: The sample compartment houses
the sample being analyzed. It is designed to accommodate
various sample forms, including solids, liquids, gases, and thin
films. Some FT-IR instruments offer accessories such as
sample holders, transmission cells, and attenuated total
reflectance (ATR) accessories to facilitate sample handling
and analysis. The sample is held between the plates of polished
mineral salts. Pure liquids are studied between the thickness
of 0.01 mm while solutions are studied in the thickness
ranging from 01 -10 mm thickness, depending upon the
dilution. Gas samples up to pressure 1 atm or greater are
contained in glass cells either 5 or 10 cm long, closed their
ends with a rock salt window. A special long-path cell in which
radiation is repeatedly reflected up and down the cell may be
used for gases at low pressure. The detection of solid samples
is difficult as they reflect and scatter the incident radiations
and low transmittance is observed. If the suitable solvent for
the dissolution of solid material is not available, it is examined
by grinding it very finely in paraffin oil and thus forming a
suspension or mull. This can then be held between salt plates
in the same way as pure liquid or solution. Another way to
analyze the solid sample is by grinding the solid sample with
potassium bromide. Under very high pressure, the material
will flow slightly, and the mixture can be pressured in dye to
make a transparent disc. Now, the compressed mixture of solid
material and potassium bromide may be placed directly in the
infra-red beam in a suitable holder.

d) Detector: The detector captures the modulated infrared
radiation transmitted or reflected by the sample. Common
detectors used in FT-IR instruments include thermal detectors
(e.g., pyroelectric detectors, thermopiles) and photon detectors
(e.g., photodiodes, PTMs) depending upon photoconductivity.
Each detector type offers specific advantages in terms of
sensitivity, dynamic range, and spectral response. In both, the
greater the effect (temperature or rise in conductivity) at a
given frequency, the greater the transmittance of the sample at
that frequency. The detector based upon the heating effect is
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found in the Golay cell, which is pneumatic in operation. The
radiation is incident on tiny cells containing air, and the
temperature changes are measured in terms of pressure
changes within the cell, which can be recorded directly as the
transmittance. The detector based upon the heating effect is a
sensitive thermocouple or bolometer. Pyroelectric detectors
such as deuterated triglycine sulfate are commonly used in FT-
IR. They are thermal detectors and are sensitive across the
entire infrared range. The other type of detector is based on
photoconductivity. The phenomenon of conductivity is
supposed to be based on the movement of free electrons
through the lattice. On the basis of electrical conductivity, the
materials can be classified into three types: (1) Insulators:
Here, no loosely bound free electrons are available that can
conduct the charges. Therefore, insulators do not show
electrical conductivity. (2) Semiconductor: As the name
indicates, semiconductors have a certain number of free
electrons capable of charge conduction. A pure semiconductor
is known as an intrinsic semiconductor. The number of
electrons present in conduction bands can be tuned by doping.
The doped semiconductor is known as an extrinsic
semiconductor. The semiconductors can be doped with
trivalent or pentavalent impurities. The semiconductors doped
with trivalent impurities are known as p-type semiconductors,
and the semiconductors doped with pentavalent impurities are
known as n-type impurities. The intrinsic and extrinsic types
of semiconductors show intermediate conductivity between
insulators and conductors. (3) Conductors: These are the
materials that have a large number of free electrons capable of
conduction of charge. In terms of band theory, conductor
valence bands and conduction bands overlap.
Photoconductors are a particular type of semiconductor in
which energy required comes from incident radiations, and
some materials like lead sulfide are sensitive enough to infra-
red radiations. Therefore, it can be used for the manufacturing
of detectors. There are some other types of photodetectors,
such as Indium Antimonide (InSb), Mercury, and Cadmium
Telluride. These detectors operate at liquid Nitrogen
temperature. The low temperature reduces noise and has a
faster response time and sensitivity. When extremely high
sensitivity is required, doped photoconductors such as gold or
copper-doped germanium detectors can be used. But this
works at liquid helium temperature.

e) Data acquisition system: A data acquisition system
digitizes the detector output and processes the interferogram
to generate an FT-IR spectrum. This system typically includes
analog-to-digital converters, signal processing electronics,
and digital signal processors. Advanced FT-IR instruments
may incorporate real-time signal processing capabilities for
rapid data acquisition and analysis.

f) Computer and software: FT-IR instruments are typically
controlled and operated using dedicated software installed on
a computer. The software allows users to define experimental
parameters, acquire spectral data, perform data processing and
analysis, and generate reports. It may also include libraries of
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Fig. 11: A pictorial representation of Fourier transform infra-red spectroscopy.

spectral databases for sample identification and comparison.

These components work together seamlessly to enable the
acquisition of high-quality infrared spectra and the analysis of
molecular composition, functional groups, and chemical
bonds in a wide range of samples. FT-IR instruments are
essential tools in analytical chemistry, materials science,
pharmaceuticals, and other fields for characterizing and
identifying organic and inorganic compounds.

7.1.2 Principle of FT-IR

The FT-IR is based on the interaction of infrared radiation with
matter and the measurement of the resulting absorption,
emission, or reflection of light. FT-IR spectroscopy provides
valuable information about the chemical composition,
molecular structure, and bonding interactions present in a
sample. The basic principle of FT-IR involves the following
steps:

a) Generation of infrared radiation: An infrared radiation
source, such as a heated filament, globar, or laser, emits
infrared radiation across a wide spectral range. The radiation
consists of photons with energies corresponding to vibrational
and rotational transitions within molecules.

b) Interferometry: The infrared radiation is directed through
an interferometer, typically a Michelson interferometer. The
interferometer splits the incoming radiation into two beams
using a beamsplitter. One beam travels to a fixed mirror, while
the other travels to a moving mirror. The moving mirror
periodically changes its position, causing the path difference
between the beams to vary over time.

c¢) Interferogram formation: The two beams are recombined
after reflection from the mirrors. The interference between the
two beams results in an interferogram, a time-domain signal
that encodes information about the intensity of the infrared
radiation as a function of the optical path difference between
the beams.

d) Fourier transformation: The interferogram is subjected to
Fourier transformation, a mathematical process that converts
the time-domain data into a frequency-domain spectrum. This
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transformation reveals the constituent frequencies present in
the interferogram, which correspond to the various infrared
absorption bands of the sample.

e) Spectral analysis: The resulting FT-IR spectrum represents
the absorption of infrared radiation by the sample as a function
of wavenumber (reciprocal of wavelength). Each peak in the
spectrum corresponds to a specific vibrational mode or
combination of vibrational modes within the sample's
molecules.

f) Data interpretation: FT-IR spectra are analyzed to identify
functional groups, determine molecular structures, and
characterize chemical bonds in the sample. Spectral libraries
and reference databases are often used to compare and identify
unknown samples.

By analyzing the FT-IR spectrum, researchers can obtain
valuable information about the molecular composition and
structure of materials, making FT-IR spectroscopy a powerful
tool in analytical chemistry, materials science,
pharmaceuticals, and other fields.

7.1.3 Applications of FT-IR

Some important applications of the FT-IR are mentioned
below:

a) Chemical analysis: FT-IR is extensively used for
qualitative and quantitative analysis of organic and inorganic
compounds. It is employed in the identification of functional
groups, characterization of molecular structures, and
determination of chemical compositions in a wide range of
samples, including liquids, solids, and gases.

b) Polymer science: FT-IR is indispensable in polymer
science for studying the composition, structure, and properties
of polymers and polymer-based materials. It facilitates the
analysis of polymer blends, copolymers, additives, fillers, and
degradation products. FT-IR is used in polymer synthesis,
quality control, and product development in industries such as
plastics, rubber, coatings, and adhesives.

¢) Pharmaceuticals: FT-IR is employed in the pharmaceutical
industry for quality control, formulation development, and
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analysis of drug substances and products. It enables the
identification of drug polymorphs, detection of impurities,
monitoring of drug stability, and characterization of drug-
excipient interactions.
d) Environmental analysis: FT-IR is used in environmental
science for the analysis of air pollutants, water contaminants,
soil components, and waste materials. It helps in identifying
organic and inorganic pollutants, monitoring pollution levels,
and assessing environmental impacts.
e) Forensic science: FT-IR plays a crucial role in forensic
analysis for the identification of trace evidence, unknown
substances, and forensic samples. It assists forensic scientists
in analyzing fibers, paints, drugs, explosives, and biological
samples. FT-IR is utilized in criminal investigations, forensic
laboratories, and crime scene analysis.
f) Materials characterization: Material science is a fast-
growing branch of science and technology. Today, extensive
research is being done in the domain of material science and
nanotechnology. The particular age FT-IR is employed in
materials science to characterize the composition, structure,
and properties of various materials. It is used to analyze
ceramics, metals, composites, semiconductors, nanoparticles,
and thin films. FT-IR helps in understanding material behavior,
assessing material quality, and optimizing material properties
for specific applications.
g) Biomedical research: The biomolecules contain various
types of functional groups. Therefore, FT-IR can be effectively
used in biomedical research for studying biological tissues,
cells, and supramolecular biological compounds such as
proteins, carbohydrates, lipids, and other biomolecules. This
technique can be used in the diagnosis of diseases, biomarkers,
drug discovery, and understanding of biological processes. FT-
IR spectroscopic techniques such as attenuated total
reflectance (ATR) are used for non-destructive analysis of
biological samples.
h) Food and beverage analysis: Organic materials are
generally used as food for the animal kingdom. These organic
materials possess various functional groups. FT-IR can be
effectively used in food and beverage sectors for analysis of
contaminants, additives, and various ingredients found in food
materials, monitoring food safety and quality standards.
Overall, FT-IR spectroscopy is a versatile analytical
technique with broad applications in chemistry, materials
science, pharmaceuticals, veterinary medicine, environmental
science, forensics, biomedical research, and food analysis,
among others. Its non-destructive nature, rapid data
acquisition, and high sensitivity make it an indispensable tool
for research, development, quality control, and regulatory
compliance in various industries.

7.1.4 Limitations of FT-IR

a) Sample preparation: FT-IR often requires samples to be
prepared as thin films, pellets, or solutions to obtain reliable
spectra. During pellets preparation we use potassium bromide
with material to be analyzed. The material is mulled with
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Potassium Bromide in mortar and pestle and then pellets are
prepared. Sample preparation can introduce artifacts or alter
the sample's properties, potentially affecting the accuracy and
interpretation of results.

b) Surface sensitivity: FT-IR is primarily a surface-sensitive
technique, which means it mainly probes the outer layers of a
sample. This limitation can be problematic for heterogeneous
samples with depth variations or surface treatments.

c) Water absorption: Water vapor strongly absorbs infrared
radiation in certain spectral regions, particularly in the mid-
infrared range. This absorption can interfere with the analysis
of samples containing moisture or when measuring samples in
humid environments.

d) Limited sensitivity for dilute samples: FT-IR may lack
sensitivity for dilute samples or trace components, particularly
in complex matrices. The presence of strong absorbers can
mask the signals of weaker components, making their
detection challenging.

e) Instrumental drift and noise: FT-IR instruments may
suffer from instrumental drift and noise, which can affect the
accuracy and reproducibility of measurements. Drift can occur
due to temperature, humidity, or instrument stability changes,
while noise can arise from electronic interference or detector
instabilities.

f) Overlapping bands: FT-IR spectra often exhibit
overlapping absorption bands, especially in complex samples
containing multiple components. Overlapping bands can
complicate spectral interpretation and make distinguishing
between different functional groups or chemical species
challenging.

g) Limited quantitative accuracy: While FT-IR can provide
qualitative information about sample composition and
structure, its quantitative accuracy may be limited, especially
for mixtures or samples with overlapping peaks. Quantitative
analysis often requires calibration with standards and careful
consideration of sample thickness and path length factors.

h) Chemical interference: FT-IR spectra can be affected by
chemical interferences, such as sample interactions with the
sample holder or container. Contaminants or impurities
present in the sample or sample environment can also interfere
with spectral interpretation.

Despite these limitations, FT-IR spectroscopy remains a
valuable tool for chemical analysis, material characterization,
and structural elucidation in various fields. Understanding
these limitations is essential for obtaining accurate and reliable
results in FT-IR experiments.

7.2 Surface-enhanced Raman spectroscopy

Surface-enhanced Raman Spectroscopy (SERS) is a powerful
analytical technique that enhances the Raman scattering signal
from molecules adsorbed on or near specially prepared
surfaces, leading to significantly increased sensitivity and
detection capabilities. When a beam of light is passed through
a transparent substance, a small amount of the radiation energy
is scattered, the scattering persisting even if all dust particles
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or other extraneous matter are rigorously excluded from the
substance. Suppose monochromatic radiation, or radiation of
a very narrow frequency band, is used. In that case, the
scattered energy will consist almost entirely of incident
frequency radiation, known as Rayleigh scattering. Also, some
discrete frequencies above and below the incident beam will
be scattered. These scatterings with frequency different than
incident frequency are known as Raman scattering.

The quantum theory of radiation can explain the
phenomenon of Raman scattering. This treats radiation of
frequency v as consisting of a stream of particles having
energy hv where h is Plank’s constant. Photons can be
imagined to undergo oscillations with molecules, and if the
collision is perfectly elastic, they will be deflected unchanged.
A detector placed to collect energy at right angles to the
incident beam will thus receive photons of energy hv, i.e.,
radiation of frequency v. Elastic scattering can be likened to a
ball bearing striking a rigid table. The ball bearing bounces off
the table without any loss of energy.

Overall, the principle of Surface-Enhanced Raman
Spectroscopy exploits the unique electromagnetic properties
of metal nanoparticles to amplify the Raman scattering signal
from molecules, enabling sensitive detection and analysis of
trace analytes in various fields such as chemistry, biology,
environmental science, and materials science.[!23-125]

7.2.1 Instrumentation of SERS

SERS instrumentation involves specialized components to
enhance Raman signals from molecules adsorbed on or near
roughened metal surfaces, and the schematic diagram is
presented in Fig. 12. Here's an overview of the critical
components:

a) Raman spectrometer: The core of SERS instrumentation
is a Raman spectrometer, which is equipped with a laser source,
a monochromator or dispersive element, and a detector. The
laser source typically emits light in the visible or near-infrared
range, commonly at wavelengths such as 532 nm or 785 nm.

b) Metal substrate: SERS requires a metal substrate with a
roughened or nanostructured surface to enhance Raman
signals. Commonly used metals include gold, silver, and
copper. The metal substrate provides localized surface
plasmon resonance (LSPR) effects, amplifying the surface's
electromagnetic field and enhancing Raman scattering from
nearby molecules.

¢) Sample deposition: Samples are typically deposited onto
the metal substrate using drop-casting, spin-coating, or vapor
deposition techniques. The sample may consist of molecules
of interest dissolved or dispersed in a solvent. The sample
preparation method and concentration can influence the SERS
signal intensity and reproducibility.

d) Microscope or optical setup: SERS measurements are
often performed using a microscope or optical setup to focus
the laser onto the sample and collect Raman signals. The
microscope objective provides spatial resolution and controls
the spot size of the laser beam. SERS measurements can also
be conducted using fiber-optic probes or integrated into
microfluidic devices for in situ analysis.

e) Filters and optics: Optical filters and lenses are used to
eliminate background fluorescence and scatter from the
sample and enhance the collection of Raman signals. Filters
with specific wavelength ranges can isolate the desired Raman
scattering wavelengths and reject unwanted spectral
contributions.

f) Signal processing and analysis: Software tools are used for
data acquisition, signal processing, and spectral analysis.
Spectral processing may include baseline correction, noise
reduction, and peak fitting algorithms to extract meaningful
information from the SERS spectra. Spectral databases and
chemometric methods may also be employed for sample
identification and quantitative analysis.

Overall, SERS instrumentation combines elements of
Raman spectroscopy, surface chemistry, and optical
microscopy to enable highly sensitive and selective detection
of molecules at low concentrations, making it a valuable tool

The monochromator or dispersive element selects specific for chemical analysis, biosensing, and materials
Raman scattering wavelengths, and the detector measures the characterization.
intensity of Raman signals.
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Fig. 12: A pictorial representation of the surface enhances Raman spectroscopy.
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7.2.2 Principle of SERS

SERS operates on the principle of enhancing the Raman
scattering signals of molecules adsorbed on or near roughened
metal surfaces. The enhancement is achieved through two
main mechanisms: electromagnetic enhancement and
chemical enhancement.

a) Electromagnetic enhancement: When a molecule is in
close proximity to a roughened metal surface, such as gold,
silver, or copper, the interaction between the incident light and
the metal surface generates localized surface plasmon
resonance (LSPR) effects. LSPR results from the collective
oscillation of conduction electrons in the metal nanostructures
when excited by incident light. The enhanced electromagnetic
field generated near the metal surface significantly enhances
the Raman scattering intensity of molecules located within the
"hot spots" of the electromagnetic field. This enhancement is
proportional to the fourth power of the local electromagnetic
field intensity, leading to extremely high enhancement factors,
typically ranging from 10x4 to 10x8 times compared to
conventional Raman scattering.

b) Chemical enhancement: Chemical enhancement arises
from charge transfer or chemical interactions between the
molecules and the metal surface. This mechanism can further
amplify the Raman signals, especially for molecules that
strongly interact with the metal surface through chemical
bonds or charge transfer processes. Chemical enhancement
typically contributes to a moderate enhancement of Raman
signals, but it can significantly enhance the detection
sensitivity for certain classes of molecules.

The combined effect of electromagnetic and chemical
enhancement in SERS results in highly amplified Raman
scattering signals, enabling the detection of trace amounts of
molecules with high sensitivity and specificity. The
enhancement is strongly dependent on the morphology, size,
and composition of the metal nanostructures, as well as the
excitation wavelength of the incident light and the molecular
properties of the analyte.

Overall, SERS offers unique advantages for chemical
analysis, biosensing, and materials characterization, making it
a powerful technique for a wide range of applications in
chemistry, biology, medicine, and materials science.

7.2.3 Applications of SERS

Some key applications of SERS include:

a) Chemical analysis: SERS is widely used for the detection
and identification of chemical species in complex mixtures. It
enables the sensitive detection of trace amounts of molecules,
making it valuable for analytical chemistry applications such
as forensic analysis, environmental monitoring, and food
safety testing.

b) Biosensing: SERS is employed in biosensing applications
for the detection of biomolecules such as proteins, DNA, RNA,
and small molecules. It offers label-free detection with high
sensitivity, enabling the rapid and selective detection of
biomarkers for disease diagnosis, drug screening, and medical
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diagnostics.

¢) Biomedical imaging: SERS imaging techniques allow for
high-resolution imaging of biological samples with molecular
specificity. SERS nanoparticles functionalized with targeting
ligands can selectively bind to specific biomarkers in tissues
or cells, enabling the visualization of disease biomarkers,
cellular processes, and drug distribution in vivo.

d) Surface science and catalysis: SERS is used in surface
science and catalysis research to study the adsorption and
reaction kinetics of molecules on catalytic surfaces. It provides
insights into surface reactions, intermediate species, and
catalytic mechanisms, facilitating the design and optimization
of catalysts for chemical processes.

¢) Nanotechnology and materials science: The properties of
material at nanoscale depends upon its size and shape. Also
the material can be functionalized by different materials.
SERS is utilized in nanotechnology and materials science for
the characterization and analysis of nanomaterials,
nanoparticles, and nanostructures. It enables the investigation
of surface plasmon resonance effects, surface chemistry, and
molecular interactions at the nanoscale.

f) Environmental monitoring: SERS is applied in
environmental monitoring for the detection and quantification
of pollutants, contaminants, and toxic substances in air, water,
and soil. It offers rapid, sensitive, and selective detection
capabilities, making it suitable for on-site environmental
analysis and monitoring.

g) Food and beverage analysis: Food and beverage is
becoming important from industrial point of view also. In
earlier day food was a domestic concern, but with the situation
is changed. In modern world food and beverage suffers from
contamination, adulteration, spoilage and so on. These
industries are under the control of Food and Drug
Administration. The experts require various instruments for
analysis of food and beverage. SERS is used in the food and
beverage industry for the analysis of food ingredients,
additives, contaminants, and adulterants. It enables the
detection of foodborne pathogens, allergens, pesticides, and
toxins, contributing to food safety and quality control.

h) Art conservation and cultural Heritage: SERS is
employed in art conservation and cultural heritage studies for
the analysis of pigments, dyes, and coatings on historical
artifacts and artworks. It helps in identifying materials,
understanding degradation mechanisms, and designing
conservation strategies.

Overall, SERS offers a powerful and versatile platform for
chemical analysis, biosensing, imaging, and materials
characterization across diverse applications in science,
technology, and industry. Its sensitivity, specificity, and ability
to provide molecular-level information make it a valuable tool
for research, development, and quality control in various fields.

7.2.4 Limitations of SERS

a) Reproducibility: SERS signals can vary significantly
between different experiments and substrates due to variations
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in the preparation of metal substrates, sample deposition
methods, and experimental conditions. Achieving consistent
and reproducible results can be challenging, particularly for
quantitative analysis.

b) Substrate uniformity: The enhancement of Raman signals
in SERS is highly dependent on the morphology and

uniformity of the metal nanostructures on the substrate surface.

Variations in substrate morphology can lead to spatial
variations in enhancement, affecting the reliability and
interpretation of SERS measurements.

¢) Signal enhancement mechanism: The exact mechanism
behind SERS enhancement is still not fully understood, and it
can vary depending on the specific experimental conditions
and sample characteristics. This variability complicates the
interpretation of SERS spectra and the optimization of
experimental parameters.

d) Matrix effects: SERS signals can be influenced by the
surrounding environment, including the chemical composition
of the substrate, solvent effects, and interactions with other
molecules present in the sample matrix. These matrix effects
can complicate spectral interpretation and affect the accuracy
of quantitative analysis.

e) Limited range of substrates: While noble metals such as
gold and silver are commonly used as SERS substrates due to
their strong plasmonic properties, they are relatively
expensive and may not be suitable for all applications.
Developing  alternative  substrates with  comparable
enhancement properties remains an ongoing challenge in the
field of SERS.

f) Sample compatibility: SERS may not be suitable for all
types of samples, particularly those with low Raman scattering
cross-sections or strong fluorescence background. Certain
sample preparation methods, such as drying or immobilization
on solid substrates, may alter the sample's properties and affect
the SERS measurements.

g) Quantitative analysis: Quantitative analysis using SERS
can be challenging due to factors such as substrate
heterogeneity, matrix effects, and variations in enhancement
factors. Developing reliable calibration methods and standards
for quantitative SERS analysis remains an area of active
research.

h) Instrumentation complexity: SERS instrumentation often
requires specialized equipment, including laser sources, high-
quality optics, and precise control of experimental parameters.
The complexity of SERS instrumentation can limit its
accessibility and practicality for routine analysis in some
laboratories.

Despite these limitations, SERS continues to be a valuable
tool for chemical analysis, biosensing, materials
characterization, and other applications, offering high
sensitivity and molecular specificity for a wide range of
samples. Addressing these limitations through further research
and technological advancements will help unlock the full
potential of SERS in various fields.
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8. Optical emission spectroscopy

Optical emission spectroscopy (OES) is an analytical
technique used to analyze the elemental composition of
materials by measuring the characteristic wavelengths of light
emitted from excited atoms or ions. The principle of OES is
based on the emission of light when atoms or ions transition
from higher energy states to lower energy states.

In OES, a sample is subjected to a high-energy excitation
source, such as an electric arc, plasma discharge, or laser,
which energizes the atoms or ions within the sample. As these
excited species return to their ground state, they emit photons
of specific wavelengths corresponding to the energy
differences between the excited and ground states. Each
element emits light at distinct wavelengths, allowing for the
identification and quantification of elements present in the
sample.

The emitted light is collected and dispersed by an optical
system, typically consisting of lenses, mirrors, and diffraction
gratings, which separates the emitted wavelengths according
to their energies. The dispersed light is then detected by a
photodetector, such as a PMT or CCD, which measures the
intensity of light at different wavelengths.

The resulting emission spectrum is a graphical
representation of the intensity of emitted light as a function of
wavelength. Each peak in the spectrum corresponds to a
specific element present in the sample, with the peak intensity
proportional to the concentration of the element. By
comparing the emission spectrum of the sample to known
reference spectra, the elemental composition of the sample can
be determined.

OES offers several advantages, including rapid analysis,
high sensitivity, and the ability to analyze a wide range of
elements simultaneously. It is widely used in various
industries, including metallurgy, environmental monitoring,
pharmaceuticals, and semiconductor manufacturing, for
applications such as quality control, material characterization,
and process monitoring.

Overall, OES is a valuable analytical technique for
elemental analysis, providing rapid and accurate
determination of the elemental composition of materials in
diverse research and industrial applications.

8.1 Inductively emission
spectroscopy

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) is a powerful analytical technique used for
elemental analysis in various samples. It combines the high-
temperature capabilities of inductively coupled plasma with
the sensitive detection and quantification of elements using
optical emission spectroscopy. As the excited atoms return to
their ground state, they emit characteristic wavelengths of
light corresponding to their elemental composition. These
emissions are collected and dispersed by an optical system,
typically consisting of lenses, mirrors, and diffraction gratings.
The dispersed light is then detected by a photodetector, such

coupled plasma optical
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as a PMT or CCD, which measures the intensity of light at
different wavelengths.

The resulting emission spectrum is a graphical
representation of the intensity of emitted light as a function of
wavelength. Each peak in the spectrum corresponds to a
specific element present in the sample, with the peak intensity
proportional to the concentration of the element. By
comparing the emission spectrum of the sample to known
reference  spectra, the elemental composition and
concentration of the sample can be determined. ICP-OES
offers several advantages, including high sensitivity, wide
elemental coverage, and the ability to analyze a wide range of
sample types, including liquids, solids, and gases. It is widely
used in various industries, including environmental analysis,
pharmaceuticals, food and beverage, and metallurgy, for
applications such as quality control, environmental
monitoring, and trace elemental analysis.

In summary, ICP-OES is a versatile and powerful
analytical technique for elemental analysis, offering rapid,
sensitive, and accurate determination of elemental
composition in diverse samples.

8.1.1 Instrumentations of ICP-OES

The instrumentation of ICP-OES consists of several key
components that work together to generate, analyze, and
detect the elemental emissions from a sample and the diagram
is as shown in Fig.13. Here's an overview of the main
components:

a) Inductively coupled plasma source: The heart of ICP-
OES instrumentation is the inductively coupled plasma (ICP)
source. This consists of a RF generator that produces a high-
frequency alternating current, which is then used to induce a
plasma discharge in a flowing inert gas, typically argon. The
plasma is sustained by the electromagnetic field generated by
a set of induction coils surrounding the torch.

b) Sample introduction system: Samples for analysis are
introduced into the ICP source typically via a nebulizer or a
spray chamber, where they are aerosolized and introduced into
the plasma as a fine mist of droplets. The nebulizer converts

the liquid sample into an aerosol, while the spray chamber
removes larger droplets and ensures a consistent sample flow
rate into the plasma.

¢) Optical system: The optical system in ICP-OES
instruments is responsible for collecting, dispersing, and
detecting the emitted light from the plasma. It typically
consists of a set of lenses, mirrors, and diffraction gratings that
collect and disperse the emitted light according to its
wavelength. The dispersed light is then directed onto a
detector for measurement.

d) Detector: The detector in ICP-OES instruments is usually
a photodetector, such as a PMT or a CCD array. It measures
the intensity of the emitted light at different wavelengths
across the spectrum. The detector converts the optical signal
into an electrical signal that can be processed and analyzed by
the instrument's electronics.

e) Data acquisition and analysis software: Modern ICP-
OES instruments are equipped with sophisticated data
acquisition and analysis software. This software controls
instrument parameters, records spectral data, performs
baseline correction, and calculates elemental concentrations
based on calibration curves and known standards. It also
allows for visualization and interpretation of spectral data.

f) Cooling system: The ICP-OES instrument requires a
cooling system to maintain stable operating conditions and
prevent overheating of critical components, such as the plasma
torch and the optical components. This typically involves a
combination of water-cooled components and temperature
control systems.

8.1.2 Principle of ICP-OES

The principle of ICP-OES involves the generation of a high-
temperature plasma, the excitation of atoms or ions within the
plasma, and the subsequent analysis of the emitted light to
determine the elemental composition of a sample.

a) Inductively coupled plasma source: The process begins
with the generation of a high-temperature plasma in an ICP
torch. This is achieved by passing an inert gas, typically argon,
through an RF coil. The RF coil induces a high-frequency
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Fig. 13: A pictorial representation of inductively coupled plasma-optical emission spectroscopy.
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alternating current in the gas, creating a rapidly oscillating
electromagnetic field. This field ionizes the gas, generating a
high-temperature plasma flame with temperatures exceeding
10,000 degrees Celsius.

b) Sample introduction and atomization: The sample to be
analyzed is introduced into the plasma flame via a nebulizer
or spray chamber. The sample is typically in liquid form and
is aerosolized into fine droplets by the nebulizer. As the
droplets pass through the high-temperature plasma, they are
rapidly heated and atomized, converting the sample into a
cloud of atoms or ions.

¢) Excitation and emission of light: The high-temperature
plasma excites the atoms or ions in the sample to higher energy
levels. As these excited species return to their ground state,
they emit photons of characteristic wavelengths corresponding
to the energy differences between the excited and ground
states. These emissions form the basis of the elemental
fingerprint of the sample.

d) Optical detection: The emitted light is collected and
directed into an optical system, which disperses the light into
its component wavelengths using diffraction gratings or
prisms. The dispersed light is then directed onto a detector,
such as a PMT or CCD, which measures the intensity of light
at different wavelengths across the spectrum.

e) Data analysis: The resulting emission spectrum, which
consists of peaks corresponding to the characteristic
wavelengths of the emitted light, is analyzed to determine the
elemental composition of the sample. Each peak in the
spectrum corresponds to a specific element present in the
sample, with the peak intensity proportional to the
concentration of the element.

Overall, the principle of ICP-OES relies on the generation
of a high-temperature plasma, the excitation of atoms or ions
within the plasma, and the subsequent analysis of the emitted
light to provide rapid, sensitive, and accurate elemental
analysis capabilities for a wide range of samples.

8.1.3 Applications of ICP-OES

ICP-OES is a versatile analytical technique widely used in
various industries and research fields for elemental analysis.
Some key applications include:

a) Environmental analysis: [CP-OES is used for the analysis
of environmental samples such as water, soil, and air. It
enables the determination of trace elements, heavy metals, and
pollutants, aiding in environmental monitoring, pollution
control, and regulatory compliance.

b) Geological exploration: ICP-OES is employed in
geological exploration for the analysis of rock, soil, and
sediment samples. It helps identify and quantify valuable
minerals, trace elements, and rare earth elements, facilitating
mineral exploration, resource assessment, and mining
operations.

¢) Metallurgical analysis: ICP-OES is used in metallurgical
industries for quality control and analysis of metal alloys, ores,
and industrial materials. It provides information about the

Engineered Science Publisher

elemental composition, impurities, and trace elements present
in metals, ensuring product quality, process optimization, and
compliance with industry standards.
d) Pharmaceutical analysis: ICP-OES is employed in the
pharmaceutical industry for the analysis of drug formulations,
raw materials, and pharmaceutical products. It enables the
quantification of elemental impurities, such as heavy metals,
in pharmaceuticals, ensuring product safety, purity, and
regulatory compliance.
e) Food and beverage analysis: ICP-OES is used for the
analysis of food and beverage samples to determine the
elemental composition and nutritional content. It helps
identify contaminants, such as heavy metals and pesticides, in
food products, ensuring food safety and quality control.
f) Clinical and biological analysis: ICP-OES is utilized in
clinical and biological research for the analysis of biological
samples, tissues, and fluids. It enables the quantification of
trace elements and metals in biological specimens,
contributing to studies on nutrition, toxicology, and disease
diagnosis.
g) Material characterization: ICP-OES is employed for the
characterization of materials in materials science and
engineering. It provides information about the elemental
composition, purity, and homogeneity of materials, supporting
research and development in areas such as semiconductor
manufacturing, nanotechnology, and advanced materials.
Overall, ICP-OES is a powerful analytical technique with
widespread applications in environmental monitoring,
industrial analysis, quality control, and scientific research,
providing rapid, sensitive, and accurate elemental analysis
capabilities for a diverse range of samples and industries.

8.1.4 Limitations of ICP-OES

ICP-OES is highly sensitive and used for elemental analysis
and has some limitations:

a) Matrix effects: Interference from matrix components in
complex samples can affect the accuracy and precision of
quantitative measurements. Matrix effects can lead to spectral
overlap, background noise, and spectral interferences,
particularly in samples with high concentrations of salts, acids,
or organic compounds.

b) Sample preparation: ICP-OES typically requires samples
to be in solution form for analysis. Sample preparation can be
time-consuming and labor-intensive, involving digestion,
dilution, filtration, and other pre-treatment steps to ensure
sample homogeneity and compatibility with the instrument.
¢) Limited sensitivity for low concentrations: While ICP-
OES is highly sensitive, it may lack sensitivity for trace
elemental analysis at very low concentrations. Detection limits
can vary depending on the element, sample matrix, and
instrumental parameters, limiting its applicability for ultra-
trace analysis.

d) Limited elemental coverage: While ICP-OES offers
simultaneous multi-element analysis, it may have limitations
in elemental coverage compared to other techniques, such as
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ICP-MS. Certain elements, such as noble gases and isotopes
with low atomic mass, may be challenging to detect or
quantify using ICP-OES.

e) Cost of instrumentation and maintenance: ICP-OES
instruments can be expensive to purchase, operate, and
maintain. They require specialized equipment, consumables,
and trained personnel for operation, calibration, and
maintenance, increasing the overall cost of analysis.

f) Interference from polyatomic species: Interference from
polyatomic species, such as molecular ions and oxide or
hydroxide ions, can complicate spectral interpretation and
quantification. Background correction techniques, such as
internal standardization or spectral deconvolution, may be
required to mitigate these interferences.

g) Limited spatial resolution: ICP-OES provides bulk
elemental analysis of samples and lacks spatial resolution. It
cannot provide information about elemental distribution or
localization within heterogeneous samples, limiting its
applicability for spatially resolved analysis.

Despite these limitations, ICP-OES remains a valuable
analytical technique for routine and high-throughput
elemental analysis in various industries, research fields, and
regulatory applications, providing rapid, sensitive, and
accurate determination of elemental composition in diverse
samples.

8.2 Ferromagnetic resonance spectroscopy

Ferromagnetic resonance (FMR) spectroscopy is a technique
used to study the dynamic magnetic properties of
ferromagnetic materials. It relies on the resonance absorption
of microwave or RF radiation by processing magnetic
moments (spin waves or magnons) within the material when
subjected to an external magnetic field.

In FMR, a high-frequency alternating magnetic field is
applied to the sample, inducing the magnetic moments to
process around the field direction. The resonance condition
occurs when the frequency of the applied field matches the
natural frequency of precession of the magnetic moments,
resulting in enhanced absorption or emission of
electromagnetic radiation.

FMR also provides insights into spin dynamics, relaxation
processes, and damping mechanisms in ferromagnetic
materials, contributing to the development of magnonic
devices and spin-wave-based technologies. Additionally,
FMR spectroscopy enables the measurement of magnetic
anisotropy parameters and the study of spin-wave excitations,
enhancing our understanding of magnetic domain behavior
and magnetic switching processes.

Overall, Ferromagnetic Resonance Spectroscopy is a
versatile and powerful technique for probing the dynamic
magnetic properties of ferromagnetic materials, providing
essential information for fundamental research and
technological applications in magnetism, spintronics, and
magnetic materials science.
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8.2.1 Instrumentation of FMR spectroscopy
The instrumentation of FMR is designed to generate,
manipulate, and detect electromagnetic radiation and magnetic
fields to study the dynamic magnetic properties of
ferromagnetic materials. Here's an overview of the essential
components of FMR instrumentation is as addressed in Fig. 14.
a) Microwave source: The microwave source generates
microwave or radiofrequency radiation at the desired
frequency range, typically in the gigahertz to terahertz range.
This radiation excites the magnetic resonance in the sample
and induces the precession of magnetic moments. Common
sources include microwave generators, klystrons, Gunn diodes,
or solid-state microwave oscillators.
b) Magnetic field source: The magnetic field source produces
a static magnetic field that can be varied in strength and
direction to control the resonance condition and study the
magnetic properties of the sample. Electromagnets or
permanent magnets are commonly used to generate magnetic
fields with high stability and precision.
¢) Sample holder: The sample holder provides a platform for
mounting and positioning the ferromagnetic sample within the
magnetic field. It allows for precise alignment and orientation
of the sample relative to the applied magnetic field and
microwave radiation. Sample holders may include
temperature control mechanisms for studying temperature-
dependent magnetic properties.
d) Detector system: The detector system measures the
absorption or emission of electromagnetic radiation by the
sample as a function of magnetic field strength, frequency, and
temperature. Various types of detectors can be used, including
microwave antennas, cavity resonators, or superconducting
quantum interference devices (SQUIDs), depending on the
frequency range and sensitivity requirements.
e) Temperature control: Temperature control systems
maintain the sample at a controlled temperature during
measurements to study the temperature dependence of
magnetic properties. Cryogenic systems, resistive heaters, or
thermal stages may be employed for precise temperature
control over a wide range of temperatures.
f) Data acquisition and analysis system: The data
acquisition and analysis system records and analyzes the FMR
spectra obtained from the sample. It includes lock-in
amplifiers, spectrum analyzers, and computer interfaces for
signal processing, data visualization, and quantitative analysis
of magnetic resonance data.
g) Shielding and isolation: Shielding and isolation measures
are implemented to minimize external electromagnetic
interference and noise sources that can affect the accuracy and
sensitivity of FMR measurements. Faraday cages, magnetic
shields, and low-noise amplifiers are commonly used to ensure
high signal-to-noise ratios and reliable data acquisition.
These components work together to enable the generation,
manipulation, and detection of electromagnetic radiation and
magnetic fields for studying the dynamic magnetic properties
of ferromagnetic materials using FMR Spectroscopy.
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Fig. 14: Schematic of a broadband Ferromagnetic resonance spectroscopy setup.

8.2.2 Principle of FMR Spectroscopy
FMR Spectroscopy is based on the principle of magnetic
resonance, where the precession of magnetic moments within
a ferromagnetic material is excited and detected using
electromagnetic radiation. The principle of FMR spectroscopy
can be understood as follows:
a) Magnetic moments precession: In a ferromagnetic
material, such as a magnetic thin film or a bulk magnetic
sample, the magnetic moments of individual atoms or electron
spins align in the same direction, resulting in a net
macroscopic magnetization. When an external magnetic field
is applied to the material, the magnetic moments align with the
field direction and begin to process around it.
b) Precession frequency: The precession frequency of the
magnetic moments, known as the Larmor frequency, is
directly proportional to the strength of the applied magnetic
field and inversely proportional to the gyromagnetic ratio of
the material. The Larmor frequency is given by the equation:
frarmor = VB (%)
where fi ,r-mor 1S the Larmor frequency, y is the gyromagnetic
ratio, and B is the applied magnetic field strength.
¢) Resonance condition: When the frequency of an externally
applied electromagnetic radiation matches the Larmor
frequency of the magnetic moments, a resonance condition is
established. This resonance condition occurs when the energy
of the incident radiation matches the energy required to induce
transitions between different spin states in the material.
d) Absorption and emission: At resonance, the magnetic
moments absorb energy from the incident electromagnetic
radiation, causing a decrease in the intensity of the transmitted
or reflected radiation. This absorption of energy is detected as
a decrease in the intensity of the electromagnetic radiation
passing through the sample.
e) Resonance response: The resonance response of the
material depends on various factors, including the strength of
the applied magnetic field, the frequency of the incident
radiation, and the magnetic properties of the material (e.g.,
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saturation magnetization and magnetic anisotropy). By
varying these parameters, researchers can study the magnetic
properties, dynamics, and interactions in ferromagnetic
materials.

8.2.3 Applications of introduction to FMR spectroscopy
FMR Spectroscopy finds numerous applications in various
scientific and technological fields due to its ability to provide
valuable insights into the dynamic magnetic properties of
ferromagnetic materials. Some of the applications of FMR
spectroscopy are furnished below.[126-130]

a) Magnetic thin films and multilayers: Magnetic
nanomaterials are extensively used in various disciplines of
science and technology. Magnetic nanomaterials are used in
energy storage devices, imaging instruments, etc. Therefore, it
becomes essential to be aware of the magnetic properties of
thin films, multilayers, and nanostructures. It provides
information about the magnetic anisotropy, saturation
magnetization, magnetic damping, and spin dynamics in
magnetic thin films used in magnetic recording media,
magnetic sensors, and spintronics devices.

b) Magnetic nanoparticles and nanomaterials: FMR
spectroscopy is employed to study the magnetic properties of
nanoparticles, nanowires, and nanostructures for applications
in biomedicine, data storage, and magnetic resonance imaging
(MRI). It enables the characterization of magnetic interactions,
magnetic relaxation processes, and magnetic switching
behavior in nanoscale magnetic materials.

¢) Spintronics and magnetic devices: FMR spectroscopy
plays a crucial role in spintronics research and device
development. It provides insights into spin transport
phenomena, spin-wave excitations, and spin dynamics in
ferromagnetic materials, essential for the design and
optimization of spintronic devices such as magnetic tunnel
junctions, spin valves, and magnetic random-access memories
(MRAM).

d) Magnetic recording and data storage: FMR spectroscopy
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is used in developing and quality control magnetic recording
media and data storage devices. It enables the characterization
of magnetic properties, recording stability, and thermal
stability of magnetic thin films and magnetic recording heads
used in hard disk drives, magnetic tapes, and magnetic
memory devices.

e) Magnetic resonance imaging: FMR spectroscopy
techniques, such as Electron Spin Resonance and Nuclear
Magnetic Resonance, are employed in biomedical imaging
and diagnostics. FMR-based imaging techniques provide non-
invasive and high-resolution imaging of biological tissues,
organs, and materials, with applications in medical diagnosis,
neuroscience, and materials science.

f) Magnetic materials research: FMR spectroscopy is used
in fundamental research on magnetic materials, magnetic
phase transitions, and magnetic ordering phenomena. It
provides insights into magnetic domain behavior,
magnetization dynamics, and magnetic interactions,
contributing to advancements in magnetic materials science,
magnetism, and condensed matter physics.

g) Magnetic resonance spectroscopy and sensing: FMR
spectroscopy techniques are utilized in magnetic resonance
spectroscopy and sensing applications. They enable the
detection and quantification of magnetic species,
paramagnetic impurities, and magnetic defects in materials, as
well as the monitoring of magnetic field variations and
magnetic resonance phenomena for sensing and detection
purposes.

Overall, FMR Spectroscopy offers a versatile and powerful
tool for studying the dynamic magnetic properties of
ferromagnetic materials, with widespread applications in
materials science, spintronic, magnetic recording, biomedical
imaging, and magnetic resonance spectroscopy.

8.2.4 Limitations of introduction to FMR spectroscopy
FMR Spectroscopy is a valuable technique for studying the
dynamic magnetic properties of ferromagnetic materials, but
it also has several limitations. The limitations of
Ferromagnetic Spectroscopy are depicted as follows:

a) Sample requirements: FMR spectroscopy requires
samples with well-defined magnetic properties and
homogeneous magnetization. Irregularities, defects, or
inhomogeneities in the sample can lead to broadening of
resonance lines and distortion of FMR spectra, affecting the
accuracy and reliability of measurements.

b) Sample size and geometry: The size and geometry of the
sample can influence the FMR signal and resonance behavior.
Thin films, nanoparticles, and nanoscale structures may
exhibit size-dependent magnetic properties and complex

resonance spectra, requiring careful interpretation and analysis.

¢) Frequency range: FMR spectroscopy is typically limited
to microwave or radiofrequency ranges, which may not cover
all relevant magnetic resonance frequencies in ferromagnetic
materials. Some materials may exhibit resonance behavior at
higher frequencies or require specialized instrumentation for
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high-frequency FMR measurements.
d) Instrumentation complexity: FMR spectroscopy
instrumentation can be complex and expensive, requiring
specialized equipment such as microwave sources, magnetic
field sources, and sensitive detectors. Maintenance, calibration,
and operation of FMR instruments may require expertise in
electromagnetics, spectroscopy, and materials science.
e) Temperature dependence: The magnetic properties and
resonance behavior of ferromagnetic materials can be strongly
temperature-dependent. Temperature variations can affect the
linewidth, resonance frequency, and intensity of FMR signals,
necessitating precise temperature control and thermal
stabilization during measurements.
f) Signal-to-noise ratio: FMR spectroscopy measurements
may be susceptible to noise sources and electromagnetic
interference, particularly at low signal levels or in high-
frequency regimes. Achieving high signal-to-noise ratios and
minimizing background noise are essential for accurate and
reliable FMR measurements.
g) Surface sensitivity: FMR spectroscopy primarily probes
the surface region of materials, which may limit its
applicability to surface-sensitive systems or thin films. Depth
profiling capabilities are limited, and FMR measurements may
not provide information about subsurface layers or buried
interfaces without additional techniques.
h) Complexity of analysis: Interpretation and analysis of
FMR spectra can be challenging, especially for complex
materials, multilayers, or nanoscale structures. Extracting
quantitative information about magnetic parameters, spin
dynamics, and magnetic interactions from FMR data may
require sophisticated modeling and theoretical analysis.
Despite these limitations, FMR Spectroscopy remains a
valuable tool for studying the dynamic magnetic properties of
ferromagnetic materials, providing essential insights into spin
dynamics, magnetic interactions, and magnetic phenomena at
the atomic scale. Addressing these limitations through
methodological improvements and complementary techniques
continues to be an active area of research in FMR spectroscopy.

9 Miscellaneous types
9.1 X-ray absorption spectroscopy
X-ray absorption apectroscopy (XAS) is a powerful analytical
technique that provides insights into the electronic and
structural properties of materials at the atomic scale. The X-
Rays were discovered Wilhelm Conard Roentgen in 1895.
Soon after its discovery, it became very popular among
physicians and was used to detect fractures in bone. Then, in
the modern period, X-rays are used for various types of
imaging like CT-Scan, etc. Apart from this, X-rays are used for
stereotactic surgery and in radiation therapy to treat cancer.
Apart from medicinal use, X-rays are widely used in material
sciences, nanoscience, and technology for confirmation of
types and crystallinity of the sample under study.

The historical development of XAS accelerated with the
pioneering work of Henry G. J. Moseley in the early 20%
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century. Moseley's experiments revealed a systematic
relationship between the X-ray absorption edges of elements
and their atomic numbers, leading to the concept of atomic
number as a fundamental property. This laid the foundation for
XAS as a spectroscopic technique for studying the electronic
structure of materials.[!3!-133]

Modern XAS encompasses two main spectroscopic
techniques: X-ray Absorption Near-Edge Structure (XANES)
and Extended X-ray Absorption Fine Structure (EXAFS).
XANES provides information about the electronic structure
and oxidation states of elements, while EXAFS reveals details
about the local atomic environment and coordination
geometry around the absorbing atoms.

In contemporary XAS experiments, synchrotron radiation
sources have become indispensable for generating intense and
tunable X-ray beams required for high-resolution
spectroscopy. Synchrotron facilities worldwide offer state-of-
the-art X-ray Dbeamlines equipped with advanced
instrumentation for XAS studies. Sample preparation
techniques have also evolved, allowing for the investigation of
diverse materials, including solids, liquids, and gases, under
various conditions of temperature and pressure.

XAS finds applications across a wide range of scientific
disciplines, including chemistry, physics, materials science,
environmental science, and biochemistry. It is used to study
catalysts, semiconductors, magnetic materials, proteins,
minerals, and environmental contaminants, among others. Its
versatility makes it an invaluable tool for fundamental
research, technological development, and industrial
applications.

In summary, X-ray Absorption Spectroscopy has
undergone significant historical development since its
discovery, evolving into a sophisticated analytical technique
with broad scope and diverse applications. With advancements
in synchrotron technology and sample preparation methods,
XAS continues to play a vital role in advancing our
understanding of materials and their properties at the atomic
level.

9.1.1 Instrumentation of XAS

XAS is a powerful technique used to investigate the electronic
and atomic structure of materials. Fig. 15 demonstrates the
diagram of X-ray absorption. The instrumentation for XAS
typically involves the following components:

a) X-ray source: XAS requires a source of high-energy X-
rays, typically produced by an X-ray tube or synchrotron
radiation.

b) Monochromator: X-rays emitted from the source often
have a broad energy spectrum. A monochromator is used to
select X-rays of a specific energy or wavelength, ensuring that
only the desired energy range is used for the experiment.

¢) Sample holder: The sample holder holds the material being
studied. It should allow for precise positioning and alignment
of the sample, as well as control over its orientation relative to
the incident X-rays.
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d) Detector: X-ray detectors capture the intensity of X-rays
transmitted through or scattered by the sample as a function of
energy. Different types of detectors, such as ionization
chambers, solid-state detectors, or proportional counters, may
be used depending on the specific requirements of the
experiment.

¢) Energy calibration system: Accurate energy calibration is
crucial for XAS measurements. This system ensures that the
energy scale of the experiment is calibrated precisely, typically
using known reference materials with well-defined absorption
edges.

f) Data acquisition system: A data acquisition system is used
to record the X-ray absorption spectra obtained from the
detector. This system collects, processes, and stores the
experimental data for further analysis.

g) Control system: A control system coordinates the
operation of various components of the XAS instrument,
including the X-ray source, monochromator, sample holder,
and detector. It allows for precise control over experimental
parameters such as X-ray energy, sample positioning, and data
acquisition settings.

h) Vacuum system: XAS experiments are often performed
under vacuum conditions to minimize X-ray absorption and
scattering by air. A vacuum system maintains a controlled
environment around the sample during the experiment.

i) Beamline optics: In synchrotron-based XAS experiments,
beamline optics such as mirrors, lenses, and slits are used to
manipulate and focus the X-ray beam, optimizing its intensity
and spatial resolution at the sample position.

j) Safety interlocks: X-ray sources can pose radiation hazards,
so safety interlocks are essential to ensure that the instrument
operates safely. These interlocks may include radiation
shielding, emergency stop mechanisms, and radiation
monitoring systems.

Overall, the instrumentation of XAS is designed to provide
precise control over experimental parameters and to obtain
accurate measurements of XAS for the study of material
properties and electronic structure.

9.1.2 Principle of XAS

X-ray absorption spectroscopy (XAS) is a technique used to
probe the electronic and atomic structure of materials based on
their interaction with X-rays. The principle behind XAS lies
in the absorption of X-rays by atoms in the material and the
subsequent analysis of how this absorption varies with X-ray
energy.

The working of XAS is furnished as below:

a) X-ray absorption: Like other electromagnetic waves,
when an X-ray passes through the sample under study, it
interacts with inner-shell electrons of the atoms in the sample.
Once the energy difference between core energy levels
(typically K or L shell matches), the X-rays can be absorbed
by the atom, causing the core electron to be ejected from its
shell. This process is known as X-ray absorption.

b) Absorption edge: The absorption of X-rays by atoms
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Fig. 15: A pictorial representation of X-ray absorption spectroscopy.

shows a characteristic energy dependence. At specific X-ray
energies, known as absorption edges, there is a sharp increase
in X-ray absorption due to resonant excitation of core
electrons. The absorption edge corresponds to the energy
required to promote an electron from a core level to an
unoccupied state in the atom.

¢) X-ray absorption spectrum: By measuring the intensity of
X-rays transmitted through the sample as a function of X-ray
energy, one can obtain an X-ray absorption spectrum. The
spectrum typically exhibits a series of peaks and valleys, with
each peak corresponding to an absorption edge of a specific
element in the sample. The energy position, shape, and
intensity of these peaks provide information about the
electronic and atomic structure of the material, including the
oxidation state, coordination environment, and chemical
bonding.

d) X-ray fluorescence: In addition to absorption, X-rays can
induce fluorescence in the sample, where the absorbed energy
is re-emitted as lower-energy X-rays or visible light. The
detection of fluorescence emitted by the sample can provide
complementary information to X-ray absorption spectroscopy.
e) XAS techniques: There are several variations of XAS
techniques, including XANES and EXAFS. XANES focuses
on the spectral region near the absorption edge and provides
information about the electronic structure and chemical
bonding. At the same time, EXAFS analyzes the fine structure
beyond the absorption edge and yields details about the local
atomic environment and coordination.

In summary, X-ray Absorption Spectroscopy is based on
the principle of X-ray absorption by atoms in a material, which
results in characteristic absorption edges in the X-ray
spectrum. By analyzing the energy dependence of X-ray
absorption, valuable insights into the electronic and atomic
structure of materials can be obtained.

9.1.3 Applications of XAS
XAS finds applications across various fields due to its
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capability to provide detailed information about the electronic
and atomic structure of materials. Some of the critical
applications of XAS include:

a) Material science and catalysis: Today, material science
has become an essential area of research. Researchers from
different disciplines like physics, chemistry, biological
sciences, engineering, and technology are actively engaged in
material science research to analyze materials that require
advanced characterization techniques. XAS is extensively
used to study the local structure, electronic configuration, and
chemical bonding in a wide range of materials, including
metals, alloys, oxides, semiconductors, and catalysts. It helps
in understanding the mechanisms of catalytic reactions,
identifying active sites, and optimizing catalyst performance.
b) Environmental science and engineering: XAS
investigates the speciation, distribution, and behavior of
elements in environmental samples such as soils, sediments,
water, and air. It aids in studying processes like metal ion
sorption, mineral dissolution, and redox transformations,
contributing to environmental remediation and pollution
control efforts.

c¢) Biological and life sciences: XAS plays a crucial role in
structural biology and bioinorganic chemistry by providing
insights into the coordination geometry, oxidation states, and
metal-binding sites in biomolecules such as proteins, enzymes,
nucleic acids, and metalloproteins. It helps understand
biological functions, metal ion transport, and metalloenzyme
mechanisms.

d) Geosciences and mineralogy: XAS characterizes the
composition, structure, and transformation of minerals, rocks,
and geological materials. It helps in studying processes like
mineral weathering, diagenesis, mineral-microbe interactions,
and the behavior of contaminants in natural systems.

e) Energy materials and batteries: XAS is valuable for
investigating the electronic and atomic structure of energy-
related materials such as electrodes, electrolytes, and catalysts
in batteries, fuel cells, and photovoltaic devices. It aids in
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improving energy storage and conversion technologies by
understanding factors like charge transfer mechanisms, ion
diffusion, and electrode-electrolyte interfaces.

f) Nanomaterials and nanotechnology: XAS is used to
characterize the local structure, electronic properties, and
surface chemistry of nanomaterials including nanoparticles,
nanowires, and nanocomposites. It helps in designing and
optimizing nanomaterials for applications in electronics,
sensors, catalysis, and biomedicine.

g) Art and archaeology: XAS is employed in cultural
heritage studies to analyze the composition, degradation, and
conservation of artworks, archaeological artifacts, and
historical materials. It aids in identifying pigments, detecting
forgeries, studying corrosion processes, and developing
preservation strategies.

h) Semiconductors and electronics: XAS is utilized in
semiconductor research and device fabrication to investigate
defects, impurities, doping profiles, and interface properties in
semiconductor materials and devices. It contributes to the
development of advanced electronic and optoelectronic
devices.

Overall, XAS is a versatile analytical technique with
applications spanning diverse fields, contributing to
fundamental research, technological advancement, and
societal challenges.['34-13¢]

9.1.4 Limitation of XAS

Although XAS is a technique for probing the electronic and
atomic structure of materials, it does have certain limitations:
a) Elemental specificity: XAS is most effective for elements
with heavy atoms (e.g., transition metals and rare earth
elements) due to their strong absorption of X-rays. Lighter
elements such as hydrogen and helium have weaker
absorption signals, making their analysis challenging with
conventional XAS techniques.

b) Sample requirements: XAS requires samples to be in a
suitable form for X-ray analysis, which may involve
preparation techniques such as powdering, pelletizing, thin-
film deposition, or immobilization on substrates. Sample
manipulation and preparation can introduce artifacts or alter
the native structure, potentially affecting the interpretation of
results.

¢) Limited spatial resolution: XAS typically provides
information averaged over the entire sample volume or surface
region interrogated by the X-ray beam. Spatially resolved
XAS techniques exist, but achieving high spatial resolution is
challenging, particularly in heterogeneous samples or at the
nanoscale.

d) Surface sensitivity: XAS probes the near-surface region of
the sample, typically within a few micrometers to tens of
nanometers, depending on the X-ray energy and material
properties. This surface sensitivity can be advantageous for
studying surface phenomena but may limit the depth
resolution and penetration depth in bulk or deeply buried
layers.
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e) Data analysis complexity: Analysis of XAS spectra
involves sophisticated data processing and interpretation
techniques, including background subtraction, energy
calibration, normalization, and fitting to theoretical models or
reference spectra. Interpreting XAS results requires expertise
in spectroscopy, quantum chemistry, and materials science.

f) Synchrotron access: High-quality XAS experiments often
require access to synchrotron radiation facilities, which may
be limited in availability and require specialized training and
collaboration. Traveling to synchrotron beamlines and
allocating beam time can also present logistical challenges for
researchers.

g) Radiation hazards: XAS experiments involve exposure to
X-rays, which can pose radiation hazards to operators and
require appropriate safety precautions and shielding measures
to minimize risks.

h) Limited chemical sensitivity: XAS provides valuable
information about the local atomic structure and chemical
bonding, but it may not always distinguish between different
chemical environments or coordination geometries if they
have similar X-ray absorption properties.

Despite these limitations, X-ray Absorption Spectroscopy
remains a valuable tool for materials characterization, offering
unique insights into the electronic and atomic properties of a
wide range of materials in diverse fields of science and
technology. Advances in instrumentation, data analysis
methods, and synchrotron beamline capabilities continue to
address some of these limitations and expand the capabilities
of XAS techniques.

9.2 Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) is a powerful
analytical technique used to quantify the concentration of
elements in a sample based on their light absorption at specific
wavelengths. AAS was developed in 1955 by Alan Walsh, and
today, it has become a vital characterization tool in agro-
chemistry, environmental science and engineering, food
science, nanoscience and technology, chemistry, efc. Various
elements' presence and concentration can be determined using
AAS.[]37-140]

The working principle of AAS depends upon the
interaction of electromagnetic radiation with atoms in the
sample. By detecting the intensity of electromagnetic radiation
at the time of entry into the sample and after exiting from the
sample, the concentration of the target element can be
determined.

The scope of AAS is vast, encompassing the analysis of a
wide range of elements across various sample matrices. It
offers high sensitivity, selectivity, and precision, making it
suitable for trace analysis and quality control in diverse
industries. AAS is particularly valuable for quantifying metals
and metalloids, including toxic heavy metals like lead,
cadmium, and mercury, at low concentrations.

Modern AAS instruments are sophisticated and user-
friendly, incorporating advanced features for enhanced
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performance and productivity. They typically consist of a light
source (e.g., hollow cathode lamp), monochromator, sample
introduction system (e.g., flame or graphite furnace), atomizer,
and detector (e.g., photomultiplier tube). Automation and
computerization have streamlined the analytical workflow,
allowing rapid sample throughput and data processing.

In conclusion, AAS has a rich historical development, from
early observations of elemental absorption patterns to the
development of sophisticated modern instruments. Its scope
spans diverse applications, driven by its sensitivity, selectivity,
and precision, making it an indispensable tool in analytical
chemistry.

9.2.1 Instrumentation of AAS

Instrumentation typically involves several key components
designed to facilitate measuring the absorption of light by
atoms in a sample. The key components of AAS are described
below, and a schematic diagram is shown in Fig. 16.

a) Light source: AAS essentially requires a suitable light
source. In AAS instruments, a hollow cathode lamp or
electrodeless discharge lamp is used as the primary light
source. These lamps emit specific wavelengths of light
corresponding to the resonance lines of the target elements.
The choice of lamp depends on the elements to be analyzed.
b) Monochromator: All spectroscopic techniques require a
monochromatic source of radiation. Therefore, a suitable
monochromator selects a narrow range of wavelengths from
the emitted light source. It ensures that only the wavelengths
corresponding to the absorption lines of the target element are
directed to the sample and subsequently measured.

¢) Sample introduction system: Samples are introduced into
the AAS instrument in various forms, such as liquid solutions,
solid samples, or gases. The sample introduction system
typically consists of an atomizer, which converts the sample
into atomic vapor for analysis. Common atomization
techniques include flame atomization (liquid samples) and
graphite furnace atomization (solid samples).

d) Optical path: The optical path in an AAS instrument
includes components such as lenses, mirrors, and a flame or
graphite furnace. These components direct the light from the
monochromator through the sample and onto the detector.

e) Detector: A photodetector, such as a PMT or photodiode
array, detects the intensity of light transmitted through the
sample. The detector converts the optical signal into an
electrical signal, which is then processed for analysis.

f) Signal processing and data Analysis: The detector
captures the intensity of light. The resultant electrical signal is
processed and analyzed by the instrument's electronics. This
includes background correction, signal averaging, and
calibration. The resulting absorption spectrum provides
information about the concentration of the target element in
the sample.

g) Control and data acquisition system: AAS instruments
are controlled by software that allows users to set experimental
parameters, control instrument functions, and collect data. The
data acquisition system records absorption measurements as a
function of wavelength or time, facilitating quantitative
analysis.

h) Safety features: AAS instruments incorporate safety
features to ensure safe operation, especially when dealing with
flammable gases, high temperatures, and potentially
hazardous chemicals. These features may include interlocks,
gas sensors, and automatic shut-off mechanisms.

Overall, the instrumentation of AAS is designed to provide
accurate and reliable measurements of elemental
concentrations in various sample matrices, making it a widely
used technique in analytical chemistry.

9.2.2 Principle of AAS
AAS is based on the absorption of electromagnetic radiation
(typically ultraviolet or visible light) by ground-state atoms in
a sample. This absorption occurs at specific wavelengths
corresponding to the electronic transitions between energy
levels within the atoms.
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Fig. 16: A pictorial representation of atomic absorption spectroscopy.

54 | ES Energy Environ., 2025, 27, 1264

Engineered Science Publisher


https://www.espublisher.com/

ES Energy & Environment

Review article

Here's a breakdown of the principle of AAS:

a) Atomic absorption: When a beam of light with a range of
wavelengths passes through a sample containing atoms of the
target element, the atoms absorb light at characteristic
wavelengths specific to the element. This absorption occurs
when the energy of the photons matches the energy difference
between the ground state and an excited state of the atom.

b) Beer-lambert law: Beer Lambert’s law states that “When
a beam of monochromatic light is passed through
homogeneous absorbing medium, then the rate of decrease in
intensity of radiation with the thickness of absorbing medium
is directly proportional to the intensity of light as well as
concentration of solution’. Mathematically, this relationship is
expressed as eqution 4.

A = ¢bc 4)
where A is the absorbance, ¢ is the molar absorptivity (or
extinction coefficient), b is the path length, and ¢ is the
concentration of the absorbing species.
¢) Absorption spectrum: By scanning the wavelength of the
light source across a range of wavelengths and measuring the
absorbance at each wavelength, an absorption spectrum is
obtained. The absorption spectrum typically exhibits one or
more absorption lines or bands corresponding to transitions
between different electronic energy levels of the atoms.

d) Quantitative analysis: The intensity of the absorption lines
in the spectrum is directly related to the concentration of the
target element in the sample. By comparing the absorbance of
the sample to that of standard solutions with known
concentrations, the concentration of the target element in the
sample can be quantified.

e) Selectivity and sensitivity: AAS is highly selective
because each element has its characteristic absorption lines,
allowing for the simultaneous determination of multiple
elements in a single sample. Additionally, AAS is sensitive,
capable of detecting elements at trace levels (parts per million
to parts per billion) due to the sharpness of the absorption lines
and the low noise of the instrument.

Thus, Atomic Absorption Spectroscopy provides valuable
quantitative information about the concentration of specific
elements in a sample based on their absorption of light at
characteristic wavelengths, making it a widely used technique
in analytical chemistry for elemental analysis.

9.2.3 Applications of AAS

Some of the key applications of AAS include:

a) Environmental analysis: The detection of presence and
concentration of pollutants present in water sample; soil
sample or air sample is important in environment monitoring.
AAS is an effective tool for the same. The presence and
concentration of heavy metal ions such as lead, cadmium,
mercury, arsenic etc. can be determine using AAS.

b) Clinical and pharmaceutical analysis: AAS is employed
in clinical laboratories and pharmaceutical industries for the
analysis of Dbiological fluids, tissues, drugs, and
pharmaceutical products. It facilitates the determination of
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essential elements and toxic metals in biological samples,
aiding in disease diagnosis, nutritional assessment, and drug
quality control.

¢) Food and beverage analysis: Food adulteration is a global
problem. To control over it Food and Drug department of
various countries are working. AAS can be effectively used to
determine presence and concentration of various heavy metals
in the food sample. It helps in monitoring nutritional elements,
assessing food safety, and detecting contaminants such as
heavy metals, pesticides and toxic elements that may pose
health risks to consumers.

d) Metallurgical and mining industry: AAS plays a crucial
role in the metallurgical and mining industry for the analysis
of ores, metals, alloys, and metallurgical products. It enables
the determination of elemental composition, impurity levels,
and quality control parameters in raw materials and finished
products, contributing to process optimization and product
quality assurance.

e) Agricultural and soil science: AAS is applied in
agricultural research and soil science to analyze the elemental
content of soils, fertilizers, plant tissues, and agricultural
products. It assists in assessing soil fertility, nutrient uptake by
plants, and the impact of agricultural practices on soil quality,
helping farmers optimize crop yields and sustainable farming
practices.

f) Forensic science: AAS is used in forensic laboratories for
elemental analysis of forensic samples, including trace
evidence, biological fluids, and illicit substances. It aids in
forensic investigations, crime scene analysis, and the detection
of toxic elements or chemical contaminants in forensic
samples.

g) Industrial process control: AAS is employed in industrial
process control and quality assurance in manufacturing
industries such as metal production, chemical processing, and
electronics manufacturing. It enables real-time monitoring of
elemental composition, impurity levels, and product quality
parameters, ensuring compliance with regulatory standards
and specifications.

h) Art and archaeology: AAS is applied in cultural heritage
studies to analyze the elemental composition of archaeological
artifacts, artworks, and historical materials. It helps in
identifying materials, studying manufacturing techniques,
detecting forgeries, and assessing the conservation status of
cultural artifacts.

9.2.4 Limitations of AAS

While AAS is a widely used and valuable analytical technique,
it does have certain limitations:

a) Limited elemental coverage: AAS is primarily limited to
elements that have suitable absorption lines within the
wavelength range of the instrument. Light elements such as
hydrogen and helium, as well as some heavier elements, may
not have strong absorption lines in the ultraviolet or visible
region, restricting the elemental coverage of AAS.

b) Interference effects: AAS measurements can be affected
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by interference from matrix components or coexisting species
in the sample. Interference can arise from spectral overlap
with other elements, chemical interactions, or physical
processes such as scattering or background absorption, leading
to inaccurate results if not properly addressed.

c¢) Sample matrix effects: The composition and properties of
the sample matrix can influence the accuracy and precision of
AAS measurements. Matrix effects may cause signal
suppression or enhancement, spectral interferences, or
changes in atomization efficiency, particularly in complex
sample matrices or high-concentration samples.

d) Sample preparation requirements: AAS often requires
samples to be prepared in a specific form suitable for analysis,
such as dissolution, digestion, or atomization. Sample
preparation can be time-consuming, labor-intensive, and may
introduce potential sources of error or contamination if not
performed carefully.

e) Sensitivity and dynamic range: While AAS is capable of
detecting elements at trace levels (parts per million to parts per
billion), its sensitivity and dynamic range may be limited
compared to other analytical techniques such as inductively
coupled plasma mass spectrometry (ICP-MS) or atomic
fluorescence  spectroscopy  (AFS). High-concentration
samples may saturate the detector or require dilution, limiting
the measurement range.

f) Single-element analysis: AAS typically measures one
element at a time, requiring separate measurements for each
element of interest. This can be time-consuming for multi-
element analysis and may not be suitable for high-throughput
screening or simultaneous analysis of multiple elements in
complex samples.

g) Instrument complexity and cost: AAS instruments can be
complex and require skilled operators for operation,
maintenance, and data interpretation. Additionally, the initial
cost of AAS instrumentation and the ongoing expenses for
consumables, calibration standards, and maintenance may be
significant, particularly for high-performance instruments.

9.3 Photoluminescence spectroscopy
Photoluminescence spectroscopy is a powerful analytical
technique used to study the emission of light
(photoluminescence) from materials upon excitation by
photons. Its development traces back to the late 19" and early
20" centuries when scientists observed luminescence
phenomena in certain materials. However, the modern
understanding and application of photoluminescence
spectroscopy began to take shape in the mid-20™ century with
advancements in quantum mechanics and solid-state physics.
The discovery of photoluminescence dates back to the 19"
century when researchers observed the phenomenon of
fluorescence and phosphorescence in certain materials.
Notable milestones include Sir George Stokes' discovery of
fluorescence in 1852 and Henri Becquerel's observation of
phosphorescence in uranium salts in 1896. These early
observations laid the groundwork for the study of
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luminescence phenomena, leading to the development of
photoluminescence spectroscopy techniques.!'4!-1431

Photoluminescence spectroscopy encompasses a wide
range of applications in materials science, physics, chemistry,
biology, veterinary sciences, nanoscience, environmental
sciences, and engineering. It is used to investigate the
electronic structure, energy levels, and optical properties of
materials, including semiconductors, quantum dots, organic
molecules, nanomaterials, and biological specimens.
Photoluminescence  spectroscopy is  valuable  for
characterizing materials in fields such as optoelectronics,
photonics, photovoltaics, sensors, and biomedical imaging.

Modern photoluminescence spectroscopy instrumentation
typically includes a light source to excite the sample, optical
components for wavelength selection and light focusing, a
sample holder or stage for positioning the sample, and a
detector to measure the emitted light. Excitation sources may
include lasers, lamps, or LEDs, while detectors range from
PMT to CCD cameras or spectrometers. Advanced
instrumentation may incorporate time-resolved techniques to
study luminescence dynamics on nanosecond to femtosecond
timescales, as well as spatially resolved techniques for
mapping luminescence properties across a sample surface.

In summary, photoluminescence spectroscopy has a rich

historical ~development, from early observations of
luminescence phenomena to the modern understanding and
application of spectroscopic techniques. Its scope

encompasses diverse fields of research and technology, with
applications ranging from fundamental studies of materials to
practical applications in optoelectronic devices, sensors, and
biomedical imaging.

9.3.1 Instrumentation of photoluminescence spectroscopy

The instrumentation of photoluminescence spectroscopy
typically includes several key components designed to excite
a sample with light and analyze the emitted
photoluminescence. The instrumentation diagram is presented
in Fig.17.

Here's an overview of the main components:

a) Light source: Photoluminescence spectroscopy requires a
light source to excite the sample with photons of specific
energy or wavelength. Common light sources include lasers,
lamps, light-emitting diodes (LEDs), or arc lamps, depending
on the spectral range and intensity required for the experiment.
b) Monochromator or filters: A monochromator or optical
filters are used to select a narrow range of wavelengths from
the excitation light source. This ensures that only photons of
the desired energy are used to excite the sample, minimizing
background noise and interference.

¢) Sample holder or stage: The sample holder or stage holds
the sample securely in place during the experiment. It may
allow for precise positioning and alignment of the sample
relative to the excitation light source and the detection system.
d) Detector: A photodetector detects the emitted
photoluminescence from the sample. Common detectors
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Fig. 17: A pictorial representation of supercontinuum laser photoluminescence spectroscopy.

include PMTs, CCDs, or photomultiplier arrays. The choice of
detector depends on factors such as sensitivity, spectral range,
and time resolution required for the experiment.

e) Optical components: Various optical components such as
lenses, mirrors, and filters are used to direct, focus, and
manipulate  the  excitation  light and  emitted
photoluminescence. These components optimize the signal-to-
noise ratio and spatial resolution of the spectroscopic
measurements.

f) Excitation and emission optics: Excitation and emission
optics are designed to separate the excitation and emission
light paths, minimizing the excitation light that reaches the
detector and maximizing the collection efficiency of the
emitted photoluminescence.

g) Data acquisition system: A data acquisition system records
and processes the photoluminescence signal detected by the
photodetector. This system may include ADCs, signal
amplifiers, data acquisition cards, and computer software for
data analysis and visualization.

h) Control and automation: Many photoluminescence
spectroscopy instruments are equipped with control and
automation features to facilitate experiment setup, parameter
adjustment, and data acquisition. This may include motorized
stages, computer-controlled shutters, and software interfaces
for user interaction.

9.3.2 Principle of photoluminescence spectroscopy
Photoluminescence spectroscopy is based on the principle of
analyzing the emission of light (photoluminescence) from
materials upon excitation by photons. The technique provides
valuable insights into the electronic structure, energy levels,
and optical properties of materials.

Here's a breakdown of the principle of photoluminescence
spectroscopy:

a) Excitation of sample: Photoluminescence spectroscopy
begins with the excitation of a sample using photons of
specific energy or wavelength. These photons are typically
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provided by a light source such as a laser, lamp, or LED. The
energy of the excitation photons must match or exceed the
energy required to promote electrons in the material from the
ground state to higher-energy excited states.

b) Electronic transitions: Upon absorption of the excitation
photons, electrons in the material are promoted to higher-
energy electronic states. This excitation creates electron-hole
pairs (excitons) or other excited states within the material's
electronic band structure. The energy difference between the
ground state and the excited state determines the wavelength
of the emitted photoluminescence.

¢) Emission of photons: After a brief period of time, the
excited electrons relax back to lower-energy states, releasing
energy in the form of photons. This process, known as
photoluminescence, can occur through different mechanisms
depending on the material and its electronic structure.
Common types of photoluminescence include fluorescence,
phosphorescence, and photoluminescence from
semiconductor band-edge or defect states.

d) Spectral analysis: The emitted photoluminescence is
collected and analyzed spectroscopically to characterize the
material's  optical  properties. A  spectrometer or
monochromator is typically used to separate the emitted light
into its constituent wavelengths or energies. The resulting
photoluminescence spectrum provides information about the
energy levels, bandgap, excitonic transitions, and other optical
properties of the material.

e) Quantitative analysis: Photoluminescence spectroscopy
can also be used for quantitative analysis by correlating the
intensity of the photoluminescence signal with properties of
the sample such as concentration, purity, or defect density.
Calibration curves or standards with known properties are
often used for quantitative measurements.

Thus, photoluminescence spectroscopy is a powerful
technique for studying the optical properties and electronic
structure of materials. It provides valuable information about
excitonic processes, bandgap energies, defect states, and
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luminescent behavior, making it widely used in materials
science, semiconductor physics, optoelectronics, and other
fields of research and technology.

9.3.3 Applications of photoluminescence spectroscopy
Photoluminescence spectroscopy finds diverse applications
across various fields due to its ability to provide valuable
insights into the optical properties and electronic structure of
materials. Some of the key applications of photoluminescence
spectroscopy include:

a) Semiconductor characterization: Photoluminescence
spectroscopy is extensively used in semiconductor research
and device fabrication to characterize the electronic structure,
bandgap energies, and defect states in semiconductor
materials such as silicon, gallium arsenide, and quantum dots.
It helps in optimizing the performance of semiconductor
devices such as light-emitting diodes (LEDs), solar cells, and
lasers by studying carrier dynamics and recombination
processes.

b) Nanomaterials and nanotechnology: Photoluminescence
spectroscopy plays a crucial role in the characterization of
nanomaterials such as nanoparticles, nanowires, and
nanocomposites. It provides insights into size-dependent
optical properties, quantum confinement effects, and surface
states, facilitating the design and engineering of nanomaterials
for applications in electronics, photonics, sensing, and
biomedicine.

¢) Optical Materials and photonics: Photoluminescence
spectroscopy is used to study the optical properties of
materials such as phosphors, luminescent materials, and
optical fibers. It aids in the development of advanced optical
materials for applications in lighting, displays, sensors,
telecommunications, and fiber-optic communication systems.
d) Biosensing and biomedical imaging: In biomedical
research and diagnostics, photoluminescence spectroscopy is
employed for fluorescence imaging, biomolecular sensing,
drug discovery, and molecular imaging of biological tissues
and cells. It offers non-invasive, high-resolution imaging
capabilities for studying biological processes, disease
mechanisms, and drug interactions in living organisms.

e) Materials science and chemistry: Photoluminescence
spectroscopy is used in materials science and chemistry to
study the luminescent properties of organic and inorganic
compounds, polymers, and dyes. It facilitates the investigation
of chemical structure-property relationships, photophysical
processes, and luminescent behavior in solution or solid-state
materials.

f)  Environmental monitoring:  Photoluminescence
spectroscopy is applied in environmental science and
engineering for pollution monitoring, trace metals and organic
compounds in air, water and samples. It aids in identifying
contaminants, assessing environmental health risks, and
monitoring remediation efforts.

g) Art and archaeology: Photoluminescence spectroscopy is
utilized in cultural heritage studies to analyze the luminescent

58 | ES Energy Environ., 2025, 27, 1264

properties of archaeological artifacts, artworks, and historical
materials. It helps in identifying pigments, detecting forgeries,
studying degradation mechanisms, and assessing the
conservation status of cultural artifacts.

Thus, photoluminescence spectroscopy is a versatile
analytical technique with broad applications in materials
science, nanotechnology, photonics, biomedicine,
environmental science, and cultural heritage studies,
providing valuable insights into the optical properties and
electronic structure of materials across diverse fields of
research and technology.

9.3.4 Limitations of photoluminescence spectroscopy
While photoluminescence spectroscopy is a powerful
analytical technique, it does have certain limitations. The
limitations of photoluminescence spectroscopy are furnished
below:

a) Sample preparation requirements: Photoluminescence
spectroscopy often requires samples to be prepared in specific
forms, such as thin films, powders, or solutions, depending on
the experimental setup and the properties of the material under
study. Sample preparation requires special skills and also time
consuming process.

b) Surface sensitivity: Photoluminescence spectroscopy is
sensitive for the upper layer, while the internal bulk may not
be accurately determined. Therefore, it cannot be used
effectively for determination of internal structure of the
materials.

¢) Fluorescence quenching: In some cases, the presence of
impurities, defects, or quenchers in the sample can lead to
fluorescence quenching, where the intensity or lifetime of the
photoluminescence signal is reduced. This can affect the
accuracy and reliability of the spectroscopic measurements,
particularly in samples with high concentrations of impurities
or reactive species.

d) Spectral overlap: Photoluminescence spectra can exhibit
spectral overlap with other luminescent species or background
signals, making it challenging to resolve individual
components or identify specific emission features. This can
complicate data analysis and interpretation, particularly in
complex samples with multiple emitting species.

e) Temperature sensitivity: Photoluminescence properties,
such as emission intensity, wavelength, and lifetime, maybe
temperature-dependent, particularly in materials with energy
transfer or thermal quenching effects. Controlling and
maintaining sample temperature during measurements may be
necessary to minimize temperature-induced variations in
photoluminescence behavior.

f) Limited quantitative analysis: While photoluminescence
spectroscopy can provide qualitative information about the
optical properties and electronic structure of materials,
quantitative analysis may be challenging due to factors such
as sample heterogeneity, instrumental limitations, and
calibration requirements. Establishing accurate calibration
curves or standards for quantitative measurements can be
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difficult, particularly for complex samples or dynamic

processes.
g) Instrumentation complexity: High-performance
photoluminescence spectroscopy setups may require

sophisticated instrumentation, including lasers, spectrometers,
detectors, and optical components. The complexity of the
instrumentation can make experimental setup, calibration, and
data analysis challenging, requiring expertise and specialized
training.

Despite these limitations, photoluminescence spectroscopy
remains a valuable tool for studying the optical properties and
electronic structure of materials in various fields of research,
offering unique insights into luminescent phenomena and
enabling advances in materials science, nanotechnology,
photonics, and biomedicine.['4+143]

9.4 Localized surface plasmon resonance

Localized surface plasmon resonance (LSPR) is a captivating
optical phenomenon that arises when noble metal
nanoparticles interact with electromagnetic radiation,
resulting in strong absorption and scattering of light at specific
wavelengths. The historical development of LSPR can be
traced back to early investigations into the optical properties
of metal colloids in the late 19" and early 20" centuries.
However, the modern understanding and exploitation of LSPR
emerged in the late 20th century with advancements in
nanotechnology and the development of novel fabrication
techniques for controlling the size, shape, and composition of
metal nanoparticles.

The discovery of LSPR as a distinct phenomenon occurred
through a combination of experimental observations and
theoretical insights. In the 1960s and 1970s, researchers
observed the unique optical properties of metal nanoparticles
and their ability to absorb and scatter light with remarkable
efficiency. Theoretical models based on the principles of
electromagnetism, quantum mechanics, and classical
electrodynamics were developed to explain these observations,
leading to the recognition of
LSPR as a fundamental aspect of nanoparticle optics.

LSPR has since emerged as a highly versatile and valuable
tool with a wide scope of applications across various
disciplines. In sensing and detection, LSPR-based sensors
offer unparalleled sensitivity and specificity for detecting
analytes in biological, chemical, and environmental samples.
In biomedical imaging, LSPR nanoparticles serve as contrast
agents for visualizing biological structures and tracking
molecular processes with high resolution and sensitivity. In
catalysis and photonics, LSPR nanoparticles exhibit enhanced
optical and catalytic properties, enabling new opportunities in
energy conversion, photocatalysis, and plasmonic device
fabrication.

Modern manufacturing techniques enable precise control
over the size, shape, and composition of LSPR nanoparticles,
allowing researchers to tailor their optical properties for
specific applications. Methods such as colloidal synthesis,
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lithography, and chemical vapor deposition facilitate the
fabrication of LSPR nanoparticles with precisely engineered
characteristics at scales ranging from individual nanoparticles
to large-area arrays.

In summary, Localized Surface Plasmon Resonance
represents a fascinating intersection of nanoscience, optics,
and materials engineering, offering unprecedented
opportunities for exploring and hamessing the unique
properties of metal nanoparticles for a diverse range of
applications in science, technology, and industry.

9.4.1 Instrumentation of LSPR

The LSPR spectroscopy typically involves several key
components designed to measure the optical response of noble
metal nanoparticles to incident light, as shown in Fig.18.

The key component of the instrument is described below:

a) Light source: Like all other spectroscopic techniques
LSPR technique requires a light source which can provide a
broad spectrum of wavelengths, typically in the visible or
near-infrared range. Light sources may include light-emitting
diodes, lasers, or broadband lamps.

b) Optical setup: The optical setup consists of lenses, mirrors,
and optical fibers used to direct and focus the incident light
onto the sample containing the noble metal nanoparticles. The
setup may also include polarization optics to control the
polarization state of the incident light.

¢) Sample holder: The sample holder securely holds the
sample containing the noble metal nanoparticles. It may be
designed to accommodate different sample formats, such as
liquid suspensions, thin films, or nanoparticle-deposited
substrates.

d) Detector: A detector measures the optical response of the
sample, typically in terms of absorbance, scattering, or
intensity changes, as a function of wavelength or angle.
Detectors may include photodiodes, PMTs, or CCDs.

e) Spectrometer or monochromator: A spectrometer or
monochromator is used to separate the incident light into its
constituent wavelengths, allowing the measurement of the
LSPR response across a range of wavelengths. This
component is crucial for obtaining the LSPR spectrum of the
nanoparticles.

f) Data acquisition system: A data acquisition system records
and processes the signals from the detector, allowing the
measurement of the LSPR spectrum and the analysis of the
optical response of the nanoparticles. This system may include
analog-to-digital converters, signal amplifiers, and computer
software for data analysis.

g) Temperature control system: Some LSPR spectroscopy
setups include temperature control systems to maintain the
sample at a constant temperature during measurements. This
is particularly important for studies involving temperature-
dependent changes in the optical response of the nanoparticles.
h) Alignment and calibration tools: Alignment and
calibration tools are used to ensure the proper alignment of
optical components and to calibrate the instrument for
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Fig. 18: A pictorial representation of localized surface plasmon resonance spectroscopy.

accurate measurements. This may involve the use of reference
materials with known optical properties.

Overall, the instrumentation of LSPR spectroscopy is
designed to provide precise control over experimental
parameters, such as incident light intensity, wavelength, and
polarization, enabling the measurement and analysis of the
optical response of noble metal nanoparticles and their LSPR
characteristics.

9.4.2 Principle of LSPR

LSPR arises from the collective oscillations of conduction
electrons in noble metal nanoparticles when they interact with
electromagnetic radiation, particularly light. The principle of
LSPR is rooted in the interaction between the incident
electromagnetic field and the free electrons in the metal
nanoparticles, leading to resonant absorption and scattering of
light at specific wavelengths.

The LSPR phenomenon can be understood through
classical electrodynamics and quantum mechanics. At the
heart of LSPR is the excitation of surface plasmon, which are
collective oscillations of conduction electrons at the surface of
a metal nanoparticle when the frequency of the incident
electromagnetic field matches the natural frequency of these
surface plasmons, resonance occurs, resulting in enhanced
electromagnetic fields near the surface of the nanoparticle.
The resonance condition for LSPR can be described by the
following principles:

a) Resonance condition: The resonance condition for LSPR
occurs when the frequency of the incident light matches the
natural frequency of the surface plasmon in the metal
nanoparticles. This resonance condition is influenced by the
size, shape, composition, and dielectric environment of the
nanoparticles.

b) Enhanced electromagnetic fields: At the resonance
wavelength, the interaction between the incident
electromagnetic field and the surface plasmon leads to the
concentration of electromagnetic energy near the surface of
the nanoparticles. This results in enhanced absorption and
scattering of light by the nanoparticles.
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¢) Wavelength dependence: The resonance wavelength of
LSPR is highly sensitive to changes in the size, shape, and
composition of the nanoparticles, as well as to changes in the
refractive index of the surrounding medium. This wavelength
dependence enables the tuning of LSPR by controlling these
parameters.

d) Localized nature: Unlike surface plasmon polaritons in
extended metal films, which propagate across the surface,
LSPR involves localized oscillations of electrons confined to
the nanoparticle surface. This localized nature of LSPR makes
it particularly sensitive to the size and shape of the
nanoparticles and allows for the manipulation of plasmonic
properties at the nanoscale.

Thus, the principle of Localized Surface Plasmon
Resonance involves the excitation of surface plasmons in
noble metal nanoparticles by incident electromagnetic
radiation, leading to resonant absorption and scattering of light
at specific wavelengths. Understanding and controlling LSPR
enables the design of plasmonic nanostructures with tailored
optical properties for a wide range of applications in sensing,
imaging, catalysis, and photonics.

9.4.3 Application of LSPR

LSPR has a wide range of applications across various fields
due to its unique optical properties and sensitivity to changes
in the local environment. Some of the key applications of
LSPR are furnished below:

a) Sensing and detection: LSPR-based sensors offer high
sensitivity and specificity for detecting analytes in biological,
chemical, and environmental samples. LSPR sensors operate
by monitoring changes in the resonance wavelength or
intensity of plasmonic nanoparticles upon binding of target
molecules to their surface. This enables label-free detection of
biomolecules, DNA/RNA, proteins, small molecules, toxins,
pathogens, and environmental pollutants with applications in
medical diagnostics, food safety, environmental monitoring,
and homeland security.

b) Biomedical imaging: LSPR nanoparticles serve as contrast
agents for various biomedical imaging techniques, including
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SERS, photoacoustic imaging, and dark-field microscopy.
LSPR-based imaging enables high-resolution visualization of
biological structures, detection of disease biomarkers, tracking
of molecular processes, and monitoring of drug delivery in
living organisms. Applications include cancer diagnosis, drug
development, and regenerative medicine.

¢) Catalysis and photocatalysis: LSPR nanoparticles exhibit
enhanced catalytic activity due to their unique optical and
electronic properties. They are employed as catalysts or
photocatalysts for various chemical reactions, including
hydrogen generation, pollutant degradation, and organic
synthesis. LSPR-based catalysis offers opportunities for
efficient and selective conversion of chemical feedstocks,
energy production, and environmental remediation with
applications in green chemistry and sustainable energy

technologies.
d) Plasmonic devices and photonics: LSPR-based devices,
such as plasmonic waveguides, nanoantennas, and

metamaterials, are used to manipulate light at the nanoscale
for applications in optical communications, data storage, and
photonic circuits. These devices exploit the strong light-matter
interactions enabled by LSPR to achieve novel functionalities,
including waveguiding, light trapping, and spectral
modulation, with potential applications in telecommunications,
information processing, and integrated photonics.

e) Surface-enhanced spectroscopy: LSPR nanoparticles are
employed as substrates for surface-enhanced spectroscopic
techniques such as SERS and surface-enhanced fluorescence
spectroscopy. These techniques enhance the vibrational or
fluorescence signals of molecules adsorbed on the
nanoparticle surface, enabling ultrasensitive detection and
identification of trace analytes in complex samples with
applications in chemical analysis, forensic science, and
materials characterization.

Therefore, Localized Surface Plasmon Resonance offers a
versatile platform for a wide range of applications in sensing,
imaging, catalysis, photonics, and spectroscopy, providing
unprecedented opportunities for exploring and harnessing the
unique properties of plasmonic nanoparticles for diverse
technological and scientific advancements.

9.4.4 Limitation of LSPR

While LSPR offers numerous advantages for various
applications, it also has several limitations as mentioned below:
a) Spectral overlap and multiplexing: In multiplexed
sensing  applications where multiple analytes are
simultaneously detected, spectral overlap between different
LSPR peaks can complicate data interpretation and limit the
number of analytes that can be distinguished. This can hinder
the scalability and specificity of LSPR-based sensing
platforms.

b) Sensitivity to environmental changes: LSPR is highly
sensitive to changes in the local environment, including
variations in temperature, pH, salt concentration, and
refractive index. These environmental factors can affect the
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resonance wavelength, intensity, and linewidth of LSPR
spectra, leading to potential measurement errors or
inaccuracies in sensing applications.

¢) Nonspecific binding and interference: LSPR-based
sensors may experience nonspecific binding of molecules to
the nanoparticle surface, leading to false positive signals or
reduced sensitivity. Additionally, interference from
background signals or matrix effects in complex samples can
obscure the detection of target analytes, limiting the reliability
and accuracy of LSPR measurements.

d) Signal enhancement and reproducibility: Achieving
consistent and reproducible LSPR signals across different
batches of nanoparticles or experimental conditions can be
challenging due to variations in nanoparticle size, shape,
surface chemistry, and aggregation state. Controlling these
parameters to ensure uniform signal enhancement and
reproducibility is critical for reliable sensing and detection.

e) Biocompatibility and toxicity: Some noble metal
nanoparticles used in LSPR applications, such as gold and
silver nanoparticles, may exhibit cytotoxicity or induce
immune responses in biological systems. Ensuring the
biocompatibility and safety of LSPR nanoparticles for
biomedical applications is essential to avoid adverse effects on
cells, tissues, or organisms.

f) Cost and scalability: Fabricating and functionalizing LSPR
nanoparticles with tailored properties can be expensive and
time-consuming, particularly for large-scale or commercial
applications. Improving the cost-effectiveness and scalability
of LSPR-based sensing platforms is necessary for widespread
adoption in industrial and clinical settings.!'4¢-148]

Despite these limitations, ongoing research efforts are
focused on addressing these challenges and advancing LSPR
technology to enhance its sensitivity, specificity, reliability,
and applicability across diverse fields of research and
technology.

9.5 Méssbauer spectroscopy
Mossbauer spectroscopy, named after its discoverer Rudolf
Mossbauer, revolutionized the field of nuclear physics and
solid-state chemistry by providing a precise tool to probe the
behavior of atomic nuclei in materials. The technique emerged
in the late 1950s and early 1960s, driven by Mossbauer's
pioneering work. For this wonderful discovery, he was
awarded the Nobel Prize in Physics in 1961. About a third of
known elements, especially the heavier elements, when
formed by radioactive decay of an isotope of the same or
different elements, are initially produced in an excited nuclear
state, after a very short delay, of the order of micro-second, the
excited nucleus reverts to the ground state and emits energy of
a very high frequency, usually in the y region of spectrum. It
is the study of y emission and subsequently reabsorption which
constitutes Mdssbauer Spectroscopy.

The discovery of the Mdssbauer effect occurred in 1958
when Mossbauer, then a young physicist, observed a peculiar
phenomenon while studying the gamma-ray emission of ''Ir
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nuclei. He found that when these nuclei were embedded in a
crystal lattice and subjected to gamma-ray radiation, they
emitted gamma rays with extremely narrow energy linewidths,
contrary to the expected Doppler broadening due to thermal
motion. This groundbreaking discovery laid the foundation for
Maossbauer spectroscopy, revealing the unique ability of
certain atomic nuclei to absorb and re-emit gamma rays
without recoil energy.['4150]

Maossbauer  spectroscopy has since become an
indispensable tool in various scientific disciplines, including
physics, chemistry, materials science, and geoscience. Its
scope encompasses the study of nuclear properties,
crystallography, chemical bonding, oxidation states, magnetic
interactions, and phase transitions in a wide range of materials,
from metals and alloys to minerals, ceramics, and biological
systems. Modern Mdssbauer spectroscopy enables researchers
to obtain high-resolution spectra with sub-meV energy
resolution, allowing for precise determination of hyperfine
interactions and electronic environments of nuclei.

The manufacture of Mdssbauer spectroscopy instruments
involves sophisticated instrumentation and technological
advancements. Modern Mdssbauer spectrometers typically
consist of a gamma-ray source, a sample holder, a high-
resolution gamma-ray detector, and specialized electronics for
data acquisition and analysis. Gamma-ray sources such as
37Co, ?Sn, and "'Ir provide monochromatic gamma rays for
the spectroscopic measurements. The sample holder allows for
the precise positioning and alignment of the sample
concerning the gamma-ray source and detector. Advanced
detectors, including high-purity germanium (HPGe) or
scintillation coupled with multichannel analyzers, are
employed to record the gamma-ray spectra with high
sensitivity and energy resolution. Additionally, sophisticated
data acquisition systems and computer software enable the
acquisition, processing, and interpretation of Mossbauer
spectra, facilitating the study of nuclear and solid-state
phenomena with unprecedented precision and accuracy.

9.5.1 Instrumentation of Mdssbauer spectroscopy

The instrumentation of Mdssbauer spectroscopy involves
several key components designed to generate, manipulate, and
detect gamma rays emitted by Mdssbauer-active isotopes in a
sample. The pictorial image is displayed in Fig 19. The main
components of the instrument are described as follows:

a) Gamma-ray source: Mdssbauer spectroscopy requires a
gamma-ray source that emits gamma rays with a narrow
energy linewidth. Commonly used gamma-ray sources include
radioactive isotopes such as ¥’Co, '"”Sn, and '"'Ir, which
undergo Mdssbauer transitions. These sources are typically
encapsulated in a matrix to prevent radiation exposure and
ensure safety.

b) Sample holder: The sample holder securely holds the
sample containing the Mdssbauer-active nuclei in the path of
the gamma rays. The sample holder allows for precise
positioning and alignment of the sample with respect to the
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gamma-ray source and detector. It may include provisions for
temperature control to study temperature-dependent
phenomena.

¢) Gamma-ray detector: A gamma-ray detector measures the
intensity and energy of gamma rays emitted by the sample.
High-resolution detectors such as high-purity germanium or
scintillation detectors coupled with multichannel analyzers are
commonly used in Mossbauer spectroscopy to achieve
excellent energy resolution and sensitivity. These detectors
can distinguish between gamma rays of different energies,
enabling the recording of Mossbauer spectra.

d) Collimation system: A collimation system is used to
collimate the gamma rays emitted by the source and
transmitted through the sample. Collimators help to define the
geometry of the gamma-ray beam and minimize background
noise, improving the signal-to-noise ratio and energy
resolution of the spectroscopic measurements.

e) Mechanical drive system: Some Mossbauer spectrometers
include a mechanical drive system to induce motion in the
sample relative to the gamma-ray source or detector. This
allows for the measurement of time-dependent phenomena
such as recoilless nuclear resonance absorption, enabling the
observation of spectra and hyperfine interactions.

f) Data acquisition system: A data acquisition system records
and processes the signals from the gamma-ray detector. This
system may include ADCs, signal amplifiers, and computer
software for data analysis. MOssbauer spectroscopy software
is used to acquire, analyze, and interpret spectra, extracting
information about nuclear properties, chemical environments,
and magnetic interactions in the sample.

Overall, the instrumentation of Mdssbauer spectroscopy is
designed to provide precise control over experimental
parameters, generate and detect gamma rays with high
sensitivity and energy resolution, and facilitate the acquisition
and analysis of Mdssbauer spectra for the study of nuclear and
solid-state phenomena in materials.

9.5.2 Principle of Mdssbauer spectroscopy

Mossbauer spectroscopy is based on the Mossbauer effect, a
phenomenon observed when gamma rays are emitted and
absorbed by atomic nuclei in a solid-state environment. The
principle of Mossbauer spectroscopy revolves around the
interaction between incident gamma rays and Mossbauer-
active isotopes in a sample, resulting in characteristic energy
shifts that provide detailed information about the nuclear and
electronic environments of the nuclei.

The Mdssbauer effect is observed in certain atomic nuclei
with low-energy nuclear transitions and specific energy levels.
These nuclei, referred to as Mdssbauer-active isotopes,
include isotopes of elements such as iron *’Fe, tin, ''*Sn, and
57Co, among others. When a Mossbauer-active isotope is
embedded in a crystal lattice and subjected to gamma-ray
radiation, it can undergo resonant absorption and re-emission
processes without recoil energy.

The key principles of Mdssbauer spectroscopy include:
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Fig. 19: A pictorial representation of Mossbauer spectroscopy.

a) Resonant absorption: In Mdssbauer spectroscopy, the
incident gamma rays have energies that match the energy
difference between the ground state and excited state of the
Mossbauer-active nucleus. When a gamma ray is resonantly
absorbed by the nucleus, it excites the nucleus to an excited
state without imparting any recoil energy to the lattice.

b) Recoilless emission: After a Mdssbauer-active nucleus
absorbs a gamma ray and transitions to an excited state, it can
re-emit the gamma ray with high probability without
experiencing significant recoil energy. This is due to the fact
that in a solid-state environment, the recoil energy is shared
among many lattice atoms, leading to a negligible change in
momentum for the emitting nucleus.

¢) Energy shifts: The energy of the gamma rays emitted by
the Mdssbauer-active nuclei is influenced by the local
environment of the nuclei, including factors such as chemical
bonding, lattice structure, oxidation state, and magnetic field
effects. As a result, the Mossbauer spectrum obtained from the
sample consists of characteristic peaks corresponding to
different nuclear energy states and their interactions with the
surrounding environment.

By analyzing the Md&ssbauer spectrum, researchers can
obtain detailed information about the hyperfine interactions,
electronic environments, oxidation states, and magnetic
properties of the nuclei in the sample. Mossbauer spectroscopy
is widely used in various scientific disciplines, including
physics, chemistry, materials science, and geoscience, for
studying nuclear and solid-state phenomena in a wide range of
materials and systems.!'>1%]

9.5.3 Applications of Mdossbauer spectroscopy

Mossbauer spectroscopy finds diverse applications across
multiple scientific disciplines due to its ability to provide
detailed information about the nuclear and solid-state
properties of materials. Some key applications include:

a) Material characterization: Mdossbauer spectroscopy is
extensively used in materials science to characterize the
structural, chemical, and magnetic properties of materials. It
provides valuable insights into the oxidation states,
coordination environments, and local symmetries of atoms in
crystalline, amorphous, and nanoscale materials. Applications
include the analysis of metals, alloys, minerals, ceramics,
catalysts, and nanomaterials.

b) The chemical shift: It is known that a nucleus in chemical
surroundings different from those of the source does not
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absorb at the same frequency; this effect is referred to as a
chemical shift or sometimes as an isomer shift, and an
observed shift is usually reported in cm s*'. Such a shift is
illustrated in the Mdssbauer Spectrum of ferro-cyanide ions.
The main factor affecting the magnitude of the chemical shift
is the electron density at the nucleus concerned, and since p, d,
etc. orbital have zero density at their nucleic, it is s orbital
density which, in turn, gives an estimate of the bond character
of atoms or ions chemically attached to the Mdssbauer nucleus.
The main factor affecting the magnitude of chemical shift is
the electron density at the nucleus concerned and since p and
d orbitals have zero density at their nuclei, therefore s orbital
density is important. Observation of the chemical shift then
allows the measurement of relative electron density, which, in
turn, gives an estimate of the bond character of atoms or ions
chemically attached to the Mossbauer nucleus. An important
in the determination of chemical shift is that the nuclei in the
excited state have different radii from those of the ground state.
They may be either smaller or larger. Measurement of change
in nuclear size on excitation clearly has great importance for
theories of nuclear structure. For instance, it is observed fact
that in I'?°, the exited nucleus is larger, whereas in the case of
another isotope '?7Ir, the ground state nucleus is larger in size.
The nuclei are formed in an excited state by decay from the
radioactive tellurium nuclei '*°Te and '*"Te.

¢) Mineralogy and geochemistry: Mossbauer spectroscopy
is employed in Earth and planetary sciences to study the
composition, oxidation states, and magnetic properties of
minerals, rocks, soils, meteorites, and lunar samples. It aids in
the identification of mineral phases, the determination of
mineralogical compositions, and the investigation of
geological processes such as weathering, metamorphism, and
impact cratering.

d) Quadrupole effect: This happens because the majority of
Mossbauer nuclei have a non-zero spin and, further, most of
them have a half-integral rather than integral spin. The spin of
the excited state is invariably different from that of the ground
state, and so it follows that either or both of the nuclear states
must involve a spin greater than Y5, i.e., one or both will have
a quadrupole moment, and this will interact with electric field
gradient in the vicinity. The quadrupole effect can be described
as an interaction between a nucleus with an asymmetric charge
distribution and the surrounding electric field gradient. The
interaction can be described by Spin Hamiltnian term. Some
effects of quadrupole effects can be ascribed as (1) Nuclear
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precession: The quadrupole interaction causes nuclear
precession, which has multiple precession frequencies because
the energy levels are not equally placed; (2) Nuclear
quadrupole resonance: The nuclear quadrupole resonance is a
technique that can characterize phase transition in solids. It is
very sensitive to the nature and symmetry of boning around
the nucleus; (3) Quadrupole coupling in NMR: Quadrupole
coupling imparts the broad resonance lines in NMR spectra.
This is because a non-uniform electric field the technique that
can characterize phase transition in solids. It is very sensitive
to nature and symmetry of bonding around the nucleus; (4)
Quadrupole Magnetic Field Effect: When the rotation is slow,
electrons follow magnetic field lines. If the plasma rotation is
fast, the plasma smears out of the cylinder.
e) Catalysis and materials chemistry: Modssbauer
spectroscopy is used in catalysis research to study the
coordination environments and electronic structures of
catalytic centers in solid catalysts. It provides insights into
catalytic mechanisms, active sites, and reaction intermediates,
facilitating the design and optimization of catalyst materials
for industrial applications such as petroleum refining,
chemical synthesis, and environmental remediation.
f) Magnetism and spin dynamics: Mdssbauer spectroscopy
is a powerful tool for investigating magnetic properties and
spin dynamics in materials. It enables the determination of
magnetic ordering, magnetic phase transitions, and magnetic
relaxation processes, providing fundamental insights into the
behavior of spins in magnetic materials such as ferromagnets,
antiferromagnets, and spin glasses.
g) Biological and environmental sciences: Mdssbauer
spectroscopy is applied in biological and environmental
research to study metalloproteins, metalloenzymes, and metal-
containing biomolecules. This spectroscopy is widely used in
bioimaging chemistry, especially for the study of iron-
containing proteins and enzymes such as iron-sulfur proteins,
ferritins and heme including cytochrome. The oxidation state
of iron can be determined by this technique. It elucidates the
coordination chemistry, redox reactions, and catalytic
activities of metal ions in biological systems, as well as their
interactions with environmental pollutants, toxicants, and
biomolecules. The vibrational spectra of Fe-enriched
biomolecules can be acquired using nuclear resonance
vibrational spectroscopy in which sample is scanned through
a range of synchrotron-generated X-Rays, centered at the
Mossbauer absorbance frequency.
h) Archaeometry and cultural heritage: Mossbauer
spectroscopy is used in archaeology and cultural heritage
studies to analyze archaeological artifacts, ancient pigments,
and historical materials. It provides information about the
composition, provenance, and degradation processes of
cultural heritage objects, aiding in their conservation,
restoration, and authentication.

Overall, Mossbauer spectroscopy offers a versatile and
non-destructive tool for investigating the nuclear and solid-
state properties of materials across a wide range of scientific
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disciplines, contributing to advancements in materials science,
earth sciences, chemistry, biology, and cultural heritage
research.

9.5.4 Limitations of Mossbauer spectroscopy

While Mossbauer spectroscopy is a powerful analytical
technique, it does have certain limitations as furnished below:
a) Isotope availability: Mdssbauer spectroscopy requires the
availability of Mossbauer-active isotopes, which have specific
nuclear properties suitable for Mdssbauer transitions. Not all
elements have isotopes that exhibit the Mossbauer effect,
limiting the range of elements that can be studied using this
technique.

b) Isotope sensitivity: The sensitivity of Mossbauer
spectroscopy is influenced by the natural abundance and
concentration of the Mdssbauer-active isotope in the sample.
Samples with low concentrations of the Mossbauer-active
isotope may require longer acquisition times or higher
activities of the gamma-ray source to achieve sufficient signal-
to-noise ratios.

¢) Limited depth profiling: Mossbauer spectroscopy
provides information about the nuclear and solid-state
properties of materials near the surface of the sample.
However, it has limited depth profiling capabilities and may
not be suitable for studying buried interfaces, subsurface
layers, or three-dimensional structures in materials.

d) Temperature dependence: Mossbauer spectroscopy
measurements are often conducted at cryogenic or elevated
temperatures to study temperature-dependent phenomena
such as phase transitions, magnetic ordering, and lattice
dynamics. However, temperature variations can affect the
stability of the sample, alter the hyperfine interactions, and
introduce thermal broadening in the Mdssbauer spectra,
complicating data interpretation.

e) Environmental sensitivity: Mdssbauer spectroscopy is
sensitive to changes in the local environment of the
Maossbauer-active nuclei, including factors such as chemical
bonding, lattice strain, and magnetic fields. External
influences such as pressure, humidity, and irradiation can
perturb the nuclear and electronic environments, affecting the
accuracy and reproducibility of the spectroscopic
measurements.

f) Complex data analysis: Interpretation of Mossbauer
spectra often requires sophisticated data analysis techniques
and theoretical models to extract meaningful information
about hyperfine interactions, oxidation states, and magnetic
properties of the nuclei in the sample. Analyzing complex
spectra with overlapping peaks or multiple components may
require advanced computational methods and experimental
validation.

Despite these limitations, Maossbauer spectroscopy
remains a valuable tool for studying the nuclear and solid-state
properties of materials across various scientific disciplines,
providing unique insights into atomic-scale interactions,
electronic structures, and magnetic behaviors in materials.
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10. Conclusion

Spectroscopic techniques play a pivotal role in the
comprehensive analysis of nanomaterials, offering invaluable
insights into their structural, optical, electronic, and magnetic
properties. This review has highlighted the diverse array of
spectroscopic methods, which are available for nanomaterial
as well as bulk material characterizations.

Each spectroscopic technique offers unique advantages
and capabilities, enabling researchers to probe different
aspects of nanomaterials with high precision and sensitivity.
UV-Vis provides valuable information about the optical
properties and bandgap characteristics of nanomaterials, while
FT-IR spectroscopy offers insights into their chemical
composition and molecular structure. Raman spectroscopy is
particularly useful for identifying vibrational modes and
detecting structural defects in nanomaterials, while XPS and
EELS provide detailed information about their elemental
composition, chemical bonding, and electronic structure.
Additionally, FMR spectroscopy offers a powerful means of
investigating the magnetic properties of nanomaterials,
including their magnetic anisotropy, spin dynamics, and
magnetic interactions.

Moreover, the synergistic combination of multiple
spectroscopic techniques allows for a more comprehensive
and multi-dimensional analysis of nanomaterials, facilitating
a deeper understanding of their fundamental properties and
behavior. Furthermore, recent advancements in spectroscopic
instrumentation, data analysis algorithms, and computational
modeling techniques continue to enhance the capabilities and
versatility of spectroscopic methods for nanomaterial analysis.

Thus, the spectroscopic techniques represent indispensable
tools for characterizing nanomaterials across a wide range of
disciplines, including materials science, chemistry, physics,
biology, and engineering. As nanotechnology continues to
revolutionize various fields and drive innovation in diverse
applications, the continued advancement and integration of
spectroscopic methods are essential for unlocking the full
potential of nanomaterials and realizing their societal impact.

Acknowledgment

The authors pay sincere tribute to Late Ms. Deepika Rai
Dhirendra Prasad who suddenly left this world and lived a
very short span of life, we all the authors remember her on this
occasion and pray to Almighty God for peace of her holy soul.
Her sweet memories are in the heart of authors. The authors
are thankful to Shri Ritesh Kumar IPS, then District
Superintendent of Police, Sangli and Dr. P. N. Sakhdev,
District Animal Husbandry Officer, Zilla Parishad,
Chandrapur for their support during the stay of authors. The
authors are grateful to Dr. Arunkumar Kholkute, Dr. Milind
Pachpinde, K G Deshmukh Gazetted Officer, department of
Animal Husbandry Government of Maharashtra for
supportive and friendly relationship. The authors are thankful
to the supportive staffs Mr. Natthu Chikaram and Kavadu
Kamadi of Veterinary Dispensary Grade 1, Navargaon,

Engineered Science Publisher

Chandrapur, (MH), India for maintaining co-operative
environment during the stay of authors.

Conflict of Interest
There is no conflict of interest.

Supporting Information
Not applicable.

References

[1] J. Fraunhofer, Bestimmung des Brechungs- und des Farben-
Zerstreuungs - Vermogens verschiedener Glasarten, in Bezug auf
die Vervollkommnung achromatischer Fernrohre, Denkschriften
der Koniglichen Akademie der Wissenschaften zu Miinchen,
Memoirs of the Royal Academy of Sciences in Munich, 1817, 57,
264-313, doi: 10.1002/andp.18170560706.

[2] G. M. Nazeruddin, N. R. Prasad, S. R. Waghmare, K. M.
Garadkar, 1. S. Mulla, Extracellular biosynthesis of silver
nanoparticle using Azadirachta indica leaf extract and its anti-
microbial activity, Journal of Alloys and Compounds, 2014, 583,
272-277, doi: 10.1016/j.jallcom.2013.07.111.

[3] G. M. Nazeruddin, N. Prasad, S. Prasad, K. Sonawane, D.
Kumbbhar, In-vitro bio-fabrication of silver nanoparticle using
trigonella extract, of
Pharmaceutical Biological and Chemical Sciences, 2014, 5, 167-
175.

[4] G. M. Nazeruddin, N. R. Prasad, S. R. Prasad, K. M. Garadkar,
A. K. Nayak, In-vitro bio-fabrication of silver nanoparticle using
Adhathoda vasica leaf extract and its anti-microbial activity,
Physica E: Low-Dimensional Systems and Nanostructures, 2014,
61, 56-61, doi: 10.1016/j.physe.2014.02.023.

[5] G. M. Nazeruddin, N. R. Prasad, Y. I. Shaikh, A. A. Shaikh,
Synergetic effect of Ag-Cu bimetallic nanoparticleson
antimicrobial activity, Der Pharmacia Letters, 2014, 6, 129-136.
[6] G. M. Nazeruddin, N. R. Prasad, S. R. Prasad, Y. I. Shaikh, S.
R. Waghmare, P. Adhyapak, Coriandrum sativum seed extract
assisted in situ green synthesis of silver nanoparticle and its anti-
microbial activity, Industrial Crops and Products, 2014, 60, 212-
216, doi: 10.1016/j.indcrop.2014.05.040.

[7] G. M. Nazeruddin, S. R. Prasad, B. M. Rathor, D. R. Kumbbhar,
R. V. Khandare, N. R. Prasad, Extracellular one pot green
synthesis of Palladium nanoparticles, International Journal of
Nanomaterials and Nanostructures, 2014, 1, 1-14.

[8] G. M. Nazeruddin, S. R. Prasad, Y. I. Shaikh, N. R. Prasad, A
brief review: science at nanoscale, International Journal of
Nanomaterials and Nanostructures, 2015, 1, 16-32.

[9] N. R. Prasad, J. M. Patil, A study of physical chemical
properties of Krishna River water particularly in western,
Maharashtra Rasayan Journal of Chemistry, 2008, 1, 943-958.
[10] Y. I. Shaikh, S. R. Prasad, B. B. Godbole, N. R. Prasad, G.
M. Nazeruddin, K. Ahmad, Water extract of piper nigrum seed
assisted synthesis of silver nanoparticles and reduction of various
nitro compounds by NaBHy in the presence of AgNPs as a
catalyst, Chemical Science Transactions, 2018, 7, 265-271, doi:
10.7598/cst2018.1478.

foenum seed Research  Journal

ES Energy. Environ., 2025, 27, 1264 | 65


https://www.espublisher.com/
https://doi/

Review article

ES Energy & Environment

[11] G. M. Nazeruddin, S. R. Prasad, Y. I. Shaikh, K. D. Sonavane,
A. K. Nayak, M. B. Deshmulk, G. J. Navathe, J. Ansari, N. R.
Prasad, Withdrawn: Extracellular green synthesis of multi-
applicative silver nanoparticles using Nicotiana tabacum leaf
extract, Results in Physics, 2016, doi: 10.1016/j.rinp.2016.02.007.
[12] P. Fara, Newton shows the light: a commentary on Newton
(1672) 'A letter containing his new theory about light and colours,
Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 2015, 373, 20140213, doi:
10.1098/rsta.2014.0213.

[13] J. E. Hoffman, F. K. Fatemi, G. Beadie, S. L. Rolston, L.
A.Orozco, Rayleigh scattering in an optical nanofiber as a probe
of higher-order mode propagation, Optica, 2015, 2, 416-413, doi:
10.48550/arXiv.1509.03741.

[14] K. W. Ford, Niels Bohr’s First 1913 Paper: Still Relevant,
Still Exciting, Still Puzzling, The Physics Teacher, 2018, 56, 500-
502, doi: 10.1119/1.5064553.

[15] M. Niaz, S. Klassen, B. McMillan, D. Metz, Reconstruction
of the history of the photoelectric effect and its implications for
general physics textbooks, Science Studies and Science
Education, 2010, 94, 903-921, doi: 10.1002/sce.20389.

[16] D. R. Gabe, Heyrovsky-the inventor of polarography, The
international Journal of Surface Engineering and Coatings, 2015,
93, 118, doi: 10.1179/0020296715Z.000000000232.

[17] A. K. Sharma, C. A. Pawar, N. R. Prasad, M. A. Yewale, D.
B. Kamble, Antimicrobial efficacy of green synthesized iron
oxide nanoparticles, Materials Research Express, 2018, 5,
075402, doi: 10.1088/2053-1591/aacfl16.

[18] S. R. Prasad, M. N. Padvi, S. S. Suryawanshi, Y. I. Shaikh,
L. S. Chaudhary, A. P. Samant, N. R. Prasad, Bio-inspired
synthesis of catalytically and biologically active palladium
nanoparticles using Bos Taurus urine, SN Applied Sciences, 2020,
2,754, doi: 10.1007/s42452-020-2382-3.

[19] S. S. Joshi, A. K. Sahoo, N. R. Prasad, I. S. Udchan,
Biosynthesis of Silver nanoparticles (AgNPs) By extract of
Annona squasosa waste characterization and their anti-microbial
activity, International Journal of Research and Analytical Review,
2019, 5, 907-913, doi: 10.25258/ijpqa.14.2.23.

[20] P. Jadhav, S. Shinde, S. S. Suryawanshi, S. B. Teli, P. S. Patil,
A. A. Ramteke, N. G. Hiremath, N. R. Prasad, Green AgNPs
decorated ZnO nanocomposites for dye degradation and
antimicrobial applications, Engineered Science, 2020, 12, 79-94,
doi: 10.30919/es8d1138.

[21] S. Zhong, K. Zhang, M. Bagheri, J. G. Burken, A. Gu, B. Li,
X. Ma, B. L. Marrone, Z. J. Ren, J. Schrier, W. Shi, Machine
learning: new ideas and tools in environmental science and
engineering, Environmental Science & Technology, 2021, 55,
12741-12754, doi: 10.1021/acs.est.1c01339.

[22] P. Jagadeesh, S. M. Rangappa, S. Siengchin, Advanced
characterization techniques for nanostructured materials in
biomedical applications, Advanced Industrial and Engineering
Polymer Research, 2023, 7, 122-143, doi:
10.1016/j.aiepr.2023.03.002.

[23] B. Narwade, N. Prasad, S. M. Lokhande, A. B. Madavi, A.
K. Sahoo, Extracellular biosynthesis of silver nanoparticles using

66 | ES Energy Environ., 2025, 27, 1264

moringa oleifera leaves extract and its anti-microbial efficacy in
packaging materials, Research Journal of Life Sciences,
Bioinformatics, Pharmaceutical and Chemical Sciences, 2018, 4,
188, doi: 10.26479/2018.0402.15.

[24] R. D. Prasad, N. Charmode, O. P. Shrivastav, S. R. Prasad,
A. Moghe, A. Samant, P. D. Sarvalkar, N. R. Prasad, A review on
concept of nanotechnology in veterinary medicine, ES Food &
Agroforestry, 2021, 4, 41-73, doi: 10.30919/esfaf481.

[25] M. N. Padvi, A. V. Moholkar, S. R. Prasad, N. R. Prasad, A
critical review on design and development of gas sensing
materials, Engineered Science, 2021, 15, 20-37, doi:
10.30919/es8d431.

[26] S. R. Prasad, S. B. Teli, J. Ghosh, N. R. Prasad, V. S. Shaikh,
G. M. Nazeruddin, A. G. Al-Sehemi, I. Patel, Y. I. Shaikh, A
review on bio-inspired synthesis of silver nanoparticles: their
antimicrobial efficacy and toxicity, Engineered Science, 2021, 16,
90-128, doi: 10.30919/es8d479.

[27] P. D. Sarvalkar, R. R. Mandavkar, M. S. Nimbalkar, K. K.
Sharma, P. S. Patil, G. S. Kamble, N. R. Prasad, Bio-mimetic
synthesis of catalytically active nano-silver using Bos Taurus (A-
2) wurine, Scientific Reports, 2021, 11, 16934, doi:
10.1038/s41598-021-96335-2.

[28] J. E. Whitten, Ultraviolet photoelectron spectroscopy:
Practical aspects and best practices, Applied Surface Science
Advances,2023,13, 100384, doi: 10.1016/j.apsadv.2023.100384.
[29] R. D. Prasad, O. S. Karvekar, P. B. Pawar, N. Charmode, O.
P. Shrivastav, S. R. Prasad, S. Banga, M. B. Patil, P. D. Sarvalkar,
N. R. Prasad, A review on nanotechnological aspects in veterinary
medicine, Research Journal of Life Sciences, Bioinformatics,
Pharmaceuticals and Chemical Sciences, 2021, 7, 42-85, doi:
10.26479/2021.0706.04.

[30] A. A. Ramteke, P. K. Chougule, N. Prasad, Y. K. Vyawahare,
S. R. Kulal, A. R. Yaul, Study of acoustical properties of lead
oxide nanoparticle in different solvent mixtures at 305 K by using
nanofluid interferometer, Macromolecular Symposia, 2021, 400,
2100171, doi: 10.1002/masy.202100171.

[31] T. Gouder, C. Colmenares, J. R. Naegele, J. Verbist, Study of
the surface oxidation of uranium by UV photoemission
spectroscopy, Surface Science, 1990, 235, 280-286, doi:
10.1016/0039-6028(90)90803-G.

[32] C. A. Pawar, A. K. Sharma, N. R. Prasad, S. S. Suryawanshi,
M. A. Yewale, Murraya koenigii assisted synthesis of bioactive
silver nanomaterial, Macromolecular Symposia, 2021, 400,
2100126, doi: 10.1002/masy.202100126.

[33] T. Gouder, A. Seibert, L. Havela, J. Rebizant, Search for
higher oxides of Pu: A photoemission study, Surface Science,
2007, 601, L77-L80, doi: 10.1016/j.susc.2007.04.259.

[34] K. Sugiyama, D. Yoshimura, T. Miyamae, T. Miyazaki, H.
Ishii, Y. Ouchi, K. Seki, Electronic structures of organic
molecular materials for organic electroluminescent devices
studied by ultraviolet photoemission spectroscopy, Journal of
Applied Physics, 1998, 83, 4928-4938, doi: 10.1063/1.367309.
[35] J. E.Whitten, Ultraviolet photoelectron spectroscopy:
Practical aspects and best practices, Applied Surface Science
Advances,2023,13, 100384, doi: 10.1016/j.apsadv.2023.100384.

Engineered Science Publisher


https://www.espublisher.com/
https://onlinelibrary.wiley.com/authored-by/Niaz/Mansoor
https://onlinelibrary.wiley.com/authored-by/Klassen/Stephen
https://onlinelibrary.wiley.com/authored-by/McMillan/Barbara
https://onlinelibrary.wiley.com/authored-by/Metz/Don
https://doi.org/10.1002/sce.20389
https://doi.org/10.1179/0020296715Z.000000000232
https://www.sciencedirect.com/journal/surface-science
https://doi.org/10.1016/0039-6028(90)90803-G
https://doi.org/10.1016/0039-6028(90)90803-G

ES Energy & Environment

Review article

[36] F. Zhang, S. H. Silver, N. K. Noel, F. Ullrich, B. P. Rand,
Antoine Kahn, Ultraviolet Photoemission Spectroscopy and
Kelvin Probe Measurements on Metal Halide Perovskites:
Advantages and Pitfalls, Advance Energy Materials, 2020, 10,
45-54, doi: 10.1002/aenm.201903252.

[37] A. Chandekar, J. E. Whitten, Ultraviolet photoemission and
electron loss spectroscopy of oligothiophene films, Synthetic
Metals, 2005, 150, 259-264, doi:
10.1016/j.synthmet.2005.02.013.

[38] P. K. Ghosh, Introduction to Photoelectron Spectroscopy,
1983.

[39] R. D. Prasad, C. B. Desai, O. P. Shrivastav, N. Charmode, S.
R. Prasad, A. Samant, R. Mirajkar, S. Banga, A. K. Sharma, S. B.
Teli, P.D. Sarvalkar, A critical review on design and development
of carbonaceous materials for veterinary medicine, ES Food and
Agroforestry, 2022, 9, 15-38, doi: 10.30919/esfaf770.

[40] D. E.Talbot, J. D. Talbot, Corrosion science and technology,
2018.

[41] G. J. Navathe, S. R. Prasad, A.M. Mane, S.H. Barge, T. D.
Dongale, V. Shaikh, M. M. Karanjkar, S.B. Teli, P. S. Patil, N. R.
Prasad, A critical review on design and development of new
generation energy storage devices, ES Energy & Environment,
2022, 17, 11-32, doi: 10.30919/esee8c739.

[42] D. E. Talbot J. D. Talbot, Corrosion science and technology,
2018.

[43] G. S. Kumbhar, S. V. Patil, P. D. Sarvalkar, A. S.
Vadanagekar, O. S. Karvekar, S. S. Patil, M. R. Rane, K. K. K.
Sharma, D. N. Kurhe, N. R. Prasad, Synthesis of a Ag/rGO
nanocomposite using Bos Taurus indicus urine for nitroarene
reduction and biological activity, RSC Advances, 2022, 12,
35598-35612, doi: 10.1039/d2ra06280a.

[44] P. S. Powar, A. P. Tibe, S. S. Kamble, A. S. Jagtap, P.
Thounaojam, P. D. Sarvalkar, N. R. Prasad, Impact of selective
nano-catalysts in nitroarene reduction reactions, Nano Trends: A
Journal Nanotechnology and its Applications, 2023, 25, doi:
10.37591/NTs.

[45] S. R. Prasad, V. Kumbhar, N. R. Prasad, Application of
nanotechnology in textiles, ES Food and Agroforestry, 2024, 15,
1019, doi: 10.30919/esfaf1019.

[46] R. D. Prasad, N. R. Prasad, R. B. Prasad, R. Y. Prasad, S. R.
Prasad, M. Gour, A. Kumar Vaidya, M. Patil, S. Patil, S. Karmuse,
A. Athane, A. Shaikh, Y. Shaikh, A. Kanthe, P. D. Patil, P.
Sarvalkar, A critical review on bio-mimetic synthesis of transition
metal nanoparticles: their biomedical applications in veterinary
medicine, ES Food & Agroforestry, 2024, 15, 1027, doi:
10.30919/esfaf1027.

[47] P. D. Sarvalkar, A. S. Jamadar, S. S. Kakade, A. B. Magdum,
P. K. Pawar, J. B. Yadav, M. S. Nimbalkar, N. R. Prasad, A. A.
Ramteke, K. K. K. Sharma, Biogenic synthesis of Co0304
nanoparticles from Aloe barbadensis extract: Antioxidant and
antimicrobial activities, and photocatalytic degradation of azo

dyes, Results in Engineering, 2024, 22, 102094, doi:
10.1016/j.rineng.2024.102094.
[48] N. Joudeh, D. Linke, Nanoparticle -classification,

physicochemical properties, characterization, and applications: a

Engineered Science Publisher

comprehensive  review  for  biologists, Journal = of
Nanobiotechnology, 2022, 20, 262, doi: 10.1186/s12951-022-
01477-8.

[49] L. D. Geoffrion, G. Guisbiers, Quantum confinement: size
on the grill!, Journal of Physics and Chemistry of Solids, 2020,
140, 109320, doi: 10.1016/j.jpcs.2019.109320.

[50] L. A. Kolahalam, I. V. Kasi Viswanath, B. S. Diwakar, B.
Govindh, V. Reddy, Y. L. N. Murthy, Review on nanomaterials:
synthesis and applications, Materials Today: Proceedings, 2019,
18, 2182-2190, doi: 10.1016/j.matpr.2019.07.371.

[51] B. Mekuye, B. Abera, Nanomaterials: an overview of
synthesis, classification, characterization, and applications, Nano
Select, 2023, 4, 486-501, doi: 10.1002/nan0.202300038.

[52] M. S. Parvej, M. 1. Khan, M. K. Hossain, Preparation of
nanoparticle-based polymer composites, Nanoparticle-Based
Polymer Composites. Amsterdam: Elsevier, 2022.

[53] G. Cho, Y. Park, Y.-K. Hong, D.-H. Ha, Ion exchange: an
advanced synthetic method for complex nanoparticles, Nano
Convergence, 2019, 6, 17, doi: 10.1186/s40580-019-0187-0.
[54] C. Buzea, P. K. Robbie, Nanomaterials and nanoparticles:
sources and toxicity, Biointerphases, 2007, 2, MR17-MR71, doi:
10.1116/1.2815690.

[55] L. A. Kolahalam, I. V. Kasi Viswanath, B. S. Diwakar, B.
Govindh, V. Reddy, Y. L. N. Murthy, Review on nanomaterials:
synthesis and applications, Materials Today: Proceedings, 2019,
18, 2182-2190, doi: 10.1016/j.matpr.2019.07.371.

[56], A. G. Atanasov, S. B. Zotchev, V. M. Dirsch, C. T. Supuran,
Natural products in drug discovery: advances and opportunities,
Nature Reviews Drug Discovery, 2021, 20, 200-216, doi:
10.1038/s41573-020-00114-z.

[57] N. E. Thomford, D. A. Senthebane, A. Rowe, D. Munro, P.
Seele, A. Maroyi, K. Dzobo, Natural products for drug discovery
in the 2Ist century: innovations for novel drug discovery,
International Journal of Molecular Sciences,2018,19, 1578, doi:
10.3390/ijms19061578.

[58] R. A. Khan, Natural products chemistry: the emerging trends
and prospective goals, Saudi Pharmaceutical Journal, 2018, 26,
739-753, doi: 10.1016/j.jsps.2018.02.015.

[59] M. Virlan, D. Miricescu, R. Radulescu, C. Sabliov, A. Totan,
B. Calenic, M. Greabu, Organic nanomaterials and their
applications in the treatment of oral diseases, Molecules, 2016,
21, 207, doi: 10.3390/molecules21020207.

[60] S. Shrestha, A. Diogenes, A. Kishen, Temporal-controlled
dexamethasone releasing chitosan nanoparticle system enhances
odontogenic differentiation of stem cells from apical papilla,
Journal of Endodontics, 2015, 41, 1253-1258, doi:
10.1016/j.joen.2015.03.024.

[61] M. Yanat, K. Schroén, Preparation methods and applications
of chitosan nanoparticles; with an outlook toward reinforcement
of biodegradable packaging, Reactive and Functional Polymers,
2021, 161, 104849, doi: 10.1016/j.reactfunctpolym.2021.104849.
[62] L. Chronopoulou, G. Nocca, M. Castagnola, G. Paludetti, G.
Ortaggi, F. Sciubba, M. Bevilacqua, A. Lupi, G. Gambarini, C.
Palocci, Chitosan based nanoparticles functionalized with
peptidomimetic derivatives for oral drug delivery, New

ES Energy. Environ., 2025, 27, 1264 | 67


https://www.espublisher.com/
https://onlinelibrary.wiley.com/authored-by/Zhang/Fengyu
https://onlinelibrary.wiley.com/authored-by/Silver/Scott+H.
https://onlinelibrary.wiley.com/authored-by/Noel/Nakita+K.
https://onlinelibrary.wiley.com/authored-by/Ullrich/Florian
https://onlinelibrary.wiley.com/authored-by/Rand/Barry+P.
https://onlinelibrary.wiley.com/authored-by/Kahn/Antoine
https://doi.org/10.1002/aenm.201903252
https://www.sciencedirect.com/journal/synthetic-metals
https://www.sciencedirect.com/journal/synthetic-metals
https://doi.org/10.1016/j.synthmet.2005.02.013
https://doi.org/10.1016/j.synthmet.2005.02.013

Review article

ES Energy & Environment

Biotechnology, 2016, 33, 23-31, doi: 10.1016/j.nbt.2015.07.005.

[63] N. Toshima, T. Yonezawa, Bimetallic nanoparticles—novel
materials for chemical and physical applications, New Journal of
Chemistry, 1998, 22, 1179-1201, doi: 10.1039/a805753b.

[64] S. Anu Mary Ealia, M. P. Saravanakumar, A review on the
classification, characterisation, synthesis of nanoparticles and
their application, /IOP Conference Series: Materials Science and
Engineering, 2017, 263, 032019, doi: 10.1088/1757-
899x/263/3/032019.

[65] V. Mody, R. Siwale, A. Singh, H. Mody, Introduction to
metallic nanoparticles, Journal of Pharmacy and Bio allied
Sciences, 2010, 2, 282, doi: 10.4103/0975-7406.72127.

[66] V. Chandrakala, V. Aruna, G. Angajala, Review on metal
nanoparticles as nanocarriers: current challenges and
perspectives in drug delivery systems, Emergent Materials, 2022,
5, 1593-1615, doi: 10.1007/s42247-021-00335-x.

[67] E. C. Dreaden, A. M. Alkilany, X. Huang, C. J. Murphy, M.
A. El-Sayed, The golden age: gold nanoparticles for biomedicine,
Chemical Society Reviews, 2012, 41, 2740-2779, doi:
10.1039/c1cs15237h.

[68] S. Suresh, Semiconductor nanomaterials, methods and
applications: a review, Nanoscience and Nanotechnology, 2013,
3, 62-74, doi: 10.5923/5.nn.20130303.06.

[69] A. D. Terna, E. E. Elemike, J. I. Mbonu, O. E. Osafile, R. O.

Ezeani, The future of semiconductors nanoparticles: synthesis,
properties and applications, Materials Science and Engineering:
B, 2021, 272, 115363, doi: 10.1016/j.mseb.2021.115363.

[70] M. Vinyas, S. J. Athul, D. Harursampath, M. Loja, T. Nguyen
Thoi, A comprehensive review on analysis of nanocomposites:

from manufacturing to properties characterization, Materials
Research Express, 2019, 6, 092002, doi: 10.1088/2053-
1591/ab3175.

[71] H. Song, G. Yasin, N. B. Singh, R. K. Gupta, T. A. Nguyen,
Nanotechnology in the automotive industry, 2022.

[72] A. Kardani, A. Montazeri, Metal-matrix nanocomposites
under compressive loading: towards an understanding of how
twinning formation can enhance their plastic deformation,
Scientific Reports, 2020, 10, 9745, doi: 10.1038/s41598-020-
66696-1.

[73] M. Muhammed Shameem, S. M. Sasikanth, R. Annamalai,
R. Ganapathi Raman, A brief review on polymer nanocomposites
and its applications, Materials Today: Proceedings, 2021, 45,
2536-2539, doi: 10.1016/j.matpr.2020.11.254.

[74] P. Shukla, P. Saxena, Polymer nanocomposites in sensor
applications: a review on present trends and future scope, Chinese
Journal of Polymer Science, 2021, 39, 665-691, doi:
10.1007/s10118-021-2553-8.

[75] E. Pietrzykowska, B. Romelczyk-Baishya, J. Wojnarowicz,
M. Sokolova, K. Szlazak, W. Swieszkowski, J. Locs, W.
Lojkowski, Preparation of a ceramic matrix composite made of
hydroxyapatite nanoparticles and polylactic acid by consolidation
of composite granules, Nanomaterials, 2020, 10, 1060, doi:
10.3390/nan010061060.

[76] P. Palmero, Structural ceramic nanocomposites: a review of
properties and powders’ synthesis methods, Nanomaterials, 2015,

68 | ES Energy Environ., 2025, 27, 1264

5, 656-696, doi: 10.3390/nan05020656.

[77] M. Z. A. Qureshi, S. Bilal, M. Y. Malik, Q. Raza, E.-S M.
Sherif, Y.-M. Li, Dispersion of metallic/ceramic matrix
nanocomposite material through porous surfaces in magnetized
hybrid nanofluids flow with shape and size effects, Scientific
Reports, 2021, 11, 12271, doi: 10.1038/s41598-021-91152-z.
[78] A. M. Diez-Pascual, Carbon-based nanomaterials,
International Journal of Molecular Sciences,2021,22,7726, doi:
10.3390/ijms22147726.

[79] D. Maiti, X. Tong, X. Mou, K. Yang, Carbon-based
nanomaterials for biomedical applications: a recent study,
Frontiers in  Pharmacology, 2019, 9, 1401, doi:
10.3389/fphar.2018.01401.

[80] A. Mahor, P. P. Singh, P. Bharadwaj, N. Sharma, S. Yadav, J.
M. Rosenholm, K. K. Bansal, Carbon-based nanomaterials for
delivery of biologicals and therapeutics: a cutting-edge
technology, Journal of Carbon Research, 2021, 7, 19, doi:
10.3390/c7010019.

[81] K. D. Patel, R. K. Singh, H.-W. Kim, Carbon-based
nanomaterials as an emerging platform for theranostics,
Materials Horizons, 2019, 6, 434-469, doi: 10.1039/c8mh00966;.
[82] E. Abbasi, S. F. Aval, A. Akbarzadeh, M. Milani, H. T.
Nasrabadi, S. W. Joo, Y. Hanifehpour, K. Nejati-Koshki, R.
Pashaei-Asl, Dendrimers: synthesis, applications, and properties,
Nanoscale Research Letters, 2014, 9, 247, doi: 10.1186/1556-
276X-9-247.

[83] P. Mittal, A. Saharan, R. Verma, F. M. A. Altalbawy, M. A.
Alfaidi, G. E.-S. Batiha, W. Akter, R. K. Gautam, M. S. Uddin,
M. S. Rahman, Dendrimers: A new race of pharmaceutical
nanocarriers, BioMed Research International, 2021, 2021,
8844030, doi: 10.1155/2021/8844030.

[84] F. A. Al-Harbi, N. M. Ayad, A. S. ArRejaie, H. A. Bahgat, N.
Z. Baba, Effect of aging regimens on resin nanoceramic chairside
CAD/CAM material, Journal of Prosthodontics, 2017, 26, 432-
439, doi: 10.1111/jopr.12408.

[85] Y. Tang, M. Yu, Z. Zhang, J. Chen, H. Xiang, X. Xing, L.
Fang, A novel tungstate LisNd;W,01,> with garnet structure for
low-temperature cofired ceramic technology, Journal of the
European  Ceramic Society, 2020, 40, 1386-1389, doi:
10.1016/j.jeurceramsoc.2019.11.083.

[86] P. G. Jamkhande, N. W. Ghule, A. H. Bamer, M. G. Kalaskar,
Metal nanoparticles synthesis: an overview on methods of
preparation, advantages and disadvantages, and applications,
Journal of Drug Delivery Science and Technology, 2019, 53,
101174, doi: 10.1016/j.jddst.2019.101174.

[87] R. Zhao, J. Xiang, B. Wang, L. Chen, S. Tan, Recent
advances in the development of noble metal NPs for cancer
therapy, Bioinorganic Chemistry and Applications, 2022, 2022,
2444516, doi: 10.1155/2022/2444516.

[88] N. A. Isaac, I. Pikaar, G. Biskos, Metal oxide semiconducting
nanomaterials for air quality gas sensors: operating principles,
performance, and synthesis techniques, Microchimica Acta, 2022,
189, 196, doi: 10.1007/s00604-022-05254-0.

[89] I. Dascalu, S. Somacescu, C. Hornoiu, J. M. Calderon-
Moreno, N. Stanica, H. Stroescu, M. Anastasescu, M. Gartner,

Engineered Science Publisher


https://www.espublisher.com/

ES Energy & Environment

Review article

Sol-gel Zn, Fe modified SnO, powders for CO sensors and
magnetic applications, Process Safety and Environmental
Protection, 2018, 117, 722-729, doi: 10.1016/j.psep.2018.06.010.
[90] M. Mehta, T. A. Bui, X. Yang, Y. Aksoy, E. M. Goldys, W.
Deng, Lipid-based nanoparticles for drug/gene delivery: an
overview of the production techniques and difficulties
encountered in their industrial development, ACS Materials Au,
2023, 3, 600-619, doi: 10.1021/acsmaterialsau.3c00032.

[91] A. Zielinska, F. Carreird, A. M. Oliveira, A. Neves, B. Pires,
D. N. Venkatesh, A. Durazzo, M. Lucarini, P. Eder, A. M. Silva,
A. Santini, E. B. Souto, Polymeric nanoparticles: production,
characterization, toxicology and ecotoxicology, Molecules, 2020,
25, 3731, doi: 10.3390/molecules25163731.

[92] X. Xiao, F. Teng, C. Shi, J. Chen, S. Wu, B. Wang, X. Meng,
A. Essiet Imeh, W. Li, Polymeric nanoparticles—promising
carriers for cancer therapy, Frontiers in Bioengineering and
Biotechnology, 2022, 10, 1024143, doi:
10.3389/fbioe.2022.1024143.

[93] K. C. de Castro, J. M. Costa, M. G. N. Campos, Drug-loaded
polymeric nanoparticles: a review, International Journal of
Polymeric Materials and Polymeric Biomaterials,2022,71,1-13,
doi: 10.1080/00914037.2020.1798436.

[94] S. Imazato, H. Kitagawa, R. Tsuboi, R. Kitagawa, P.
Thongthai, J.-1. Sasaki, Non-biodegradable polymer particles for
drug delivery: a new technology for “bio-active” restorative
materials, Dental Materials Journal, 2017, 36, 524-532, doi:
10.4012/dm;j.2017-156.

[95] C. Mukherjee, D. Varghese, J. S. Krishna, T. Boominathan,
R. Rakeshkumar, S. Dineshkumar, C. V. S. Brahmananda Rao, A.
Sivaramakrishna, Recent advances in biodegradable polymers—
Properties, applications and future prospects, Furopean Polymer
Journal, 2023, 192, 112068, doi:
10.1016/j.eurpolym;j.2023.112068.

[96] R. M. Rasul, M. Tamilarasi Muniandy, Z. Zakaria, K. Shah,
C. F. Chee, A. Dabbagh, N. A. Rahman, T. W. Wong, A review on
chitosan and its development as pulmonary particulate anti-
infective and anti-cancer drug carriers, Carbohydrate Polymers,
2020, 250, 116800, doi: 10.1016/j.carbpol.2020.116800.

[97] K. M. Krishnan, Principles of materials characterization and
metrology, 2021.

[98] D. R. Baer, M. H. Engelhard, G. E. Johnson, J. Laskin, J. Lai,
K. Mueller, P. Munusamy, S. Thevuthasan, H. Wang, N. Washton,
A. Elder, B. L. Baisch, A. Karakoti, S. V. N. T. Kuchibhatla, D.
Moon, Surface characterization of nanomaterials and
nanoparticles: important needs and challenging opportunities,
Journal of Vacuum Science & Technology A: Vacuum, Surfaces,
and Films, 2013, 31, 50820, doi: 10.1116/1.4818423.

[99] M. Vos, Electron scattering at high momentum transfer,
Journal of Electron Spectroscopy and Related Phenomena, 2023,
267, 147382, doi: 10.1016/j.elspec.2023.147382.

[100] M. M. Skowyra, C. Ankjaergaard, L. Yu, L. R. Lindvold, A.
L. Skov, A. Miller, Characterization of a radiofluorogenic
polymer for low-energy electron beam penetration depth
visualization, Polymers, 2022, 14, 1015, doi:
10.3390/polym14051015.

Engineered Science Publisher

[101] S. Mourdikoudis, R. M. Pallares, N. T. K. Thanh,
Characterization techniques for nanoparticles: comparison and
complementarity upon studying nanoparticle properties,
Nanoscale, 2018, 10, 12871-12934, doi: 10.1039/c8nr02278;.
[102] P. Alessio, P. H. B. Aoki, L. N. Furini, A. E. Aliaga, C. J.
Leopoldo  Constantino,  Spectroscopic  techniques  for
characterization of nanomaterials. = Nanocharacterization
Techniques. Amsterdam: Elsevier, 2017.

[103] P.-C. Lin, S. Lin, P. C. Wang, R. Sridhar, Techniques for
physicochemical characterization of nanomaterials,
Biotechnology  Advances, 2014, 32, 711-726, doi:
10.1016/j.biotechadv.2013.11.006.

[104] R. D. Prasad, P. D. Sarvalkar, N. Prasad, R. S. Prasad, R. B.
Prasad, R. R. Prasad, S. Prasad, B. Gour, S. U. Barade, R. N.
Deshmukh, B. G. Karhu, R. A. Prasad, S. R. Prasad, S. A.
Walujkar, P. Kaware, A. A. Ramteke, M. N. Padvi, Z. Guo,
Emerging trends of bioactive nano-materials in modern
veterinary science and animal husbandry, ES Food &
Agroforestry, 2024, 18, 1144, doi: 10.30919/esfaf1144.

[105] A. M. Alshehawy, D.-E A. Mansour, M. Ghali, M. Lehtonen,
M. M. F. Darwish, spectroscopy
measurements for effective condition assessment of transformer
insulating oil, Processes, 2021, 9, 732, doi: 10.3390/pr9050732.
[106] V. K. Redasani, P. R. Patel, D. Y. Marathe, S. R. Chaudhari,
A. A. Shirkhedkar, S. J. Surana, A review on derivative uv-
spectrophotometry of drugs in pharmaceutical
formulations and biological samples review, Journal of the
Chilean Chemical Society, 2018, 63, 4126-4134, doi:
10.4067/s0717-97072018000304126.

[107] D. F. Swinehart, The beer-lambert law, Journal of Chemical
Education, 1962, 39, 333, doi: 10.1021/ed039p333.

[108] J. Krajczewski, K. K. Taj, A. Kudelski, Plasmonic
nanoparticles in chemical analysis, RSC Advances, 2017, 7,
17559, doi: 10.1039/c7ra01034f.

[109] K. Zia, T. Siddiqui, S. Ali, 1. Farooq, M. S. Zafar, Z.
Khurshid, Nuclear magnetic resonance spectroscopy for medical
and dental applications: a comprehensive review, European
Journal of Dentistry, 2019, 13, 124-128, doi: 10.1055/s-0039-
1688654.

[110] D. M. Nathan, J. B. Buse, M. B. Davidson, E. Ferrannini,
R. R. Holman, R. Sherwin, B. Zinman, Medical management of
hyperglycemia in type 2 diabetes: a consensus algorithm for the
initiation and adjustment of therapy, Diabetes Care, 2009, 32,
193-203, doi: 10.2337/dc08-9025.

[111] Y. K. Lathir, Role and adverse Effects of Nanomaterials in
foodtechnology, Journal of Toxicology and Health, 2015, 2,2, doi:
10.7243/2056-3779-2-2.

[112] H. Jia, G. Zhu, P. Wang, Catalytic behaviors of enzymes
attached to nanoparticles: the effect of particle mobility,
Biotechnology and Bioengineering, 2003, 84, 406-14, doi:
10.1002/bit.10781.

[113] R. D. Prasad, N. Charmode, O. P. Shrivastav, S. R. Prasad,
A. Moghe, A. Samant, P. D. Sarvalkar, S. U. Kolhapur, N. R.
Prasad, S. U. Kolhapur, A review on concept of nanotechnology
in veterinary medicine, ES Food & Agroforestry, 2021, 4, 28-60,

Photoluminescence

analysis

ES Energy. Environ., 2025, 27, 1264 | 69


https://www.espublisher.com/

Review article

ES Energy & Environment

doi: 10.30919/esfaf481.

[114] R. D. Prasad, C. B. Desai, O. P. Shrivastav, N. Charmode,
S. R. Prasad, A. Samant, R. Mirajkar, S. Banga, V. Shaikh, M. N.
Padvi, S. U. K. India, P. Sarvalkar, S. U. K. India, N. R. Prasad,
S. U. K. India, A critical review on design and development of
carbon nanotubes for veterinary medicine, ES Food &
Agroforestry, 2022, 9, 15-38, doi: 10.30919/esfaf770.

[115] R. D. Prasad, A. K. Sahoo, O. P. Shrivastav, N. Charmode,
R. Kamat, N. G. Kajave, J. Chauhan, S. Banga, U. Tamboli, R. H.
Atigre, V. Shaikh, A review on aspects of nanotechnology in food
science and animal nutrition, ES Food & Agroforestry, 2022, 8,
12-46, doi: 10.30919/esfaf704.

[116] B. Lothenbach, P. Durdzinski, K.-D.Weerdt,
Thermogravimetric analysis, A practical guide to microstructural
analysis of cementitious materials, 2016.

[117] N. Saadatkhah, A. C. Garcia, S. Ackermann, P. Leclerc, M.
Latifi, S. Samih, G. S. Patience, J. Chaouki, Experimental
methods in chemical engineering: Thermogravimetric analysis—
TGA, The Canadian Journal of Chemical Engineering, 2020, 98,
34-43, doi: 10.1002/cjce.23673.

[118] S. C. Bhatia, Advanced renewable energy systems, 2014.
[119] E. M. Mazhari, Operational decision making in compound
energy systems using multi-Level multi paradigm simulation
based optimization, 2011.

[120] M. Kaus, J. Kowal, D. U. Sauer, Modelling the effects of
charge redistribution during self-discharge of supercapacitors,
Electrochimica  Acta, 2010, 55, 7516-7523, doi:
10.1016/j.electacta.2010.01.002.

[121] S. T. Mayer, R. W. Pekala, J. L. Kaschmitter, The
aerocapacitor: an electrochemical double-layer energy-storage
device, Journal of the Electrochemical Society, 1993, 140, 446-
451, doi: 10.1149/1.2221066.

[122] R. D. Prasad, R.J. Prasad, R. K. Shrivastav, N. Charmode,
R. S. Pande, P. M. Mamidpelliwar, O. P. Shrivastav, S. R. Prasad,
S. A. Walujkar, U.Tamboli, S. Banga, G. M. Nazeruddin, Y. L.
Shaikh, A. Shaikh, R. Y. Prasad, P. Sarvalkar, A review on concept
of veterinary bio-technology and livestock products in medicine,
ES Food & Agroforestry, 2023, 14, 1004, doi:
10.30919/esfaf1004.

[123] S. Kondrat, A. Kornyshev, Charging dynamics and

optimization of nanoporous supercapacitors, The Journal of

Physical Chemistry C, 2013, doi:
10.1021/jp400558y.

[124] M.-R. Gao, Y.-F. Xu, J. Jiang, S.-H. Yu, Nanostructured
metal chalcogenides: synthesis, modification, and applications in
energy conversion and storage devices, Chemical Society
Reviews, 2013, 42, 2986, doi: 10.1039/c2¢s35310e.

[125] R. D. Prasad, K. D. Sonawane, R. S. Prasad, S. R. Prasad,
N. Prasad, R. K. Shrivastav, O. P. Shrivastav, R. S. Pande, N.
Charmode, A. K. Vaidya, C. B. Desai, S. Walujkar, V. N. Patil, A.
Nimbalkar, M. Saxena, P. M. Mamidpelliwar, P. K. Pawar, P.
Sarvalkar, Y. A. Pathan, M. H. Akhatar, Z. Guo, A Review on
Livestock Viral Disease and Their Management, ES General,
2024, 5, 1227, doi: 10.30919/esg1227.

[126] P. T. Moseley, J. Garche, Electrochemical energy storage

117, 12399-12406,

70 | ES Energy Environ., 2025, 27, 1264

for renewable sources and grid balancing, 2014.

[127] J. D. Wadhawan, R. G. Evans, C. E. Banks, S. J. Wilkins,
R. R. France, N. J. Oldham, A. J. Fairbanks, B. Wood, D. J.
Walton, U. Schroder, R. G. Compton, Voltammetry of
electroactive oil droplets: electrochemically-induced ion
insertion, expulsion and reaction processes at microdroplets ofN,
N, N, N -Tetraalkyl-para- phenylenediamines (TRPD, R =n-
butyl, n-Hexyl, n-Heptyl andn-Nonyl), The Journal of Physical
Chemistry B, 2002, 106, 9619-9632, doi: 10.1021/jp0206790.
[128] R. D. Prasad, S. B. Teli, R. S. Prasad, R. B. Prasad, S. R.
Prasad, P. Sinha, A. Sinha, P. Sinha, M. Saxena, R. R. Prasad, R.
S. Pande, N. Charmode, K. G. Deshmukh, P. D. Sarvalkar, U. D.
Kadam, C. Chiplunkar, N. Prasad, M. V. Padvi, Z. Guo, A Review
on Thin Film Technology and Nanomaterial Characterization
Techniques, ES Materials & Manufacturing, 2024, 25, 1198, doi:
10.30919/esmm1198.

[129] G. Wang, L. Zhang, J. Zhang, A review of electrode
materials for electrochemical supercapacitors, Chemical Society
Reviews, 2012, 41, 797-828, doi: 10.1039/c1¢cs15060;.

[130] Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H.
Dong, X. Li, L. Zhang, Progress of electrochemical capacitor
electrode materials: a review, International Journal of Hydrogen
Energy, 20009, 34, 4889-4899, doi:
10.1016/j.ijhydene.2009.04.005.

[131] K. Kirchner, T. Kirchner, V. Ivanistsev, M. V. Fedorov,
Electrical double layer in ionic liquids: structural transitions from
multilayer to monolayer structure at the interface, Electrochimica
Acta, 2013, 110, 762-771, doi: 10.1016/j.electacta.2013.05.049.
[132] D.-W. Wang, F. Li, J. Zhao, W. Ren, Z.-G. Chen, J. Tan, Z.-
S. Wu, I. Gentle, G. Q. Lu, H.-M. Cheng, Fabrication of
graphene/polyaniline composite paper via in situ anodic
electropolymerization for high-performance flexible electrode,
ACS Nano, 2009, 3, 1745-1752, doi: 10.1021/nn900297m.

[133] C. Z. Yuan, B. Gao, L. F. Shen, S. D. Yang, L. Hao, X. J.
Lu, F. Zhang, L. J. Zhang, X. G. Zhang, Hierarchically structured
carbon-based composites: design, synthesis and their application
in electrochemical capacitors, Nanoscale, 2011, 3, 529-545, doi:
10.1039/c0Onr00423e.

[134] M. A. Anderson, A. L. Cudero, J. Palma, Capacitive
deionization as an electrochemical means of saving energy and
delivering clean water. Comparison to present desalination
practices: will it compete? Electrochimica Acta, 2010, 55, 3845-
3856, doi: 10.1016/j.electacta.2010.02.012.

[135] I. Siddique, High-Performance Liquid Chromatography:
Comprehensive Techniques Cutting-Edge
Innovations, European Journal of Advances in Engineering and
Technology, 2023, 10, 66-70, doi: 10.5281/zenodo.11545742.
[136] A. S. Arico, P. Bruce, B. Scrosati, J.-M. Tarascon, W. V.
Schalkwijk, Nanostructured materials for advanced energy
conversion and storage devices, Nature Materials, 2005, 4, 366-
377, doi: 10.1038/nmat1368.

[137] A. S. Manne, R. G. Richels, The EC proposal for combining
carbon and energy taxes The implications for future CO»
emissions, Energy Policy, 1993, 21, 5-12, doi: 10.1016/0301-
4215(93)90203-r.

and

Engineered Science Publisher


https://www.espublisher.com/

ES Energy & Environment

Review article

[138] B. Chen, H. Chaouki, D. Picard, J. Lauzon-Gauthier, H.
Alamdari, M. Fafard, Physical property evolution of the anode
mixture during the baking process, Materials, 2021, 14, 923, doi:
10.3390/ma14040923.

[139] V. P. Elanjeitsenni, K S. Vadivu, B. M. Prasanth, A review
on thin films, conducting polymers as sensor devices, Materials
Research Express, 2022, 9, 022001, doi: 10.1088/2053-
1591/ac4aal.

[140] M. Mirshojaeian Hosseini, R. Nawrocki, A review of the
progress of thin-film transistors and their technologies for
flexible electronics, Micromachines, 2021, 12, 655, doi:
10.3390/mi12060655.

[141] A. Maalouf, T. Okoroafor, Z. Jehl, V. Babu, S. Resalati, A
comprehensive review on life cycle assessment of commercial
and emerging thin-film solar cell systems, Renewable and
Sustainable Energy Reviews, 2023, 186, 113652, doi:
10.1016/j.rser.2023.113652.

[142] A. Kot, D. Dorosz, M. Radecka, K. Zakrzewska, Improved
photon management in a photoelectrochemical cell with Nd-
modified TiO; thin film photoanode, International Journal of
Hydrogen  Energy, 2021, 46, 12082-12094, doi:
10.1016/j.ijhydene.2020.05.094.

[143] T. K. Shivasharma, N. Upadhyay, T. B. Deshmukh, B. R.
Sankapal, Exploring vacuum-assisted thin films toward
supercapacitor applications: present status and future prospects,
ACS Omega, 2023, 8, 37685-37719, doi:
10.1021/acsomega.3c05285.

[144] R. R. Willey, O. Stenzel, Designing optical coatings with
incorporated thin metal films, Coatings, 2023, 13, 369-378, doi:
10.3390/coatings13020369.

[145] A. Pandey, R. Yadav, M. Kaur, P. Singh, A. Gupta, S. Husale,
High performing flexible optoelectronic devices using thin films
of topological insulator, Scientific Reports, 2021, 11, 832, doi:
10.1038/s41598-020-80738-8.

[146] X. Liang, J. Xia, G. Dong, B. Tian, L. Peng, Carbon
nanotube thin film transistors for flat panel display application,
Topics in Current Chemistry,2019, 374, 80, doi: 10.1007/s41061-
016-0083-6.

[147] K. R. Laughlin, S. Jamieson, A. C. Pearson, H. Wang, R. R.
Vanfleet, R. C. Davis, M. R. Linford, B. M. Lunt, Thin-film
carbon nanofuses for permanent data storage, ACS Omega, 2017,
2,2432-2438, doi: 10.1021/acsomega.7b00025.

[148] S. Dhall, B. R. Mehta, A. K. Tyagi, K. Sood, A review on
environmental gas sensors: materials and technologies, Sensors
International, 2021, 2, 100116, doi: 10.1016/j.sintl.2021.100116.
[149] A. K. Singh, N. K. Chowdhury, S. C. Roy, B. Bhowmik,
Review of thin film transistor gas sensors: comparison with
resistive and capacitive sensors, Journal of Electronic Materials,
2022, 51, 1974-2003, doi: 10.1007/s11664-022-09485-y.

[150] R. Baskaran, T. S. Selvakumaran, G. Rodrigues, D. Kanjilal,
A. Roy, Measurements and analysis of bremsstrahlung X-ray
spectrum obtained in Nanogan electron cyclotron resonance ion
source, Review of Scientific Instruments, 2008, 79, 02A324, doi:
10.1063/1.2816785.

Engineered Science Publisher

[151] T. Lin, L. Wang, X. Wang, Y. Zhang, Y. Yu, Influence of
lattice distortion on phase transition properties of polycrystalline
VO?2 thin film, Applied Surface Science, 2016, 379, 179-185, doi:
10.1016/j.apsusc.2016.04.007.

[152] P. D. Sarvalkar, S. D. Barawkar, O. S. Karvekar, P. D. Patil,
S. R. Prasad, K. K. Sharma, N. R. Prasad, R. S. Vhatkar, A review
on multifunctional nanotechnological aspects in modern textile,
The Journal of the Textile Institutes, 2022, 114, 470-487, doi:
10.1080/00405000.2022.2046304.

Publisher’s Note: Engineered Science Publisher remains
neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

Open Access

This article is licensed under a Creative Commons Attribution
4.0 International License, which permits the use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as appropriate credit to the original author(s)
and the source is given by providing a link to the Creative
Commons licence and changes need to be indicated if there are
any. The images or other third-party material in this article are
included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material
is not included in the article's Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/ licenses/by/4.0/.

©The Author(s) 2025

ES Energy. Environ., 2025, 217, 1264 | 71


https://www.espublisher.com/

