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2.1. Characterization techniques 

The synthesized materials in our work were extensively characterized via the use of a wide 

range of experimental methods, yielding deep insights into their structural, chemical, thermal, 

and electrochemical characteristics. Fourier transform infrared spectroscopy (FTIR), which 

analyzed the infrared spectra to identify functional groups and chemical bonding within the 

material, were used to examine the optical and structural properties. X-ray diffraction (XRD), 

which provides details on the phase composition and crystallinity of the produced samples, 

was used to examine the crystallographic structure. Using high-resolution surface images from 

field-emission scanning electron microscopy (FE-SEM), the morphological characteristics and 

surface texture of the catalysts were examined. EDS and elemental mapping were used to 

perform elemental analysis, allowing for a quantitative knowledge of the composition and 

elemental distribution of the material. 

The produced catalysts were characterized electrochemically using 

chronopotentiometry (CP), linear sweep voltammetry (LSV), cyclic voltammetry (CV), and 

electrochemical impedance spectroscopy (EIS) analyses. The OER performance was assessed 

using LSV, which recorded the current density as a function of applied potential. On the other 

hand, CV revealed information about the catalytic activity and redox behavior across a number 

of cycles. A thorough knowledge of the electrode-electrolyte interface and the effectiveness of 

electron transfer during OER was provided by the application of EIS to investigate the charge 

transfer resistance and general kinetics of the catalytic process. For the inspection of stability 

of the electrocatalyst, CP is conducted which is the variation of potential with time at constant 

current density.  
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The synthesized catalysts underwent operando spectro-electrochemical investigation 

in addition to structural and electrochemical characterizations to study the production and 

behavior of active intermediates during the OER. This cutting-edge method makes it possible 

to monitor the catalyst's reaction in real-time while it is operating, giving important information 

about the dynamic processes that take place on the catalyst surface during electrocatalysis. 

Operando approaches give the special benefit of probing the catalyst while the OER is actively 

occurring, so exposing the real intermediates that engage in the reaction mechanism. This is in 

contrast to ex situ methods, which record the condition of the material before or after the 

reaction. 

In order to ensure a comprehensive characterization approach for advanced materials 

research, each of these techniques is covered in detail, offering a solid understanding of their 

principles, applications, and significance in assessing the overall properties and performance 

of the synthesized electrocatalysts. 

2.2. Structural Analysis 

2.2.1. Fourier transform infrared spectroscopy (FT-IR) 

An effective method for obtaining the infrared spectra of solid, liquid, or gaseous materials in 

either the emission or absorption modes is fourier transform infrared spectroscopy (FT-IR). A 

material's spectrum may be measured between 4000 to 400 cm⁻¹, which allows for the 

identification of the different functional groups that are present in the sample. The fundamental 

idea behind FT-IR is the use of the fourier transform, a mathematical approach, to change the 

interferogram raw data into the real spectrum.  
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Functional groups in molecules function as dipoles in FT-IR, corresponding to certain 

vibrational energies. The material preferentially absorbs wavelengths with energies that 

coincide with the vibrational frequencies of the molecular bonds when it is subjected to infrared 

light in the 4000-400 cm⁻¹ range. The remaining frequencies are then sent as a consequence. 

Every functional group has a different vibrational energy that is attributed to its specific atomic 

arrangement and binding strength. This energy is dependent on the bond's spring constant (k) 

and the reduced mass (μ) of the bound atoms. For every functional group and subcategory of 

functional groups, these characteristics produce distinct vibrational modes. Moreover, FT-IR 

is beneficial for evaluating nanomaterials, since functional groups bound to the surface of 

nanomaterials generally create different spectrum patterns compared to free functional groups. 

Because of this, FT-IR is a helpful technique for examining the surface chemistry of 

nanoparticles. Using the Thermo Scientific Nicolet 6700 FT-IR spectrometer (Figure 2.1 (a)), 

which operates in the 450–4000 cm⁻1 spectral region, we examined the surface chemistry and 

functional groups of the produced materials in this work.  
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Figure 2.1 (a) Image of FT-IR spectrometer, (b) Michelson interferometer's operating 

principle. 

FT-IR spectroscopy differs from conventional dispersive infrared spectroscopy in that 

it relies heavily on the Michelson interferometer (Figure 2.1 (b)). Monochromatic light is 

progressively focused onto the sample throughout a range of infrared wavelengths in dispersive 

infrared spectroscopy. On the other hand, non-dispersive FT-IR uses an interferometer to 

concurrently expose the sample to many IR frequencies; post-processing is then used to 

examine the transmitted light. When compared to traditional dispersive approaches, this 

methodology yields spectral data quicker and with higher accuracy. 

2.2.2. X-Ray diffraction patterns (XRD) 

A potent analytical method for learning in-depth details about the molecular arrangement and 

crystalline structure of both natural and artificial materials is X-ray diffraction (XRD). The 

method creates unique XRD patterns by using the constructive interference of monochromatic 
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X-rays with a crystalline substance. Strong monochromatic X-rays that are applied to a sample 

cause the crystal lattice to interact with the rays (Figure 2.2 (b)) in accordance with Bragg's 

Law, that can be written as nλ = 2d sin θ. Where, d is the lattice spacing, diffraction angle is θ, 

and X-ray wavelength is λ. At certain angles, constructive interference produces diffracted 

beams. 

The sample is scanned across a span of 2θ angles in order to get a full set of diffraction 

data, which enables the identification of different lattice planes. Upon being analyzed by 

detectors, the diffracted X-rays create a sequence of diffraction peaks that are unique to each 

material and correspond to certain d-spacings. A determination of the phase and 

crystallographic structure of the material may be made by comparing these diffraction patterns 

with reference standards. Using a Rigaku Miniflex 600 X-ray Diffractometer (Figure 2.2 (a)) 

with Cu-Kα radiation (𝜆 = 1.5405), the materials were examined for this investigation. 

 

Figure 2.2 (a) Image of Rigaku Miniflex 600 diffractometer, (b) schematic illustration of X-

ray beam diffraction through a crystalline material. 
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For the purpose of determining the quasi-lattice parameters, the diffractometer was 

calibrated using silicon powder, and single-crystal silicon was used as a reference to guarantee 

accurate 2θ observations. Using a step size of 3o/min, XRD data were collected throughout a 

2θ range of 10 – 80o, with changes made as needed. 

2.3. Morphological Analysis 

2.3.1. Field-Emission Scanning Electron Microscopy (FE-SEM) 

Compared to traditional scanning electron microscopy (SEM), field-emission scanning 

electron microscopy (FE-SEM) offers a wider energy range and a greater resolution, making it 

an effective method for obtaining comprehensive details on the structure and surface 

morphology of materials. A concentrated electron beam is employed in both FE-SEM and SEM 

to examine a sample's surface, however, the electron source is where the main distinction 

between the two is found. A field emission gun (FEG) on the FE-SEM produces a highly 

concentrated electron beam at both high and low energies. This property makes it possible for 

FE-SEM to attain noticeably better spatial resolution, which is essential for closely examining 

minute surface details.  

The FE-SEM's capability to function at very low accelerating voltages, between 0.02 

to 5.0 kV, is one of its primary benefits. This function helps to lessen the charging effects that 

may otherwise cause sample damage, which is especially helpful when evaluating non-

conductive or sensitive specimens [1]. Because of this, FE-SEM is particularly helpful for 

researching materials that could be susceptible to high-energy electron beams, such as 

polymers and biological samples. The use of an in-lens detector, which enables the device to 
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take high-resolution pictures even at low accelerating voltages, is another unique characteristic 

of FE-SEM (Figure 2.3 (b)). The closer the in-lens detector is to the sample, the more 

efficiently signals are collected, improving the quality and clarity of the picture. Because of 

this, FE-SEM is a very useful technique for fields like semiconductor research, materials 

science, and nanotechnology that need precise surface imaging.  

We used the FEI NOVA NANO SEM 450 model, a cutting-edge FE-SEM made in the 

USA, for our investigation. This device (Figure 2.3 (a)) allowed us to closely inspect the 

surface characteristics of our samples, guaranteeing that even the smallest structural details 

were properly recorded and examined. 

 

Figure 2.3 (a) Image of FE-SEM instrument, (b) components of the instrument [2]. 
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2.3.2. High-Resolution Transmission Electron Microscopy (HR-TEM) 

The highly advanced method known as transmission electron microscopy (TEM) makes it 

possible to see the internal structure of materials in great detail and at very high resolutions. In 

a transmission electron microscope (TEM), an ultra-thin specimen is passed through by a high-

energy electron beam that interacts with the material it passes through. An image is created as 

a consequence of this interaction and is subsequently concentrated and enlarged onto an 

imaging device, which might be a digital sensor, a fluorescent screen, or a layer of photographic 

film. 

The main benefit of TEM is that it uses electrons that have a shorter de Broglie 

wavelength than visible light, which makes imaging with much better resolution feasible than 

with traditional optical microscopes. Because of this, TEM may show very fine structural 

features that are much beyond the capability of even the most sophisticated optical 

microscopes, often on the atomic or sub-nanometer scale. The electrons are dispersed 

differently as they go through the specimen based on changes in the material's composition, 

thickness, or density. The resultant picture has contrast due to these variations in electron 

absorption, which offers a close-up look at interior structures. Understanding the complex 

interior architecture of specimens is essential in disciplines like materials science, biology, and 

nanotechnology, where TEM's capacity to detect minute differences in a sample's internal 

composition makes it an invaluable tool. 

The interior structure of specimens is examined using TEM (Figure 2.4 (a)), that 

utilizes a high-energy electron beam which is accelerated by a high-voltage source. The 

electron beam passes via a vacuum chamber within the microscope and is produced by an 
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electron cannon that is mounted at the apex of the TEM column (Figure 2.4 (b)). This vacuum 

environment is essential because it keeps the electrons from interacting with the molecules of 

air, giving the electron beam an unobstructed route. The electron beam is focused into a narrow, 

very concentrated stream within the TEM by a number of condenser lenses. These lenses are 

crucial for regulating the diameter and thickness of the beam, which enables accurate electron 

concentration modification to maximize imaging efficiency. The electrons in this concentrated 

beam interact with an incredibly thin material as they go through or scatter off of it. 

 

Figure 2.4 (a) HR-TEM instrument, (b) schematic diagram illustrating the components of 

a TEM microscope [3]. 
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The electrons that continue ahead after exiting the material either hit a fluorescent 

screen or are picked up by a digital detector that is placed at the base of the microscope column 

[4]. differences in electron density are caused by the electrons' interactions with various 

specimen components, and these differences are converted into contrast on the imaging screen. 

Because less dense parts allow more electrons to flow through and look lighter, while denser 

portions appear darker owing to more electron absorption, this contrast exposes precise details 

of the sample's internal structure. 

2.3.3. Selected Area Electron Diffraction Patterns (SAED) 

With a transmission electron microscope (TEM), diffraction patterns from a specific area of a 

material are collected to create Selected Area Electron Diffraction (SAED) patterns. These 

patterns provide important insights on the phase, orientation, and crystallographic structure of 

materials at the nanoscale. In SAED, an aperture is employed to select a tiny, precise section 

of the sample, and the crystalline region inside this area is interacting with a focused electron 

beam. The periodic arrangement of atoms in the crystal scatters the electrons, projecting a 

diffraction pattern onto a digital detector or a fluorescent screen. The resultant pattern is made 

up of rings or spots that match the sample's crystallographic planes. 

SAED patterns often take the form of distinct spots for single-crystal or well-aligned 

crystalline materials, where each spot denotes a distinct collection of crystallographic planes. 

The atomic plane spacing and the distance between these spots are connected, and the 

symmetry of the pattern may provide information about the crystal structure (e.g., cubic, 

hexagonal, tetragonal). We can ascertain the crystal structure of the sample and the lattice 

parameters by examining the location and intensity of the spots. Conversely, SAED patterns 
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that resemble concentric rings are produced by rocks that are polycrystalline or nanocrystalline. 

Every ring represents the average orientation of several randomly oriented tiny crystals and 

corresponds to a particular family of planes. The phase of the material may be determined by 

computing the d-spacing of these planes using the radii of the rings. 

Amorphous materials' SAED patterns are quite different from crystalline materials' 

SAED patterns. Amorphous materials lack this long-range organization, while crystalline 

solids' periodic atomic arrangement results in well-defined patches or rings. Because of this, 

an amorphous material's SAED pattern usually takes the form of a wide, concentric ring or 

diffuse halo rather than sharp spots or clearly defined rings. This diffuse pattern represents the 

random dispersion of atoms in the amorphous phase, in which long-range atomic organization 

is not regular. A common cause of the wide halo is short-range order, in which atoms may be 

locally arranged into tiny clusters but lack a repeating pattern that spans more than a few atomic 

distances. The average interatomic distances inside the amorphous material may be inferred 

from the location and intensity of this diffuse ring. 

In materials analysis, these SAED patterns are useful for differentiating amorphous 

phases from crystalline or polycrystalline phases. Materials with a lack of crystalline structure, 

glasses, and certain polymers are examples of materials that often exhibit amorphous SAED 

patterns. 
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2.4. Elemental Analysis 

2.4.1. Energy dispersive X-ray Spectroscopy (EDS) 

When figuring out a specimen's elemental composition, Energy Dispersive X-ray Spectroscopy 

(EDS) is a useful supplementary method that offers both qualitative and quantitative 

examination. When used in conjunction with scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) systems, EDS enables the identification of the 

elements contained in the sample as well as their relative abundances. Through the process, an 

EDS spectrum is produced, in which the X-ray energy released by the specimen upon 

interaction with the electron beam are represented by distinctive peaks for each element. Each 

element's concentration is indicated by the strength of these peaks. 

EDS is especially helpful for surface examination and the investigation of thin layers 

or coatings since it can analyze the bulk concentration of elements at a short depth, usually 

between 50 and 100 nm. Because of such capabilities, EDS is a vital technique for material 

characterization, providing precise elemental information to supplement the structural data 

from TEM and SEM. 

2.4.2. Elemental mapping 

Elemental mapping is a potent analytical method for analyzing the spatial distribution of 

elements inside a material. It is carried out by combining energy dispersive X-ray spectroscopy 

(EDS) with scanning electron microscopy (SEM) or transmission electron microscopy (TEM). 

Using this method, we may learn more about the compositional arrangement of constituents 
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inside or on the surface of a specimen, leading to a more thorough comprehension of its 

chemical and microstructural characteristics. 

The electron beam interacts with the material in SEM or TEM-based elemental 

mapping, resulting in the production of distinctive X-rays that are specific to each element that 

is present. These X-rays could be detected by the EDS detector, which then produces a 

spectrum that allows the elements to be identified by their distinctive energy peaks. EDS 

gathers data point-by-point by methodically scanning the electron beam over the specimen. 

This results in a comprehensive map that indicates the relative concentrations of various 

elements inside the sample as well as their locations. When examining materials with intricate 

compositions, such as alloys, ceramics, or biological tissues, elemental mapping is very 

helpful. This makes it possible to see phase borders, and to see how dopants or impurities are 

distributed, and chemical gradients. For understanding the characteristics of thin films, 

nanoparticles, and other nanoscale materials requires a knowledge of elemental distribution at 

the nanoscale. 

Overall, EDS allows for elemental mapping, which visually displays the spatial 

distribution of individual elements across the sample, offering insights into the compositional 

variations. 

2.5. Electrochemical Analysis 

An overview of the essential elements and functions of an electrochemical workstation is given 

in this section. We used the USA made CHI-608C electrochemical analyzer/workstation 

(Figure 2.5 (a)) for all electrochemical measurements in the investigation. Numerous 

electrochemical procedures, such as Open Circuit Potential (OCP), Electrochemical 
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Impedance Spectroscopy (EIS), Linear Sweep Voltammetry (LSV), Cyclic Voltammetry (CV) 

measurements, and Tafel analysis, can be carried out with this sophisticated instrument. 

The CHI 608C is a potentiostat, which compute the current that passes between the 

working and counter electrodes and is intended to accurately adjust the potential difference 

between the working and reference electrodes. In this configuration, the measured response is 

the resultant cell current, and the applied cell potential is the controlled variable. This makes it 

possible to precisely characterize the system's electrochemical processes and characteristics. 

A working electrode, a counter electrode, and a reference electrode comprise the three-

electrode configuration used in an electrochemical cell for all experiments (Figure 2.5 (b)). 

The electrochemical processes of interest occur at the working electrode, current flows via the 

counter electrode to complete the circuit, and the reference electrode supplies a stable potential, 

which is used to determine the potential of the working electrode. This configuration is perfect 

for researching redox reactions, energy storage devices, and material characterization because 

it allows precise monitoring and control of electrochemical processes.  
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Figure 2.5 (a) CHI 608C electrochemical workstation, (b) electrochemical cell representation 

with a three-electrode setup [5]. 

2.5.1. Open-circuit potential (OCP) 

The open-circuit potential (OCP) of an electrode refers to the potential at which there is a 

complete absence of net current flow between the electrode and its environment. A high-input-

impedance voltmeter is usually used to measure this potential between the working electrode 

and a reference electrode, making sure that no external current is pulled from the working 

electrode during measurement. The cathodic (reduction) and anodic (oxidation) processes on 

the electrode surface are balanced at the OCP, which means that the rate of electron transport 

for each process is the same. Because of the exact offset between the opposing reactions, this 

equilibrium produces no net flow of current. In a system where a redox couple is present and 

other electroactive species do not substantially contribute to the current, the OCP is equal to 

the equilibrium potential for that particular redox couple as determined by the Nernst equation. 
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In these circumstances, the OCP is regarded as "well poised," which denotes that it 

maintains its stability throughout time and is resistant to little changes in the solution's 

conditions or composition. Because it represents the system's intrinsic electrochemical balance, 

its stability is essential for precise electrochemical investigation. Before adding any external 

potentials for further electrochemical operations, monitoring the OCP offers information about 

the redox behavior of the electrode material, its interactions with the electrolyte, and the 

stability of the system [6]. 

2.5.2. Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a widely used electrochemical technique for investigating the 

redox properties of materials. It is especially useful for assessing how chemicals behave 

electrochemically, giving information on how they oxidize and reduce. In CV, a working 

electrode's potential is adjusted linearly over time at a regulated scan rate, and the current that 

results are then measured. The reason the method is called "cyclic" is because the potential is 

swept forward to a predefined value and then backward to the starting value, creating a cycle. 

As a consequence, a distinctive cyclic waveform of potential against time is produced, and a 

cyclic voltammogram is produced when the current is plotted against potential.  
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Figure 2.6 (a) depicts a typical cyclic voltammogram, with two distinct peaks: an 

oxidation peak in the upper half of the positive current zone and a reduction peak in the bottom 

half of the negative current region. The potential at which a material loses electrons is 

represented by the oxidation peak, while the potential at which a material gets electrons is 

represented by the reduction peak. Significant details on the redox processes, including the 

stability of the electroactive species, the reversibility of the reactions, and the kinetics of 

electron transfer, may be learned from the locations and forms of these peaks. 

 

Figure 2.6 (a) Typical Cyclic Voltammogram [7], (b) CV in non-faradaic region [8]. 

Cyclic Voltammetry (CV) is frequently employed to evaluate the stability of the 

catalysts. The stability of OER electrocatalysts is a vital factor, reflecting the ability of a 

material to sustain its catalytic efficiency during repeated redox cycles. In this context, CV 

entails the systematic cycling of the working electrode's potential within a specified range that 
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encompasses the onset potential for the OER, all while meticulously documenting the resulting 

current. 

Important signs of stability from CV data are the maintenance of peak current values, 

slight variations in the onset potential of the OER, and uniform electrochemical behavior across 

multiple scans. If a catalyst is prone to degradation, the CV curves may show a decrease in 

current with each cycle, a shift in the oxidation potential, or changes in peak shapes, which 

could indicate a loss of active sites or structural changes in the catalyst material.  

CV conducted in the non-Faradaic region concentrates on potential ranges where no 

significant redox reactions occur. Instead of electron transfer reactions, the observed current in 

this region arises primarily from electrostatic processes, such as the charge and discharging of 

the electrical double layer at the electrode-electrolyte interface. In this region, when the 

potential of the working electrode is modified, the current is predominant due to the 

accumulation or depletion of charge at the electrode surface, without any electron transfer 

between the electrode and the species in the solution. The resultant current is often referred to 

as capacitive or double-layer charging current, as it is analogous to the charging of a capacitor.  

The non-Faradaic region is essential in comprehending the double-layer capacitance of 

an electrode, which can yield insights into the surface area and porosity of the material, as well 

as the character of the electrode-electrolyte interface. For example, a higher capacitive current 

suggests a larger effective surface area, which is often desirable in applications like 

supercapacitors or for catalysts where a higher surface area can provide more active sites for 

reactions.  
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In a CV plot, the non-Faradaic region is typically characterized by a nearly rectangular 

or linear current response without distinct peaks (Figure 2.6 (b)), reflecting the absence of 

specific redox processes. This region is often observed before the advent of oxidation or 

reduction peaks, where the applied potential has not yet reached the range necessary to induce 

a redox reaction. By investigating the CV response in the non-Faradaic region, we can evaluate 

the intrinsic capacitive behavior of the material, providing baseline data for comparison when 

studying Faradaic. 

2.5.3. Linear Sweep Voltammetry (LSV) 

Linear Sweep Voltammetry (LSV) is an electrochemical method that may be viewed as a single 

directional sweep of a potential, representing half of a standard CV cycle. Unlike CV, which 

scans the potential back and forth, LSV includes applying a linearly variable potential between 

the working and reference electrode, moving from a defined lower potential limit to a higher 

potential limit at a fixed scan rate, and measuring the resultant current. As the potential rises, 

the current response is watched, and depending on the material’s redox behavior and the 

selected potential range, either an oxidation peak or a reduction peak is recorded. 

LSV is especially beneficial for understanding electrochemical processes such as the 

HER, OER, and ORR. For each of these reactions, LSV enables us to identify critical 

characteristics including onset potential (the potential where the reaction starts), current 

density, and the overall effectiveness of the electrocatalyst in driving the reaction. By 

concentrating on a single direction of potential change, LSV gives extensive information about 

the kinetics of electron transfer processes and the catalytic activity of materials under the 
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applied circumstances. This makes it a vital tool for improving catalysts for energy conversion 

applications, such as in fuel cells, electrolyzers, and batteries. 

2.5.4. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a flexible and well-established method for 

studying the complicated behaviors of electrochemical systems. It gives vital insights into the 

interfacial characteristics and dynamic processes that occur at the electrode-electrolyte contact. 

In EIS, an alternating current (AC) signal is delivered across an electrochemical cell, and the 

resultant impedance is evaluated across a large frequency range, generally from 105 Hz to 0.01 

Hz. The results acquired from this test are commonly depicted visually using a Nyquist plot, 

as seen in Figure 2.7. 

In a Nyquist plot, the real component of the impedance (Zreal) is displayed on the x-

axis, while the imaginary component (Zimag) is represented on the y-axis. This sort of graphic 

gives a visual depiction of numerous electrochemical processes happening at different 

frequency ranges. At higher frequencies, the Nyquist plot often displays a semicircular form, 

which is suggestive of charge transfer resistance (Rct) paired with the uncompensated solution 

resistance (Rs). The Rct refers to the resistance encountered during the electron transfer process 

at the electrode surface, representing the kinetics of electrochemical processes such as 

oxidation and reduction. The semicircle's diameter is directly connected to Rct, with a bigger 

semicircle suggesting stronger resistance to charge transfer. 

 



Chapter 2 

 
 

 

Department of Chemistry, IIT (BHU)  67 

 
 

 

Figure 2.7 Nyquist plot and its equivalent circuit [9]. 

At lower frequencies, the Nyquist plot generally exhibits a linear zone, which 

corresponds to the diffusion-controlled processes in the system. This linear part, known as the 

Warburg impedance (W), indicates the resistance associated with the mass transit or diffusion 

of ions within the electrolyte. The slope of this linear component gives insights into the 

efficiency of mass transfer, where a steeper slope signifies a stronger barrier to ion diffusion. 

Together, the semicircle and the linear area offer a full perspective of both charge transfer 

kinetics and mass transport mechanisms inside the electrochemical system. 

In addition to the Nyquist plot, EIS data may also be depicted using Bode charts, which 

give a supplementary viewpoint. A Bode plot illustrates the impedance magnitude and phase 

angle as functions of the logarithm of frequency. The impedance magnitude plot offers 

information on how the total impedance varies over the frequency range, while the phase angle 

plot illustrates the phase shift between the applied AC signal and the response. The Bode figure 

is especially helpful for differentiating distinct time constants in the system, since peaks in the 

phase angle indicate frequencies where capacitive or resistive processes dominate. For 
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example, a peak in the phase angle at a given frequency may coincide with the semicircular 

area in the Nyquist plot, revealing the frequency at which charge transfer resistance is most 

noticeable. Meanwhile, the slope of the magnitude plot at low frequencies might correspond 

with the Warburg area of the Nyquist plot, demonstrating the effect of diffusion processes. 

Together, the Nyquist and Bode plots give a thorough insight of the electrochemical 

system's impedance characteristics, permitting extensive investigation of resistance, 

capacitance, and mass transfer processes at the electrode-electrolyte interface. 

2.5.5. Chronopotentiometry (CP) 

Chronopotentiometry is an electrochemical method in which a constant current is supplied to 

the working electrode during a given time period, while the resultant potential is continually 

measured as a function of time. Unlike approaches that alter the potential, chronopotentiometry 

focuses on examining how the electrode potential varies in response to a continuous current, 

offering insights into the behavior of the electrochemical system under regulated 

circumstances. 

Chronopotentiometry is an excellent approach for testing the stability of 

electrochemical materials. For a stable material, the potential will stay largely constant or 

fluctuate gradually over time, showing that the material retains its structural integrity and active 

sites without considerable degradation. However, if the potential increases rapidly or displays 

abrupt variations, it may suggest deterioration of the electrode material, loss of active sites, or 

passivation of the surface. This instability might be due to corrosion, disintegration of the 

substance, or buildup of reaction intermediates that inhibit the process.  
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In the context of catalytic applications, chronopotentiometry may indicate the long-

term durability of the catalyst under operating circumstances. For example, an increasing 

potential over time during OER may suggest that the catalyst is becoming less effective, 

needing greater overpotentials to maintain the same current owing to surface degradation or 

loss of catalytic activity. 

2.6. Operando Spectro-electrochemical Analysis 

Operando spectro-electrochemical analysis has evolved as a potent tool for analyzing the OER 

in real-time under operational conditions. This technology merges spectroscopic techniques 

with electrochemical measurements, enabling us to immediately see changes in the chemical 

composition, oxidation state, and structural dynamics of electrocatalyst materials as they are 

actively involved in the OER process. By providing a simultaneous view of both the 

electrochemical behavior and the corresponding spectroscopic signals, operando spectro-

electrochemistry enables a deeper understanding of the mechanisms that govern the OER, 

including insights into intermediate species, catalytic pathways, and structural transformations. 

In the context of OER, operando analysis may be conducted using several 

spectroscopic techniques such as Raman spectroscopy, X-ray absorption spectroscopy (XAS), 

infrared (IR) spectroscopy, or UV-Vis spectroscopy. For example, XAS may be used to monitor 

changes in the oxidation states of metal centers in transition metal oxides or hydroxides, which 

are frequent OER catalysts. Raman spectroscopy, on the other hand, may offer information 

regarding structural changes in catalyst materials, such as the formation of active oxyhydroxide 

species under applied potentials. The ability to see these changes in real-time is especially 

significant for OER investigations since the reaction includes the production and 
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transformation of intermediary species that might be short-lived and tough to identify using 

standard ex situ approaches. Operando spectro-electrochemical analysis allows for the 

identification of these intermediates and the investigation of their involvement in the catalytic 

cycle, offering insights into the genesis of catalytic activity and stability. 

Additionally, operando analysis may be utilized to monitor catalyst degradation 

processes over time, demonstrating how the structure and composition of the active material 

vary during continuous operation. This is vital for building more durable and efficient catalysts 

for practical applications in water splitting and renewable energy technologies. 

2.6.1. Operando UV-Vis Spectro-electrochemical Analysis 

Operando spectro-electrochemical investigations had been done utilizing the Ocean Optics 

FLAME-T-XR1-ES assembly, which works across a wavelength range of 200 nm to 1025 nm. 

UV-Vis spectroscopy is a well-established method for examining the reaction kinetics of 

catalysts and  their optical properties, especially those which are either homogenous or display 

molecular heterogeneity [10]. When UV-Vis spectroscopy is linked with electrochemical 

measurements, it is referred to as UV-Vis spectro-electrochemistry (SEC) [11–14]. In the 

context of UV-Vis SEC, the changes in oxidation states and concentrations of catalysts may be 

successfully observed by evaluating their characteristic absorption spectra. These spectrum 

shifts may be measured using the Lambert-Beer law, stated in the following Equation 2.1: 

𝐴 = ∈× 𝑙 × 𝑐                       (2.1) 

Where, A indicates the absorbance, ϵ is the molar extinction coefficient (M−1 cm−1), 𝑙 

specifies the path length of the medium (in cm), and c is the molar concentration (in M). 
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In the UV-Vis SEC setup, absorbance is measured while concurrently measuring the 

current passing via the electrochemical circuit. This dual measurement allows for the 

connection of current responses with optical data, offering a thorough knowledge of the link 

between the applied potential, electrolyte conditions, and reaction kinetics. While UV-Vis SEC 

has generally been used to molecular systems, its value extends to electrode materials as well 

[15–17]. To explore particular redox processes, whether oxidation or reduction, UV-Vis SEC 

is commonly done inside a three-electrode cell arrangement [18]. This design provides fine 

control over the electrochemical environment while acquiring spectroscopic data. 

In the instance of the OER, the formation of numerous intermediates is delicately 

represented in the spectro-electrochemical data. OER happens by a series of one-electron 

transfer processes, starting with the generation of hydroxyl radicals (–OH–) and moving 

through a cascade of intermediates, including peroxo (–OOH–) and superoxo (–O²–, –OO²–) 

species. By collecting these intermediate forms in real time, operando UV-Vis SEC gives 

substantial insights into the molecular routes of OER, enabling for a better understanding of 

catalyst performance and stability under operating settings. This detailed research is crucial for 

optimizing catalysts for energy conversion applications, such as in water splitting and other 

renewable energy technologies. 
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