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This chapter provides a brief explanation of the experimental setup and characterization 

techniques we have used to investigate the structural, morphological, and electrochemical 

properties of synthesized nanomaterials. Comprehensive characterization of 

nanomaterials and their nanocomposites is achieved through a variety of instrumental 

techniques, such as X-ray diffractometer (XRD), X-ray photoelectron spectroscopy 

(XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

and atomic force microscopy (AFM). The cyclic voltammetry (CV), differential pulse 

voltammetry (DPV), amperometry, and electrochemical impedance spectroscopy (EIS) 

techniques have been used for electrochemical sensing of various analytes such as 

ascorbic acid, dopamine, and NADH. This chapter covers the fundamental background 

of all of the techniques we have used. 

2.1 Characterization techniques 

2.1.1 X-ray diffractometry (XRD) 

X-ray diffractometry is a versatile method that offers comprehensive details on the 

crystallographic structure and chemical makeup of both natural and artificial materials 

[1,2]. XRD analysis is performed to analyze the phase formation and crystallinity of 

synthesized nanomaterial. The determination and characterization of compounds based 

on their diffraction pattern is the main use of this method. In X-ray diffraction, the 

uniform spacing between atoms in a crystal results in an interference pattern of the waves 

in an incoming X-ray beam [3]. The XRD pattern is produced by constructive interference 

between monochromatic X-rays and a crystalline sample [4]. The sample is subjected to 

strong monochromatic X-ray energy, which combines with it according to Bragg's Law 

(2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆), this results in diffracted beams and constructive interference (Figure 2.1 
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(a)). Bragg's law describes the link between X-ray wavelength (λ), diffraction angle (θ), 

and lattice spacing (d) in crystalline samples. When diffracted X-rays from the sample 

are passed through the detectors, all potential lattice diffraction orientations may be 

achieved by scanning the sample across a range of 2θ angles. Afterward, using these 

diffraction peaks (patterns), a set of precise d-spacing is determined for every sample. By 

comparing the d-spacing with a standardized reference pattern, we may subsequently 

ascertain the material's phase and crystallographic structure. 

Figure 2.1 (a) Schematic diagram for X-ray diffraction (b) Miniflex 600 X-ray diffractometer 

(Rigaku, Courtesy CIFC IIT BHU). 

We have used an X-ray diffractometer (Rigaku Miniflex 600) with Cu-Kα (λ=1.5405 

Å) to characterize the synthesized material (Figure 2.1(b)). The diffractometer was 

calibrated utilizing silica powder. Single-crystal silicon was utilized as a reference to 

determine the exact value of 2θ for the calculation of the quasi-lattice parameter. The 

XRD spectrum has been obtained involving 10°-80° in 2θ utilizing a step size of 3°/min 

(depending on the requirement these parameters may vary). 
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2.1.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy is a powerful technique used for analyzing the size, shape, 

and morphologies of synthesized nanoparticles, providing high-resolution pictures of the 

expected study material [5]. It provides information on the topography, chemical 

compositions, and microstructure morphologies of both synthesized and naturally 

occurring materials [6]. The versatility of SEM makes it appropriate for a wide range of 

scientific, research, industrial, and commercial applications, such as biological science, 

forensics, medical science, electronics, materials science, etc.  

In SEM, electrons are generated from heating tungsten filaments or single crystals of 

lanthanum hexaboride (LaB6), which are then accelerated by voltages typically between 

20 and 30 kV [7]. Before use sample is coated with gold metal to make the surface more 

conductive. The collection of signals resulting from the interaction between the electron 

beam and sample is necessary for the generation of images in the SEM. The SEM device 

we have utilized for the characterization of nanomaterials is displayed in (Figure 2.2). 
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Figure 2.2 Scanning electron microscopy (FEI Nova Nano SEM 450, Courtesy CIFC IIT BHU).  

2.1.3 Energy dispersive X-ray spectroscopy (EDX) 

Energy dispersive X-ray (EDX) analysis is also known as energy dispersive X-ray 

spectroscopy (EDS). It is a method used for determining the material's chemical 

composition by analyzing the energy of X-rays emitted by an electron beam [8]. In this 

thesis, SEM-EDX was performed to know the distribution of elements present on the 

surface. 

Working principle: The electron beam strikes the inner shell of an atom and an electron 

is ejected creating a positively charged hole. The positively charged hole generated gets 

filled up by the outer shell electrons by releasing energy in the form of an X-ray [9]. The 
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energy spectrum of X-rays is unique to each element and depends on the shell from which 

electrons move into the holes, allowing the elements in the sample to be identified. (Figure 

2.3) shows the block diagram of the working principle of EDX. 

 

Figure 2.3 Schematic diagram of Energy dispersive X-ray spectrophotometer (EDX) 

2.1.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy is one of the most effective 

characterization techniques which is defined as the study of the interaction between an 

extremely thin, transparent sample (less than 100 nm) and a high-energy electron beam 

(between 60 to 400 keV) [10]. This interaction produces several distinct signals. In 

the transmission electron microscope, the transmitted signals developed during the 

electron beam and sample interaction formed a highly resolved and enlarged picture of 

the specimen [11]. TEM techniques are capable of providing information about a sample's 

nanostructure, chemical constituents, and electronic properties at the nanoscale [12]. In 

this thesis, TEM is performed to obtain detailed information about the internal structure 
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such as the size, and shape of nanomaterials. To determine the particle size histogram 

from a TEM image we have used ImageJ software. For the structural characterization of 

synthesized nanomaterials, we have used a transmission electron microscope (TEM)-FEI-

Tecnai 20 U Twin with EDX and Tecnai 20 G2, operated at 200 KeV illustrated in (Figure 

2.4). 

 

Figure 2.4  Transmission electron microscopy with EDX (FEI, TECHNAI G2 20 TWIN, 

Courtesy CIFC IIT BHU).    
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2.1.5 Atomic force microscopy (AFM) 

The atomic force microscope is a type of scanning probe microscope that uses interactions 

between a tip and a sample surface to create a topographical picture of the surface of the 

sample. Although this method depends on the conductive samples, the AFM allows also 

the use of non-conductive samples. In 1987, the inventors were awarded the Nobel Prize 

in Physics for their achievements. In general, this technique is used to examine the 

properties of grains, phases, and surface layers in many materials, including metallic, 

ceramic, polymer-based, organic, and inorganic composites [13]. In this thesis, AFM is 

performed to analyze grain size. The grain size histogram from an atomic force 

microscopy image was determined by using the line cut method on Nova Px 3.4 software. 

 

Figure 2.5 (a) Schematic representation of atomic force microscope (b) Scanning probe 

microscopy (NTEGRA Prima  Courtesy CIFC IIT BHU).   

 In atomic force microscopy, a laser beam is reflected from its point of origin off the 

cantilever and towards a four-quadrant photodetector (Figure 2.5 (a)). A four-quadrant 
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detector allows for the detection of interatomic forces in both the lateral and vertical 

directions. As the AFM interacts with the sample the position and intensity of the reflected 

beam are recorded on the detector. The information recorded by this detector can be used 

differently depending on the operation mode of the AFM. AFM captures a three-

dimensional picture of the sample's surface topography while applying a steady force 

(nano Newton range) [14,15]. For the characterization of synthesized palladium 

nanoparticles, we have used atomic force microscopy (Model: NTEGRA Prima, 

Company: NT-MDT Service & Logistics Ltd.) as shown in (Figure 2.5 (b)). 

2.1.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a powerful surface analysis technique used to 

investigate the elemental composition, chemical state, and electronic structure of 

materials. In XPS, the conventional methodology for conducting spectroscopic surface 

analysis involves subjecting the sample to an incident beam consisting of photons and 

electrons. The interaction between the primary beam and the surface leads to the 

generation of a secondary beam originating from the substrate, which is subsequently 

detected and measured by the spectrometer [16] (Figure 2.6 (a)). This method involves 

bombarding the material surface with X-rays and measuring the kinetic energy of the 

expelled electrons [17]. XPS instrument uses Al Kα rays and can detect components 

within a few nanometers of the sample surface. The two main characteristics of this 

approach are its surface sensitivity and its capacity to study the chemical and oxidation 

states of the components in the sample [18]. By using this technique every element can 

be identified except hydrogen and helium. The graph of the XPS spectrum is plotted 

between intensity (count/sec) versus binding energy (eV). Generally, the XPS survey 
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spectrum scan between the binding energy 0 to 1200 eV. The XPS spectra were fitted 

using peak 41 software. In the current thesis, for the XPS analysis of synthesized 

nanomaterials and their composites, we have used an X-ray photoelectron spectrometer 

(Model: K-alpha, Company: Thermo Fischer Scientific) as shown in (Figure 2.6 (b)). 

 

Figure 2.6 (a) Schematic representation of X-ray photon spectroscopy (b) X-ray photoelectron 

spectrometer (K-alpha model of Thermo Fischer Scientific, Courtesy CIFC IIT BHU). 

2.1.7 Electrochemical Characterizations 

The current study demonstrates electrochemical characterizations of the fabricated 

electrodes and investigates their electrochemical response through the utilization of cyclic 

voltammetry, differential pulse voltammetry, amperometry, and electrochemical 

impedance spectroscopy on CHI 660E Inc., Texas, USA as depicted in Figure 2.7. These 

analyses were performed utilizing a three-electrode assembly with a working volume of 

2 mL phosphate buffer solution (pH 7.0) and involved the measurement of current 

potential.  

The three electrodes used are the working electrode, reference electrode (Ag/AgCl), and 

counter electrode (Platinum foil). The first electrode is the working electrode at which the 
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redox reaction takes place. The counter electrode is the second electrode, which is 

essential for completing the electric circuit. The third electrode is known as the reference 

electrode, and its potential is measured with respect to the standard hydrogen electrode 

(0.00 V). It is used to measure the potential of the working electrode relative to the 

reference electrode, regardless of the analyte concentration. The electrolyte filled in the 

Ag/AgCl reference electrode (RE 1B ALS Co. Ltd, Japan)  is 3 M sodium chloride 

(NaCl). The electrode's potential is calculated from the activity of the chloride ion, not its 

concentration. 

 

Figure 2.7 CHI 608E Inc., Texas, USA with three-electrode electrochemical cell setup. 

2.1.7.1 Cyclic voltammetry (CV) 

Cyclic voltammetry is a typical and widely used measuring technique for determining the 

redox activity of any substance. It is an electrochemical technique performed by varying 

the potential of the working electrode linearly with time while maintaining a constant 

scan rate [19,20]. CV is particularly suitable for analyzing redox-active biomolecules 
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such as ascorbic acid, dopamine, and NADH because it provides direct information about 

the redox potentials, reversibility of the reactions, and electron transfer kinetics. CV can 

provide insights into whether the reaction is diffusion-controlled or surface-controlled. 

So, CV is important for understanding the electrochemical behavior of ascorbic acid, 

dopamine, and NADH which involves a fast electron transfer process. The typically used 

CV graph is depicted in Figure 2.8, where the reduction peak is associated with the bottom 

half (negative current), and the oxidation peak is connected to the upper half (positive 

current). It is also a valuable method for studying chemical processes in catalysis that are 

initiated by electron transport. 

 

Figure 2.8 Figure of cyclic voltammogram (Courtesy: Wikimedia Commons). 

The applied potential's speed is governed by the scan rate in the CV experiment. Thus, 

the famous Randles-Sevcik equation states that the peak current (Ip) is dependent on the 
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scan rate [21]. This equation is used when the reaction is electrochemically reversible and 

the product and reactant both are soluble. It is not valid when the catalyst undergoes 

dynamic dissolution. 

                                        𝑰𝒑 = (𝟐 ⋅ 𝟔𝟗 ∗ 𝟏𝟎𝟓)𝒏𝟑 𝟐⁄ 𝑨𝑫𝟏 𝟐⁄ 𝝂𝟏∕𝟐𝑪𝟎                               (2.1) 

Where Ip is peak current, n is the number of electrons that participate during the redox 

reaction, A is the electroactive surface area of the electrode, D is diffusion coefficient, υ 

is scan rate, and C0 is the concentration of the electroactive analyte. Equation 2.1 shows 

that peak current is directly proportional to the square root of the scan rate.  

In electrochemical reactions, kinetics play an important role in determining the electron 

transport rate. In a reversible reaction, the transfer of electrons between the electrode and 

the analyte proceeds quickly enough to establish equilibrium almost instantly. In a 

reversible process, the electron transfer rate is much greater than the mass transfer rate of 

diffusion while in an irreversible process, the electron transfer rate is much less than the 

mass transfer rate of diffusion. The cyclic voltammogram of a reversible redox process is 

analyzed using the following variables: 

1. The formal potential (E0´) can be determined from the peak potentials in cyclic 

voltammetry using the equation:  E0´= (Epc + Epa)/2.  

2. The peak potential difference [∆Ep = Epc – Epa] = 59.2/n mV at 25°C 

3. The ratio of peak current I = Ipa/Ipc = 1 (for all scan rates) 
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2.1.7.2 Differential pulse voltammetry (DPV) 

Differential pulse voltammetry (DPV) is a widely used electrochemical technique for the 

qualitative and quantitative analysis of electroactive species in solution. It provides high 

sensitivity and resolution, ideal for quantitative analysis of low-concentration analytes. It 

is a method that includes applying very small amplitude potential pulses (10-100 mV) to 

a linear ramp potential and brief pulses (17 ms) are superimposed on a staircase-wave 

form [22]. In DPV, a base potential value is applied to the electrode at which there is no 

faradaic reaction occurs. The base potential increases in equal increments between pulses 

[23]. The current is measured immediately before the pulse application (I1) and after the 

pulse (I2) as shown in Figure 2.9 (a). The direct current ramp is responsible for the first 

current, the potential pulse's current is reflected by the difference (I2-I1), and the signal in 

DPV is the product of the difference between the signal immediately preceding the pulse 

and the signal at its conclusion (Figure 2.9 (b)). To collect the DPV data we have used 

0.05 V pulse amplitude, 0.2 sec pulse period, 0.0167 sec sampling width, and 0.05 sec 

pulse width. 

 

Figure 2.9 (a) Applied waveform for DPV (b) Typical voltammogram response obtained in DPV 

[24]. 
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In DPV the graph is plotted between current versus applied potential and the current is 

directly proportional to the concentration of the corresponding analyte. The most 

significant advantage of DPV is increased sensitivity due to reduced capacitive current. 

The smaller step sizes in the DPV approach result in narrow peaks, so DPV can be used 

to identify analytes with similar oxidation potentials. 

2.1.7.3 Amperometry 

Amperometry is an electroanalytical method that measures current with respect to time 

using a constant anodic or cathodic potential. It is used for real-time monitoring of 

biomolecules (e.g., ascorbic acid, dopamine, NADH, etc.) with high sensitivity, 

especially in dynamic environments.  The Cottrell equation predicts that current is directly 

proportional to the concentration of electroactive molecules [25]  as shown in the equation 

(2.2). The Cottrell equation is valid for a controlled potential experiment, such as 

chronoamperometry, where the potential is a step function in time. The Cottrell equation 

is applicable for planar electrodes. It can also be derived for other geometries using Fick's 

second law of diffusion and the corresponding Laplace operator and boundary conditions. 

                                              𝑰 =
𝒏𝑭𝑨(𝑫)

𝟏
𝟐𝑪

(𝝅𝒕)𝟏/𝟐
                                               (2.2) 

Where I is the current (A), n is the number of electrons during the electrochemical 

reaction, F is the Faraday constant (C/mol), A is the area of the electrode (cm2), D is the 

diffusion coefficient of the electroactive species (cm2/s), C is the concentration of 

electroactive species, and t is the time (s). The magnitude of the current is proportional to 

the concentration of oxidized or reduced electroactive substances.  Thus, the 
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amperometric technique provides a simple and sensitive methodology for identifying 

electroactive species in solution by using a constant potential and convection. 

2.1.7.4 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a well-known analytical technique used for 

the analysis of electrochemical systems by providing a very small alternative current 

voltage signal based on the frequency of the amplitude signal. The AC signal is scanned 

across a wide frequency range to generate impedance spectra of the electrochemical cell 

under study [26]. It provides information about the processes occurring at the electrode-

electrolyte interface, such as charge transfer reactions, double-layer capacitance, mass 

transport, and adsorption/desorption phenomena [27]. EIS is particularly useful for 

analyzing ascorbic acid, dopamine, and NADH because it provides detailed information 

about charge transfer kinetics and electrode surface interactions. EIS captures details 

regarding resistance during electron transport processes by measuring impedance over 

the 1 Hz to 1000 kHz frequency range. It is a highly sensitive technique and can identify 

analyte concentrations faster than traditional methods that’s why EIS is more suitable for 

sensing applications. 

The impedance data obtained from EIS experiments are typically represented in Nyquist 

plots or Bode plots. The EIS data was fitted on R(CR)W circuit by using ZSimpWin 

software. In a Nyquist plot, the data is plotted between the real part of the impedance (Z') 

versus the imaginary part of the impedance (-Z"). The resulting plot often resembles a 

semicircle at high frequencies, the diameter of which provides information about the 

charge transfer resistance at the electrode-electrolyte interface, while the linear part at low 
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frequency shows the diffusion-controlled processes [28]. EIS has several advantages over 

other electrochemical techniques. It provides detailed information about both kinetic and 

transport processes within the system. Therefore, EIS may be utilized in several critical 

biological sensing and diagnostic fields. 

2.1.7.5 Optimization of experimental conditions 

Optimization of experimental conditions during electrochemical sensing of biomolecules 

is crucial for enhancing sensitivity, selectivity, stability, and reproducibility. The key 

variables that influence electrochemical responses include potential window, scan rate, 

and step size. These parameters directly affect the electron transfer kinetics, the diffusion 

layer's thickness, and the overall signal-to-noise ratio. 

Potential window: The potential window defines the range of applied voltages during 

electrochemical sensing. To optimize the potential window, we perform the cyclic 

voltammetry in the range ( -1 V to +1 V) and choose the range at which the redox peak is 

obtained.  

Scan rate: The scan rate in cyclic voltammetry controls how fast the potential is swept 

over the selected range. The scan rate significantly influences the shape and intensity of 

the redox peaks, as it indicates the electron transfer kinetics and diffusion processes. At 

slow scan rates, the electron transfer is controlled by diffusion, and the peaks are more 

pronounced and closer to equilibrium conditions. At faster scan rates, kinetic effects 

dominate, leading to broadened peaks with higher currents. To optimize the scan rate, we 

perform CV at different scan rates and study the relationship between peak current and 

scan rate. Typically, a linear relationship between peak current and the square root of the 
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scan rate indicates diffusion-controlled processes, while deviations from linearity suggest 

kinetic limitations. So moderate scan rates are often chosen to balance sensitivity and 

resolution. For electrochemical sensing of biomolecules, a suitable scan rate might be in 

the range between 2 to 150 mV/s to achieve high sensitivity while minimizing signal 

distortion. 

Step size (pulse rate): In techniques like differential pulse voltammetry (DPV) and square 

wave voltammetry (SWV), the step size refers to the increment of potential applied 

between successive pulses. This parameter influences both the resolution of the peak and 

the signal-to-noise ratio. Smaller step sizes provide higher resolution but can increase 

noise, while larger step sizes reduce resolution and may cause overlapping peaks. The 

optimization of step size is usually challenging. A series of experiments with different 

step sizes is performed to determine the step size that provides the optimal balance 

between peak resolution and noise. 

2.2 Challenges in achieving high-resolution and specific sample preparation 

Some difficulties were faced in the course of my electrochemical sensing study of 

ascorbic acid, dopamine, and NADH. These difficulties were mostly connected to the 

achievement of high resolution in voltammetric peaks and problems with sample 

preparation. 

Resolution of voltammetric peaks:  The overlapping of voltammetric peaks was one of 

the primary challenges found throughout the electrochemical sensing procedure, 

particularly in complex real sample matrices. Attaining high resolution between closely 

spaced redox potentials of analytes (e.g., NADH, dopamine, uric acid, and glucose) was 
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challenging due to their similar electrochemical behaviors. This problem decreased the 

sensitivity and selectivity of the modified electrodes. To overcome this, optimization of 

the electrode surface modification was performed. By carefully controlling the loading of 

palladium nanoparticles at Co@NC and the ratio of TCNQ, it was possible to enhance 

the electron transfer kinetics and selectively interact with the target molecules. This 

strategy resulted in improved peak separation, which allowed for higher resolution. 

Additionally, using amperometry and differential pulse voltammetry instead of cyclic 

voltammetry helped to increase resolution and sensitivity. 

Sample Preparation Issues: Real sample analysis in vitamin C tablets, dopamine 

hydrochloride injection, and avocado juice samples, posed challenges due to the presence 

of interfering species and matrix effects. These cause inaccurate readings or peak 

distortions, complicating analyte quantification. To overcome these problems, we 

employed dilution for dopamine hydrochloride injection, filtration, and dilution 

techniques for vitamin C tablets, proper dilution ensured that the concentration of ascorbic 

acid remained within the dynamic range of the sensor. In the case of avocado juice 

samples, insoluble fibers, and other large molecules were removed using centrifugation 

followed by filtration, and then dilution and pH adjustment was made to enhance the 

selective detection of NADH. 

2.3 Flow chart of research work 

Here, we are presenting a flow chart to illustrate our prospective research work (Figure 

2.9). In this flow chart, we initially synthesized our target nanomaterials and their 

composite, characterized them using various techniques, and assessed their 
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electrochemical study. Additionally, it has been used for sensing ascorbic acid, dopamine, 

and NADH biomolecules. 

 

Figure 2.10  Flow chart of research strategy. 
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