Chapter 2

This chapter provides a theoretical overview of instrumentation and experimental techniques
used to characterize synthesized materials. Nanomaterials and nanocomposites are extensively
characterized using X-ray Diffractometer (XRD), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Energy Dispersive Spectroscopy (EDX), Atomic
Force Microscopy (AFM), and X-ray Photoelectron Spectroscopy (XPS). Cyclic voltammetry
(CV) is used for electrochemical characterization. Additionally, Amperometry i-t curve,
Differential Pulse Voltammetry (DPV) and Electrochemical Impedimetric Spectroscopy (EIS)
are utilized for electrochemical sensing. Each technique is briefly discussed to provide
background information.

2.1 Characterization Techniques

2.1.1 X-ray Diffractometer (XRD)

X-ray Diffraction is a versatile technique offering comprehensive insights into the chemical
composition and crystallographic structure of both natural and manufactured materials. Its
primary utility lies in identifying and characterizing substances based on their diffraction
patterns. In X-ray diffraction, the atoms within a crystal, with their uniform spacing, generate
an interference pattern of waves in an incoming X-ray beam, elucidating the material's

structure and properties, as depicted in figure 2.1 [1].

Incident X-ray beam Diffracted X-ray beam

2dsin® = ni

0 0
o
d o
: 20
o Bragg’s Law
\\‘
X

Figure 2.1 Schematic representation of an X-ray beam getting diffracted by a crystallographic material.
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X-ray diffraction (XRD) is a technique used to analyze the crystal structure of materials. When
monochromatic X-rays interact with a crystal lattice, they are diffracted at specific angles
determined by the spacing of atomic planes in the crystal, following Bragg's Law [2].
nA = 2dSinf

This diffraction pattern provides information about the crystal structure, phase composition,
and lattice parameters of the material. In powder XRD, the sample is a powder with randomly
oriented crystallites. By varying the angle of the X-ray beam, diffraction peaks are observed
corresponding to different d-spacing in the material. This technique is sensitive to both the type
and relative position of atoms in the material, as well as the length scale over which the

crystalline order persists [3,4].

Figure 2.2 Rigaku Miniflex X-ray diffractometer.

The Rigaku MiniFlex X-ray Diffractometer tool used for XRD measurement, using Cu-Ka
radiation (A=1.5405A) is shown in figure 2.2. Calibration is done using silicon powder, and
single crystal silicon is used as a standard for obtaining accurate values of 20 for calculating
the quasi-lattice parameter. XRD patterns are collected typically over a range of 10-80° in 26,

with a step size of 3 °/min.
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2.1.2 Scanning Electron Microscopy

An image is formed by a powerful scanning electron microscope (SEM), which utilizes
electrons. Imaging of conductive samples at magnifications unachievable by traditional
microscopes is enabled. While modern light microscopes achieve up to ~1,000X
magnification, magnifications over 30,000X can be reached by typical SEM. Images are in
black and white because light is not used in the imaging process by the SEM. Conductive
samples are placed on the SEM's sample stage. The sample chamber is vacuumed, and the
electron gun is aligned to the correct location by the user. A beam of high-energy electrons is
emitted by the electron gun, passing through lenses and apertures before striking the sample.
As electrons are continuously shot at the sample by the electron gun at a precise location,
secondary electrons bounce off. These secondary electrons are detected by the detector [5].
The signal from the secondary electrons is amplified and displayed on the monitor as a 3D
image, being sent there.

Electrons are emitted from a heated electron gun acting as a cathode and accelerated towards
the anode, traveling in the same direction as the sample under the influence of a strong electric
field. As the electron beam is focused, it passes through the objective lens, which is adjusted
by the user to a specific position on the sample.

Upon striking the conductive sample, several interactions occur. Initially, primary electrons
penetrate the sample to a depth determined by their energy level. Subsequently, secondary and
backscattered electrons are emitted from the sample surface. These emitted electrons are
detected by either a secondary electron (SE) or backscattered electron (BS) detector. The

detected signals are processed to generate an image of the sample on the screen.
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In SE mode, the low-energy secondary electrons are attracted towards the positively biased
detector front, and the signal intensity varies with the sample's surface angle, providing detailed
topographical images. In contrast, BS mode detects electrons nearly opposite to the beam
direction, and the intensity is proportional to the sample's atomic number, yielding less

topographical but more compositional information. BS mode is less affected by sample

charging, making it suitable for non-conductive samples. The SEM instrument used for

characterization is depicted in figure 2.3.
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Figure 2.3 SEM instrument used for material characterization.
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Electrons are emitted from a heated tungsten filament or lanthanum hexaboride (LaBs) single
crystals, accelerated by a voltage typically in the range of 20 V to 30 kV, and directed down
an electron optical column consisting of magnetic lenses to produce a focused electron beam
that strikes the specimen's surface. The position of the electron beam on the sample is
controlled by scanning coils, allowing for scanning over the sample surface. Image formation
in the Scanning Electron Microscope (SEM) relies on signals generated from interactions
between the electron beam and the sample, specifically inelastic interactions (secondary
electrons, SEs) and elastic interactions (backscattered electrons, BSES).

BSEs provide information from deeper areas of the sample, offering both topographic and
compositional details. SEs, on the other hand, originate from surface regions, providing
information on topographic contrast and surface texture with good resolution. Most conductive
nanomaterials can be directly observed by SEM by loading them on carbon tape. However,
non-conductive samples, such as bioorganic nanomaterials, require metal coating (e.g., Gold,
Silver, Platinum). In SEM instruments, backscattered and secondary electrons are utilized to
construct an image [6,7].

2.1.3 Transmission Electron Microscopy

TEM is the technique where an electron beam is transmitted through an ultra-thin specimen
(200nm) which interacts with the specimen as the electron passes through it. The two important
features of the TEM are its high lateral spatial resolution and its capability to provide both the
image and the diffraction of the sample. This technique is used to obtain the full morphological,

crystallographic, atomic structural, microanalytical (chemical composition, bonding),

Department of Chemistry IIT (BHU), Varanasi 37



Chapter 2

electronic structure, and coordination number from the samples. Figure 2.4 depicts the TEM

instrument image.

Figure 2.4 TEM instrument used for material characterization.

The TEM works with a high voltage electron beam to create the image, where the electron gun
is placed at the top which produces the electron that travels through the vacuum tube. The
electromagnetic lens is used to focus the fine beam of electrons that passes through the ultra-

thin specimen. The transmitted electrons get hit on the fluorescent screen which is present at
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the bottom of the microscope. The image of the specimen with its assorted parts appears on
the screen which is based on its density. The obtained image can be directly studied or also
photographed [7,8]. TEM analyzes morphological, crystallographic, and compositional
information. HR-TEM was produced on the Cu grid using a Tecnhai G2 (New Zealand).

2.1.4 Atomic Force Microscope

Atomic force microscopy (AFM) is a powerful tool used to image surfaces at the nanoscale by
measuring forces between a sharp probe and a sample. This technique provides high-resolution
images and detailed information about surface topography, mechanical properties, and
interactions at the atomic level. The AFM equipment utilized in this study for investigating
semiconducting materials was provided by NT-MDT Services and Logistics Ltd. (model
NTEGRA Prima) in Ireland. The schematic representation of tapping mode in AFM s
illustrated in figure 2.5. In AFM, a sharp probe, typically a few nanometers in radius, is
attached to a cantilever. The cantilever is then scanned across the sample surface in a raster
pattern. As the probe interacts with the sample surface, forces such as van der Waals forces,

electrostatic forces, and chemical bonding forces cause the cantilever to bend.
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Figure 2.5 The schematic representation of tapping mode in AFM is illustrated along with real
image of AFM, NT-MDT Russia.
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This bending is detected by a laser beam reflected off the back of the cantilever onto a position-
sensitive photodetector. The deflection of the laser beam is used to generate a topographic
image of the sample surface with sub-nanometer resolution.

They also have piezoelectric elements, which are electric charges that accumulate in selected
solid materials like DNA, biological proteins, crystal, etc., to enable tiny accurate and precise
movement during scanning upon an electric command [9].

The Atomic Force Microscope works on the principle measuring intermolecular forces and
sees atoms by using probed surfaces of the specimen in nanoscale. Its functioning is enabled
by three of its major working principles that include surface sensing, detection, and imaging.
2.1.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique. The
technique is also recognized as Electron Spectroscopy for Chemical Analysis (ESCA).
Quantitative atomic composition and chemistry are determined using X-Ray Photoelectron
Spectroscopy. In XPS, a sample is irradiated with a primary beam containing photons and
electrons, leading to the emission of secondary electrons from the substrate surface. These
secondary electrons are then measured by a spectrometer. In this technique, X-rays are directed
at the material surface, and the kinetic energy of the emitted electrons is analyzed. XPS is
known for its surface sensitivity and its ability to determine the chemical and oxidation states
of elements in a sample. All elements except helium and hydrogen can be identified using XPS.
XPS spectra are typically plotted as intensity (count/s) versus binding energy (eV). A wide
scan XPS spectrum, known as a survey spectrum, scans from 0 to 1200 eV binding energy. In

this study, XPS was used for elemental analysis and to identify the oxidation state of
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synthesized nanomaterials and nanocomposites [10,11]. The photoemission measurement

principle is shown in figure 2.6.
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Figure 2.6 Photoemission measurement principle [12].
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2.1.6 Fabrication of working electrodes

Working electrode (WE) was fabricated as shown in figure 2.7. The mortar and pestle were
cleaned thoroughly to remove any residues from previous uses. Measure the required amount
of graphite powder using a spatula and place it on the glass plate or weighing paper. To prepare
a carbon paste electrode using a mortar and pestle first mix the material thoroughly. Add a few
drops of Nujol oil to the graphite powder using a micropipette. Now use the pestle to grind and
mix the graphite powder and Nujol oil thoroughly until a homogeneous paste is obtained. The
paste should be smooth and easy to manipulate. Filled the carbon paste into the electrode body.
The same procedure was followed for fabricating the modified carbon paste electrode by

mixing the mediators and nanomaterials with graphite in to the mortar and pestle.
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Figure 2.7 Schematic representation for the preparation of working electrode.

2.1.7 Electrochemical Characterization

In this study, electrochemical characterizations of the fabricated electrodes and their responses
were conducted using cyclic voltammetry (CV), Differential Pulse Voltammetry (DPV),
Amperometry, and Electrochemical Impedance Spectroscopy (EIS) on a CHI 683 B, USA) (as
shown in figure 2.6). These measurements were performed using a three-electrode assembly

to measure current potential as shown in figure 2.8.

Figure 2.8 Electrochemical workstation and three electrode cell Setup.
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The working electrode is sensitive to the analyte’s concentration and undergoes the
electrochemical redox reaction. The counter electrode completes the electric circuit, while the
reference electrode's potential is known with respect to the standard hydrogen electrode (0.00
V) and measures the potential of the working electrode relative to the reference electrode,
independent of analyte concentration [13].

Cyclic voltammetry (CV) is a versatile potentiodynamic electroanalytical technique used to
investigate the electrochemical properties of electroactive species. The corresponding
spectrum of a CV, plotted as current vs. voltage, reflects changes in current corresponding to
varying voltage in the solution. CV typically uses microelectrodes in an unstirred solution,
limiting the measured current by analyte diffusion at the electrode surface [14]. In a cyclic
voltammetry experiment the potential applied between the reference electrode and working
electrode increases in a linear fashion with time (scan rate (\V//s)). Concomitantly, the current
is measured between the working and counter (or auxiliary) electrode resulting in data that is
plotted as current (i) vs. potential (E). Reduction and oxidation events are observed and
assigned in the resulting plots. Reduction events occur at analyte specific potential voltages
where the reaction M*™" + & — M1 (M = metal) is energetically favoured (known as reduction
potential) and measured by increasing current values. The current will increase as the voltage
potential reaches the reduction potential of the analyte, but then falls off as the maximum rate
of mass transfer has been reached. The current goes down only to reach equilibrium at some
steady value. Oxidation reactions (M™ — M*™ + ¢) can also be observed as a decrease in

current values at potentials that energetically favor the loss of electron.
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The resulting voltammograms are then analyzed and the potential (Ep) and current (l,) data for
both reduction and oxidation events under each setup experimental conditions are noted. This
information can be utilized to evaluate the reversibility of coupled reduction and oxidation
events. As noted above peak potentials (Epa and Epc) and the peak currents (I and Ipa) are the
fundamental parameters used to characterize a redox couple or event. During a reversible redox
process, the oxidized and reduced forms of a compound are in equilibrium at the electrode
surface [15,16].
Specifically, the peak current of a reversible reaction is given by Randles-Sevcik equation:

I, = 2.69 x 10°n%/2 A C DY/2 y*/2
where, |, is peak current in amperes, n is the number of electrons involved, A is the area of the
electrode in cm?, D is the diffusion constant (cm?/s), v is the scan rate (V/s) and C is the bulk
concentration (mol/cm?).
The position of the reduction and/or oxidation events can be used to infer information about
the electronic nature of transition metal complexes and the effects on ligands as donors. For
example, the Fe®*?* reduction potential of ferrocene derivatives is very sensitive to the
electronic environment provided by the cyclopentadienyl (Cp) ligand set. Electron donating
(withdrawing) Cp substituents increase (decrease) the electron density on the iron center and
shift the redox potential to negative (positive) values relative to Fc.
In this protocol ferrocene will be used as an example. Experimental conditions such as solvent,
electrolyte choice, and the potential range studied (scan window) are largely dictated by
analyte solubility and experimental conditions.
Differential pulse voltammetry (DPV) involves superimposing small amplitude, short pulses

on a linear ramp. The difference between the currents before and after each pulse is plotted
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against potential, minimizing background current and providing a Faradaic current free of most
capacitive current. DPV's advantage lies in its low capacitive current, which enhances
sensitivity and allows for distinguishing analytes with closely spaced oxidation potentials.

In amperometry, the current (i) is measured as a function of time (t) at a constant applied
potential. This technique is commonly used in the electrochemical sensing of biomolecules.
The working principle of amperometry involves applying a constant potential to an electrode,
which results in a steady-state current flow due to the oxidation or reduction of electroactive
species at the electrode surface. When a biomolecule of interest interacts with the electrode
surface, it can either facilitate or hinder the electron transfer process, leading to changes in the
current signal that are proportional to the concentration of the biomolecule [17,18].
Electrochemical Impedance Spectroscopy (EIS) utilizes a small amplitude, alternating current
(AC) signal to study the impedance characteristics of an electrochemical cell over a range of
frequencies [19]. This technique differs from direct current (DC) methods by enabling the
study of inductive, capacitive, and diffusion processes within the electrochemical cell [20].
EIS is valuable for studying interfacial properties related to bio-recognition events, making it

useful in various biomedical diagnosis and sensing applications.
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