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    Catalysis is one of the basic fundamental as well as thrust research areas of chemical sciences which fascinate a wide range of academicians, researchers, chemical technologists and industries throughout the world. The field of catalysis is interdisciplinary by its nature and includes organic synthesis, coordination and organometallic chemistry, kinetics and mechanism, stereochemical concepts and material science, all at its very heart. In the past few decades, the commercially valuable products obtained via the diverse catalysts and catalytic processes have been gaining unprecedented prominence, which could be evidenced by increasingly large numbers of publications and patents. Innumerable organic, inorganic and biochemical reactions are facilitated by catalysis, and thus, it plays a crucial role in chemical sciences. The global catalyst market shows about 90% of all commercially produced bulk and fine chemicals, biochemical, synthetic and medicinal products involving homogeneous or heterogeneous catalysis at some stage in the chemical or biochemical process of their manufacture. In recent years, there has been tremendous growth in various types of subfields in catalysis, e.g., nanocatalysis, asymmetric or chiral catalysis, industrial catalysis, organocatalysis, photocatalysis, electrochemical catalysis, enzyme and biocatalysis, tandem catalysis, autocatalysis, induced catalysis and environmental catalysis. The quantitative requirement of the catalyst in a chemical process, from the stoichiometric amount to the catalytic amount and potential to change the equilibrium, excites the researcher to dream about a perpetual motion machine, a contradiction to the law of thermodynamics. Stereospecific catalysts not only accelerate the reaction rates but it also controls the absolute configuration of product, therefore, a deep insight into the kinetics and mechanism of catalysis is vital to get desired product conversion rates, turnover number, and frequency of the catalytic reaction processes. Therefore, catalysis development and understanding are crucial not only to the academics or basic microscopic level but to the industrial, technology or macroscopic level.




    This book involves the most distinctive characteristics inclusive of catalysis and highlights many important topics and subfields/subdisciplines. The novel design, synthesis, development, reducing energy consumption and side products, atom economy and green chemistry approach of catalysis definitely would play a vital role in the diverse strategies for catalytic reactions.




    We hope this book will serve as an excellent reference book for graduate students and researchers at all levels in both academic and industrial laboratories.
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      Abstract




      In this chapter, we have briefly studied electrocatalysis. Electrocatalysis plays an important role in many synthetic procedures, such as biodiesel production, CO2 reduction, O2 evolution reaction, etc. Numerous electrocatalytic kinetic characteristics are discussed to fairly assess the efficiency of electrocatalysts, including overpotential (η), exchange current density (i0) and Tafel slope (b). These variables are essential and provide valuable insight into the electrochemical reaction's process. Due to this, herein, we give a brief overview of these kinetic characteristics along with a review of different electrocatalysts for various reactions.
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      INTRODUCTION




      The electrocatalysis process is a combination of catalysis and electrochemistry, where catalysis quickens a chemical reaction, while electrochemistry interconverts electrical and chemical energy. Electrocatalysis is a unique type of heterogeneous catalysis that involves interaction and electron exchange between reactants and an electrocatalyst, which is frequently the electrode or a component of the electrode since it achieves chemical transformation at an electrode surface [1]. In an overall electrocatalytic process, cathodic and anodic processes take place in two compartments that are partitioned by a membrane to prevent the mixing of the cathodic and anodic reaction products, as illustrated in Fig. (1). During this process, an external power source drives a non-spontaneous electron transfer reaction, converting the electrical energy into the chemical energy of the reaction products. Electrodes with electron-conducting phases that are joined by an ion-conducting phase make up the cathodic and anodic parts of the process (electrolyte medium).




      
[image: ]


Fig. (1))


      Illustration of a conventional electrocatalytic system [2].



      Electrocatalysts in nature comprise the hydrogenases that catalyse 2H+ + 2e− [image: ] H2, and CO- dehydrogenases, which catalyse 2H+ + 2e− + CO2 [image: ] CO + H2O. Similar to this, nitrogenases use ATP to break down N2 and protons into two equivalents of NH3 and various amounts of H2. These fuel-forming reactions go forward swiftly, even when the enzymes function close to the equilibrium redox potentials of their separate processes. We aim to imitate the enzyme's high activity and energy efficiency when creating artificial homogeneous and heterogeneous catalysts. Although several of the most active electrocatalysts feature precious metals, the past decades have seen many researchers take up the challenge of developing comparably superior base metal catalysts, which, in addition to being more sustainable and economically producible, may be less susceptible to CO poisoning [3].




      The activation energy in electrochemical processes is related to the potential, i.e., voltage, at which a reaction occurs. Thus, electrocatalysts frequently change the potential at which oxidation and reduction processes are observed [4]. Alternatively, an electrocatalyst can be thought of as an agent that facilitates a specific chemical interaction at an electrode surface [5]. Given that electrochemical reactions occur when electrons are passed from one chemical species to another, favourable interactions at an electrode surface increase the likelihood of electrochemical transformations occurring, thus reducing the potential required to achieve these transformations [6].




      Electrocatalysts can be evaluated according to three figures of merit: activity, stability and selectivity. The activity of electrocatalysts can be assessed quantitatively by understanding how much current density is generated and, therefore, how fast a reaction is taking place for a given applied potential. This relationship is described with the Tafel equation [4]. In assessing the stability of electrocatalysts, the ability of catalysts to withstand the potentials at which transformations are occurring is crucial. The selectivity of electrocatalysts refers to their preferential interaction with particular substrates and their generation of a single product [4]. Selectivity can be quantitatively assessed through a selectivity coefficient, which compares the response of the material to the desired analyte or substrate with the response to other interferents [7].




      High activation barriers can be a problem in many electrochemical systems, including galvanic cells, fuel cells and several types of electrolytic cells. Heat is produced from the energy that was diverted to go beyond these activation barriers. This heat would typically only catalyse the reaction in most exothermic combustion reactions. This heat is a waste by-product that is lost to the system in a redox process. Low faradaic efficiency and high over-potentials are typical descriptions of the additional energy needed to overcome kinetic barriers. Each of the two electrodes in these devices as well as the corresponding half-cell, would need a unique, specialised electrocatalyst [8].




      There are frequently significant kinetic barriers in half-reactions that include many steps, multiple electron transfers, and the evolution or consumption of gases in the course of their total chemical transformations. Moreover, there are frequently multiple possible reactions at an electrode's surface. For instance, the anode can oxidise water through a two-electrons-or-more process to hydrogen peroxide or a four-electron process to oxygen during the electrolysis of water. Either of the chemical pathways might be aided by the presence of an electrocatalyst.


    




    

      Electrocatalytic Kinetics




      An electrocatalyst is a catalyst that speeds up electrochemical reactions (charge-transfer reactions like Eqn (1)). It has two options: it can modify the electrode's surface or serve as the electrode itself. In general, the electrocatalyst's primary function is to help the electrode and reactant for transferring charges by adsorbing the reactant on its surface to create the adsorbed intermediate. Numerous electrocatalytic kinetic characteristics are used to fairly assess the efficiency of electrocatalysts, including overpotential (η), exchange current density (i0) and Tafel slope (b). These variables are essential and can provide valuable insight into the electrochemical reaction's process. Due to this, we give a brief overview of these kinetic characteristics in the following subsections before reviewing different electrocatalysts for OER.
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      Overpotential (η): One of the most crucial metrics for assessing the effectiveness of target electrocatalysts is overpotential (η). The applied potential for a particular reaction should, in a perfect world, be equal to the potential of the reaction at equilibrium. In practice, it is not necessarily true that the applied potential must be significantly higher than the equilibrium potential in order to get over the reaction electrode kinetic barrier. According to the Nernst equation, [9] the applied potential can be expressed as Eqn (2), where E is the applied potential and E0 is the formal potential of the overall reaction. T denotes absolute temperature, R is the universal gas constant, F is the Faraday constant, n is the number of transferred electrons in the reaction, and CO and CR are the concentrations of oxidized and reduced reagents, respectively. The overpotential (η), as illustrated in Eqn (3), is a difference between the applied potential (E) and potential under equilibrium conditions (Eeq). Remarkably, a lower over-potential (η) of an electrocatalyst in the system denotes its higher electrocatalytic activity for the target reaction. The over-potential (η) is a value that must be provided to produce a specific current density. It is important to note that various current densities will correspond to various over-potential (η) values. It is important to state the current density of the reported over-potential (η).
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          	(2)
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          	(3)

        


      




      Exchange Current Density (i0): Another important indicator for electrocatalytic kinetics is the exchange current density (i0). For a given reaction in Eqn (1), the overall current (j) is the sum of anodic (ja) and cathodic (jc) currents (Eqn (4)), and the contributions from each anode and cathode ends are shown in Eqn (5) and (6), respectively. ka and αa represent the rate constant of the anodic-half reaction and anodic transfer coefficient, respectively. kc and αc have the same meaning in the cathodic-half reaction.
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          	(4)
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          	(5)
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          	(6)

        


      




      At equilibrium (η = 0; E = Eeq) conditions, the anodic (ja) and cathodic (jc) currents are equal to each other, which results in a zero total net current Fig. (2a). Exchange current (j0), which is measured by the size of the intercepts at η = 0, is often calculated by dividing it by the electrode's area (A), which results in exchange current density (Eqn (7)).
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          	(7)

        


      




      The value of exchange current density (i0) reflects the intrinsic bonding/charge-transferring interactions between the electrocatalyst and reactant. A good electrocatalyst for the desired reaction is typically indicated by a high exchange current density (i0). This assertion has been supported by the fact that platinum (Pt) shows an extremely high exchange current density in HER systems among various precious metals such as gold (Au), rhodium (Rh) and iridium (Ir), which accounts for its excellent electrocatalytic ability in HER. Although the exchange current density (i0) is a useful method for assessing a catalyst's capacity for electrocatalysis, it is extremely difficult to directly find the exchange current density (i0) since we can only obtain overall current density (i) from the experiment (i = 0 when ia = jc = j0). The Tafel equation can still be used to determine the exchange current density.




      Tafel Equation and Tafel Slope (b): For practical purposes, one is required to apply a high overpotential (η) in order to have a significant magnitude of current density (i). In general, it is preferred to have a smaller overpotential (η) and a quicker increase in the related current density (i). The current density (i) and the applied overpotential can be described according to the well-known Butler–Volmer equation (Eqn (8)) [10].
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      From the Butler–Volmer equation, under high anodic overpotential conditions, the overall current is mainly attributed to the anodic end, while the contribution from the cathodic part is negligible. Accordingly, the Butler–Volmer equation can be simplified as Eqn (9), which is also known as the Tafel equation [11, 12].
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          	(9)

        


      




      By translating the Tafel equation to logarithm function form, Eqn (9) can be re-written as Eqn (10), where the exchange current density (i0) and Tafel slope (b) can be calculated accordingly. The Tafel slope (b) can be expressed as Eqn (11), and from this, one can understand that the definition of Tafel slope (b) is “how fast the current increases against overpotential (η)” and its value mostly depends on the transfer coefficient (α).
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          	[image: ]



          	(11)

        


      




      In this regard, a smaller Tafel slope (b), as shown in Fig. (2b), suggests that current density can increase more quickly with a smaller overpotential (η) change, which signals strong electrocatalytic kinetics. Additionally, Tafel slope (b) offers important and informative details about the reaction mechanism, particularly for illuminating the rate-determining phase. Understanding the basic interactions between the electrocatalyst and the reactant can be greatly aided by this. We will further illustrate the significant relationship between the Tafel slope and reaction mechanism in the subsection that follows 2.2, the OER's electron transfer process and mechanism. The electrocatalyst's performance can be evaluated using the aforementioned electrocatalytic parameters that were obtained through experimentation.




      A few electrocatalytic metrics, like the Tafel slope, can even provide precise details about the reaction mechanism. The theory of single and multiple electron reactions is briefly introduced in this subsection, and the relationship between these theories and the Tafel slope is discussed here. 2.2.1 reaction involving one or more electrons. The transfer coefficient (α) in a single-electron transfer process can be recognised as an equation and often corresponds to the symmetry factor (b) Equ (12). Since the overpotential (η) is typically much smaller than the reorganisation energy, the symmetry factor (b) is typically equal to 0.5. If this presumption is correct, then Equation (11) to compute the Tafel slope for a single electron reaction will result in a value of 120 mV dec-1. This suggests that the single-electron transfer step regulates the rate-determining step in the electrochemical system.
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      The issue is substantially more complicated in a variety of electrochemical systems, and these systems frequently involve a series of sequential reaction stages. These processes might either be chemical processes like association or dissociation reactions or electron transfer processes. The transfer coefficient for a multiple-electron reaction, as determined by Bockris and Reddy [13], is represented in eqn (13), where nb is the number of electrons that return to the electrode prior to the rate-determining step and n is the total number of rate-determining steps. The quantity nr of electrons involved in the rate-determining phase. Guidelli et al. [14] have suggested that as it is rare that more than one electron will be transmitted at once, nb must be either 1 or 0. When an electron transfer reaction is a rate-determining step, nb is equal to 1, as opposed to nb being equal to 0 for chemical reactions.
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      Eqn (13) is simple yet very powerful for predicting the rate-determining step. For example, if the first electron transfer reaction is the rate-determining step, the values of both nb and n are equal to 0 while nr and b are 1 and 0.5, respectively. The transfer coefficient is calculated to be 0.5, and the corresponding Tafel slope is 120 mV dec1 (similar to a single electron transfer reaction). If the rate-determining step is the chemical reaction, after a one-electron transfer reaction, the values of nb and n are equal to 1 while the value of nr is 0. Consequently, the transfer coefficient is unity, and the Tafel slope becomes 60 mV dec1. In some systems, such as OER (a four-electron transfer system), if the rate-determining step is the third electron transfer step, n band n is equal to 2 and 1 (nr and b are 0), respectively. This results in a 30 mV dec1 Tafel slope and a transfer coefficient of 2. It is evident from the study above that various Tafel slopes involve various rate-determining processes. The transfer coefficient and the corresponding Tafel slopes in a given system are closely related to the reaction-involved electrons. A reduced Tafel slope indicates that the rate-determining step is at the conclusion of the multiple-electron transfer reaction in a subsequent reaction, which is typically a hallmark of a good electrocatalyst.


    




    

      General Comparisons between Catalysis and Electrocatalysis




      When molecules are transformed as supported metal and metal oxide catalysts, electrocatalysis and heterogeneous catalysis are closely related because they both entail carefully controlled sequences of basic bond-making and breaking activities. There are numerous areas of overlap between the two, such as the materials employed and the accessible mechanisms and reaction routes; there are also clear distinctions [15–18]. Due to advancements in spectroscopy and theory of the gas/solid interface rather than the more complex aqueous/solid interface in electrocatalysis, heterogeneous catalysis has frequently celebrated more thorough insights into reaction processes than electrocatalysis. As a result, the mechanistic breakthroughs brought about by gas-phase heterogeneous catalysis have frequently been followed by electrocatalysis. However, a large portion of present efforts in heterogeneous catalysis is concentrated on methods for converting energy that involves catalytic reactions that take place at the fluid/solid interface and, as a result, are closely following the directions set by electrocatalysis. Between the two domains, a number of mechanistic concepts and characteristics are starting to emerge. The research and applications of both electrocatalysis and catalysis should thus progress as a result of an understanding of the similarities and distinctions between the two processes. Many of the catalytic materials used in catalysis and electrocatalysis are quite similar in their macroscopic structure and contain supported metal particles, where the interaction between the metal and support is crucial to both the stability and performance of the catalyst. The metal or metal oxide/support interface may provide novel bi-functional sites, sites that encourage proton and electron transfer, or sites with distinctive structural or electrical properties. The type and strength of the bonds that hold the metal to the support determine these material's stability and resistance to adverse reaction conditions. Extended X-ray absorption spectroscopy (XAFS), electron microscopy, X-ray (XPS), and ultraviolet photoelectron spectroscopy are usually used to characterise the electronic and atomic structure of the metal and the support in both catalysis and electrocatalysis (UPS). The most active metals employed in electrocatalysis are frequently the same metals utilised in heterogeneous catalysis as well. Pt and other group VIII metals, for instance, are well known for their high activity in the electrocatalytic oxidation of alcohols and the reduction of oxygen in fuel cells, as well as in the hydrogenolysis and catalysis of automotive exhaust and the hydrogenation of petroleum and renewable resources. The well-known Sabatier's Principle, which states that metals in the middle of the periodic table exhibit the ideal metal-adsorbate bond strengths required to balance surface reaction steps and product desorption steps, mostly account for this outcome [19–23]. Traditional gas phase heterogeneous catalysis and electrocatalysis have proven distinctions in addition to their similarities. The distinct reaction settings in which the two are conducted are perhaps where they diverge most. The electrified water/metal interface for electrocatalytic systems is much more complex than the gas phase catalytic environment, which enables more precise spectroscopic characterization of the working surface intermediates, application of ultrahigh vacuum experiments, and direct comparisons with theoretical simulations on model surfaces. In electrocatalytic systems, the presence of solution, ions, charged interfaces, complicated surface potentials, and electric fields can all have a substantial impact on the surface chemistry and catalysis that take place there. These surfaces appear to dramatically encourage polar reactions and direct heterolytic bond activation processes that, in gas-phase catalytic systems, would otherwise be unstable and not take place. However, compared to the gas phase catalysis environment, the electrochemical environment is often significantly harsher and detrimental to catalyst stability. Due to the fact that these stages are accelerated in electrochemical circumstances, the dissolution of the metal and the support are significant problems for electrocatalytic processes. Additionally, the presence of electrolytes frequently facilitates or hinders catalytic kinetics and, in some possible locations, might poison the surface. While there are important differences between electrocatalysis and catalysis that result from the presence of solution, counterions and electric fields, Nørskov [22–26], Anderson [27–32], and others [15, 20] have been able to model the electrochemical systems by simply carrying out gas phase calculations on well-defined model clusters and surfaces and adding in the critical features that influence the surface chemistry such as local water molecules as well as the influence of potential. This is a crucial phase since it gives you a chance to not only comprehend but also start fine-tuning the reaction chemistry. The development of catalytic and electrocatalytic materials and processes will definitely advance with a better understanding of the similarities and differences between the molecular changes that take place in ultra-high vacuum settings and electrochemical circumstances. The “infrastructure” that supports the heterogeneous and electrocatalysis communities has a number of significant technological variations in addition to the scientific concerns mentioned above. Fuel cells, notably proton exchange membrane (PEM) fuel cells, appear to be the main focus of electrocatalysis. PEM fuel cells perform the oxidation of hydrogen, oxygenates, or hydrocarbon molecules to CO2 and the reduction of oxygen to water [33]. Contrast this with heterogeneous catalysis, which is the driving force behind the large chemical, automotive, petroleum, and pharmaceutical sectors. It encompasses a wide and diverse variety of unique compounds with extremely rich chemistry. The government and businesses have both made considerable investments in the research and development of heterogeneous catalysis. For instance, particularly large-scale processes like methane reforming, methane combustion, ammonia synthesis, NOx conversion, and Fischer Tropsch synthesis have no equivalent in electrocatalysis. Furthermore, the future course of PEM Fuel cell catalysis is particularly specialised, with a strong emphasis on addressing problems with long-term durability and catalytic activity maintenance. With the exception of vehicle emission catalysis, this is very different from the shorter durations involved in the majority of heterogeneous catalytic processes. The catalyst in electrocatalysis needs to be able to endure the demanding working circumstances and continue to function well for the course of the vehicle's lifetime. Due to the presence of solution, ions, and electric fields that can cause both catalyst poisoning and dissolution, catalyst loss and deactivation in electrocatalysis are frequently fairly severe. As a result, the options for catalytic materials are largely constrained to a few supported metals/alloys, metal oxides, and other stable inorganic substances like chalcogenides or carbides. Compared to what is generally done in the community of gas phase heterogeneous catalysis, this is a rather limited set of options. The cost, harsh solution conditions (both high and low pH), and long-term durability of gas phase catalysis tend to limit the use of other options in the field of electrocatalysis.


    




    

      Biodiesel Production by the Electrocatalytic Process




      An alternative fuel made from vegetable oil called biodiesel has the advantages of being renewable, biodegradable, and environmentally friendly [34, 35]. Due to the rapid depletion of fossil fuels and their significant negative effects on the environment, biodiesel has recently attracted attention [36]. About 80% of the cost of making biodiesel is spent on the cost of raw materials, namely vegetable oil or animal fat. Non-edible oils obtained from woody plants are being evaluated as a raw resource as a cost-saving measure [37]. Woody plant oils and waste cooking oil (WCO) are less desirable as raw materials due to their high viscosity, density, and free fatty acid (FFA) content. Consequently, there have been experiments with pyrolysis (thermal cracking), dilution, blending, micro-emulsion, and transesterification procedures. Transesterification is thought to be the most effective method of these [38, 39]. A catalyst and short-chain alcohol (methanol or ethanol) are employed in the transesterification process, which produces fatty-acid methyl or ethyl esters (FAME) as a by-product from the triglycerides found in vegetable oils or animal fats [40]. At a reaction temperature of 50–65°C, NaOH or KOH is used as the catalyst in the aforementioned process. If the oil has an unusually high FFA level, saponification is almost certain to occur in this situation. By using the alkali to make soap instead of esters, saponification severely impedes the transesterification process. It is common to utilise an acid catalyst, whose reaction rate is somewhat sluggish, to avoid such a situation. Additionally, it calls for more alcohol in terms of quantity. In order to express different performance rates, heterogeneous catalysts and enzyme catalysts have been utilised [41, 42]. Metal oxides, molecular sieves, activated alumina, and sodium carbonate are some of the catalysts now in use. Additionally, lipolytic enzymes are employed, however, they are expensive. Due to benefits including improved stability and simple separation from the reaction mixture, enzymes are frequently immobilised. Due to their distinctive qualities, including a high specific surface area, strong base strength, and high concentration of basic sites, metal oxides find extensive use in a variety of catalytic systems [43]. The complimentary structure, the metal's high oxygen affinities, and the abundance of rich basic or acidic sites are some of the key characteristics of metal oxides as catalysts. The adsorption of reactants onto unsaturated metal sites, oxygen atoms, or both, followed by the addition or removal of hydrogen or oxygen, is what gives metal oxides their catalytic capabilities. These structural advantages of metal oxides are thought to be advantageous for using them as catalysts in chemical processes [44, 45]. In addition to being easily recovered, environmentally benign, safer, and cheaper, heterogeneous and immobilised lipase catalysts also offer the benefit of being recycled and reused numerous times. Although they have demonstrated success in the synthesis of biodiesel, heterogeneous-base catalysts have limitations because of their sensitivity to feedstock with a high FFA level or low quality [46].
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Fig. (2))


      Electrocatalytic reactor system and reactions occurring at the surface of the electrodes.



      Guan and Kusabe conducted the initial research on electrocatalytic biodiesel production using spent frying oil as the raw material in 2009 [47]. The electrocatalytic procedure successfully avoided saponification and was found to be favourable in oils with high FFA and water content (>5%) [48]. The electrocatalytic method doesn't include any heating and is relatively affordable [49]. In electrolysis, molten salts or dissolved ionic compounds are passed through a direct current (DC) electric field, triggering the breakdown of the aforementioned into simple chemicals [50]. The electrodes of the electrochemical cell that makes up the electrocatalytic reactor are made of graphite [51], activated carbon [52], carbon nanotubes [53], or graphene [54], and they are spaced apart by a distance of between 10 and 20 mm [55]. At room temperature (25°C), laboratory-scale electrolysis is performed by applying a constant voltage (10–40 V). The mechanism of electrolytic transesterification is given in Equations (14)–(18). Vegetable oil, methanol, a catalyst, co-solvents, and an electrolyte solution (NaCl + H2O) are all added to the electrocatalytic reactor. Equations (14)– provide the reaction (16). The hydroxyl ions and hydrogen are generated on the cathode after the chlorine and hydroxyl ions reach the anode and are oxidised into chlorine (Cl2) and oxygen (O2), respectively (Equation (17)). Methanol reacts with the highly nucleophilic hydroxyl (OH-), producing the methoxide ion. Then, it breaks down the glyceride molecules' carbonyl moiety to produce methyl ester and glycerine. The by-product of the transesterification reaction is glycerine.
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      Anodic reaction
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      Cathodic reaction
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      Proton transfer reaction
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      Transesterification reaction
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      Electrocatalytic Carbon Dioxide Reduction




      Electrodes are subject to potentiostatic control and are controlled by the negative charge on the electrode surface in electrochemistry related to CO2 reduction. This causes the ions or solvent molecules in the solution to interact strongly with the electrode surface, leading to the creation of the electrical double layer, which is composed of a variety of charged species and/or orientated dipoles [56, 57]. The electrode surface, the inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP), the diffuse layer, and the bulk solution are the typical five different zones that make up the interfaces structure [56]. The IHP is the layer that is nearest to the electrode and may contain reactants, intermediates, products, solvent molecules and solvated electrolyte ions that have been adsorbed. The majority of the OHP is made up of non-specifically adsorbed solvated ions with charges opposite to those of the electrode, which interact with the electrode via long-range electrostatic forces. A layer of compact IHP and OHP is created. The zone of non-specifically adsorbed ions, known as the diffuse layer, which is a three-dimensional region, stretches from the OHP to the bulk solution. The electrical double layer is made up of the Helmholtz layer and the diffuse layer. The electrical double layer has a total charge density that is equal to that of the electrode but with the opposite sign since it contains charges from both the compact and diffuse layers [56, 57]. The double-layer structure may have an impact on the rates of electrode processes. The electrocatalytic CO2 reduction reaction (CO2RR) is an inner sphere process where the CO2 molecule and reaction intermediates are adsorbable and undergo bond rearrangement within the IHP [58, 59]. Interactions with the electrode and the electrolyte media occur when a CO2 molecule approaches the electrode surface. Therefore, factors like the potential-dependent solvent structure, reaction-induced concentration gradients, the behaviour of electrolyte ions, the strong interactions of electrolyte ions with the electrode surface and adsorbed species and their effects on the double layer structure, reaction activity, and product selectivity all affect electrocatalytic processes.




      The CO2 molecule is centrosymmetric and linear. The length of the C=O bond is 116.3 pm, which is significantly less than the length of a C-O single bond and also less than the length of carbon-oxygen bonds in many other multiply bound functional groups, such as the C-O bond in carbonyls [60]. Despite the fact that the C=O bonds in CO2 are polar, the molecule's dipole moment is zero because the linear structure causes the two bond dipoles to cancel one another out. The CO2 molecule has an electrophilic carbon core. Due to the difference in the electronegativities between carbon and oxygen, the bonding electrons are more tightly related to the latter. The energy of the C=O bond in CO2, which is a very stable form of carbon, is 805 kJ mol-1 [61]. The direct decomposition of CO2 to CO and O2 yields a large enthalpy change (ΔH0) of 283.0 kJ mol-1 under standard conditions (1 atm, 298.15 K) [62].
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      For a few CO2RR half-reactions, the standard electrode potentials (Eo) are provided in articles [63, 64]. To drive the reactions at a meaningful pace, however, a much larger negative potential is needed than what the Eo value suggests due to the slow kinetics of the CO2RR. Notably, the CO2 molecule's activation energy to generate the CO2-radical anion, which is frequently the initial elementary electron transfer step in a CO2RR, only occurs at a very negative applied potential (-1.9 V vs. the standard hydrogen electrode (SHE) at a non-catalytic surface) [65]. Therefore, lowering the kinetic energy barriers and increasing energy efficiency are crucial in the development of electrocatalysts for the CO2RR.




      When a CO2 molecule adsorbs onto an electrode surface under CO2RR circumstances, it does so through chemisorption, which entails electron redistribution and the creation of a chemical bond. Understanding the chemisorption process-often the first fundamental step in the CO2RR—requires a discussion of how CO2 binds to a catalyst surface. Fig. (3a) shows the molecular orbital diagram for CO2. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of CO2 are 1pg and 2pu, respectively [66]. The HOMO and LUMO energy levels, both relative and absolute, have a significant impact on the adsorbate-surface chemistry. Like other chemical bonds, chemisorption is also extremely directed. Because of this, chemisorbed adsorbates (chemisorbates) cling to particular locations, and the strength of this binding contract is highly influenced by the orientation of the adsorbate relative to the surface. The type of bonding depends on how the HOMO and LUMO are positioned in relation to the surface. Both 1πg and 2πu orbitals distribute symmetrically along the molecular axis. The electronic states of a metallic electrode are significantly interacting with the completely occupied 1pg orbital. New hybrid electronic states are created as a result of effectively donating the electron density of the 1pg orbital to the electrode. The CO2 molecule is largely confined around the 2pu orbital, which takes electrons from the electrode to create new hybrid electronic states. The chemisorbed CO2 molecule has a bent configuration [67]. According to Fig. (3b), there are three different configuration types for a chemisorbed CO2 molecule on a metal surface. However, the Cs arrangement can be disregarded because [27] there hasn't been any evidence of asymmetric stretching loss in the specular direction. Based on the fact that a linear shape most favors the overlap of both 1pg and 2pu orbitals with the metal states and the carbon centre is electrophilic, the C end down in the C2v configuration is favoured for the CO and hydrocarbon-producing electrocatalysts. In contrast, the O end down C2v configuration is accepted for formate-producing electrocatalysts. Since the CO2 molecule's 1pg orbital is not a bonding orbital, altering this orbital has little impact on the intramolecular CO bonds. However, the 2πu orbital is anti-bonding, hence, the increased occupation of this orbital leads to a weakening of the C=O bonds and thus, higher reactivity of the CO2 molecule [68]. The above overview provides a simplified illustration of how a catalyst can decrease the activation energy barrier for the CO2RR. Performance indicators for electrocatalytic CO2 reduction systems. The performance metrics that are frequently used to compare CO2RR systems should be introduced before moving on to the analysis of actual data gathered experimentally. Due to the coexistence of multiple proton-coupled electron transfer reaction pathways that can result in a variety of products, a CO2RR system's performance evaluation is significantly more difficult than that of a hydrogen evolution reaction (HER) or an oxygen evolution reaction (OER). A sizeable portion of the input charge may also be consumed by the rival hydrogen evolution reaction (HER). To prevent spending electricity on useless items and to make product separation easier, high selectivity for the intended product is most beneficial. Normally, product selectivity is evaluated by measuring the product faradaic efficiency (FE) [69], which is calculated via Equation (22) where n is the number of electrons transferred per mole of product, F is the Faraday constant, N is the number of moles of the product obtained by electrolysis at a certain potential, and Q is the total charge consumed by the electrolysis.
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      Another important performance indicator is the over-potential (ç), which is defined in Equation (23) as the absolute value of the difference between the applied potential (E) at which a significant amount of the desired product is produced and the equilibrium potential of the relevant CO2RR half-reaction (Eeq):
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      The accompanying anodic reaction should be taken into consideration when calculating the overall energy efficiency of a CO2RR system. For the sake of simplicity, information on the anode reaction is frequently left out of fundamental studies of CO2RR. As a result, the CO2RR systems do not frequently employ energy efficiency as a performance metric. Another crucial performance metric for a CO2RR system is reaction rate. When the active site structures are well-defined in molecular electrocatalysis, the turnover frequency is frequently utilised as a measure of reaction rate [71]. However, Active sites with unknown structures frequently coexist when bulk or nanostructured materials are utilised as electrocatalysts. In these conditions, the catalytic current density (j) is frequently used to represent the catalyst's average activity. The electrode area, which can either be the geometric or electrochemically active surface area, is used to normalise the catalytic current in order to calculate the current density (ECSA). The geometric current density is frequently used to represent the activity of a catalyst for the sake of practical simplicity. To determine the intrinsic activity of the catalyst, the ECSA-based j-value achieved under kinetically controlled conditions is frequently used [72]. The reaction rate of CO2RR towards the creation of a target product is expressed as partial current density, which is determined by multiplying j by the FE of that product. Another important performance measure is stability, which is frequently assessed by performing continuous long-term bulk electrolysis on an electrocatalytic CO2RR system. During this procedure, the target product FE as well as current density, is measured in order to assess the catalytic stability. Due to the complexity of the products created, current density alone does not give conclusive evidence on the stability of an electrocatalyst for CO2 reduction, hence monitoring product selectivity through the determination of FE is essential during stability testing.
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Fig. (3))


    (a) Energy levels for molecular orbitals of CO2. Reproduced with permission [70]. Copyright Andrew R. Barron. (b) Possible coordination modes of CO2 on a metal surface.



    

      Electrocatalysis for the Oxygen Evolution Reaction




      Water molecules are split into hydrogen and oxygen at an external potential. Hydrogen and oxygen-evolving catalysts are placed on the surfaces of the cathode and anode, respectively, to speed up the water-splitting reaction. The pH of the solution affects the OER reaction pathway. By turning two water molecules into protons and an oxygen molecule in an acidic medium, OER occurs. However, OER involves the oxidation of four hydroxide ions to water and dioxygen in alkaline and neutral solutions. As the anode reaction involves a four-electron transfer, the oxygen evolution reaction, which is an anodic reaction of the water splitting reaction, is the electrolysis reaction's most energy-intensive step. Numerous research teams have put forth potential mechanisms for oxygen release reactions at anode electrodes under acidic or alkaline conditions. Understanding the observed activity trends can be aided by a brief description of the OER process on the surface of transition metal oxide (Bandal et al., 2018). The adsorption and desorption of metal active sites on a variety of intermediate species that contain oxygen occur during oxygen evolution events (Kleiman-Shwarsctein et al., 2009; Strasser et al., 2010). As can be seen in Fig. (4a). The MO intermediate product can be converted into oxygen in one of two methods. One method is the “green route,” in which oxygen is created by combining two M-Os directly; the alternative method produces oxygen by forming MOOH intermediates and then decomposing them using both acidic and basic mechanisms (Suen et al., 2017). Despite these variations, the general mechanism of OER for oxides in acidic and alkaline solutions is as follows (Fig. 4b). Typically, the catalyst, such as surface-bound peroxo- or oxo-species, stabilises the OER intermediates. The determined step to the rate and further the total rate of water oxidation is dictated by the respective stabilities of these intermediates and the activation barriers between them. The reaction parameters (such as pH) and the catalyst materials affect the characteristics of the surface intermediates (Trotochaud and Boettcher, 2014).
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Fig. (4))


      (a) O2 production via different methods (b) General mechanism of OER for oxides in acidic and alkaline solutions.



      In addition to acting as a catalyst to speed up the electrochemical reaction, electrocatalysis is a catalytic process that accelerates the transfer of charges at the interface between the electrode and the electrolyte. An indicator of electrocatalytic activity is electrocatalytic kinetics. It is frequently used to gauge the catalytic activity of OER electrocatalysts based on various crucial factors such as overpotential, Tafel slope, stability, Faraday efficiency, and Turnover frequency (TOF). Tafel equation: ç =a +b log |j|, where ç is the overpotential, b is the Tafel slope, and j is the current density, which effectively evaluates the performance of electrocatalysts. One of the most crucial metrics for evaluating the effectiveness of electrocatalysts is overpotential (ç). Overpotential in electrochemistry is the potential difference (voltage) between the potential of the experiments observed redox reaction and the reduction potential of the semi-thermodynamics reaction. In general, the stated density (10 mA cm-2) must be reached, and the higher the electrocatalytic power, the lower the overpotential of the electrocatalyst. Another crucial variable for electrocatalytic kinetics is exchange current density (j). The ability of an electrode to respond to lose electrons and the simplicity with which an electrode reaction can proceed can both be described using the exchange current density. Better electrocatalytic performance is indicated by a higher exchange current density. Tafel slope (b) is also an important indicator of electrocatalytic kinetics. Usually, a smaller Tafel slope (b) indicates that the current density can increase more rapidly with a smaller overpotential (ç), which illustrates good electrocatalytic kinetics. Furthermore, the ability of a catalyst to maintain its activity, thermal stability, and structural integrity during the catalytic reaction is referred to as catalyst stability. Faraday efficiency, which is influenced by factors like temperature, electrolyte concentration, applied voltage, solution acidity, and even the electrode materials purity, is the proportion of theoretical and actual products. Turnover frequency (TOF), which measures the pace of a catalysts catalytic reaction and reflects the intrinsic activity of the catalyst, is the number of transformations at a single active site per unit of time [73]. Besides, the elemental composition, surface area, faradaic efficiency, catalytic activity, stability, and other electrocatalytic properties of the tests are primarily measured. In Fig. 2, McCrory et al. (2013) propose a general test method for oxygen evolution reaction electrocatalysts that includes morphology test, composition test, specific surface area test, and electrochemical test [74]. This method makes it simple to assess the performance of electrocatalysts and helps with the development of new ones. In recent years, pertinent experts have asserted that a different catalytic active site from the initial sample preparation will arise from the electrocatalyst's phase change during the oxygen evolution reaction [75]. Therefore, we should pay close attention to the structural evolution of the electrocatalyst during the oxygen evolution reaction, and develop an electrocatalyst with outstanding performance. Among the available metal-based catalysts, Ru-, Ir-, and Rh-based catalysts exhibit the most outstanding OER catalytic activity, and the OER activity catalysts decrease as Ru>Ir>Rh [76]. Despite the fact that noble-metal materials being the best catalysts for OER, the use of these catalysts is constrained by a lack of resources, high prices, and poor stability. Therefore, it is difficult to use as many noble metal catalysts, and it is difficult to find non-noble materials that perform as well. Transition metal-based OER catalysts have become promising alternatives because of the structural and compositional active sites of the oxygen-evolving complex, such as spinel, transition-metal oxides, sulfides, nitrides and phosphides and so on. Meanwhile, transition-metal elements are inexpensive, highly active, and long-lasting under low oxidation circumstances, which increases the viability of the entire water-splitting process. Due to its great stability and unique 3D electronic topologies, cobalt oxides are one of the first oxides to be utilised as an oxygen evolution catalyst in an alkaline media, among the best transition-metal-based catalysts [77]. With the deepening of research, despite having superior stability and catalytic activity, cobalt oxides have been found to still be inferior to noble metal oxides. Finally, it is discovered that doped or mixed oxides can create synergistic effects through intra-component electronic interactions, which can successfully control the physicochemical parameters of oxides and further enhance their catalytic efficiency. Jin et al. (2015) have synthesized cobalt/-cobalt oxide/N-doped carbon hybrids (CoOx@CN) by simple one-pot thermal treatment method [78], and it exhibited better catalytic activity than cobalt oxides for both oxygen evolution and oxygen reduction reactions, reaching a current density of 20 mA cm-2 at 1.55 V. The oxygen evolution reaction can be catalysed by the surface active sites found in transition metal oxides [79]. The ongoing oxidation of the metals active site is the oxygen evolution mechanism's process. However, the formation of the hydroxyl peroxide by metal cations results in a restriction of the rate of oxygen evolution (Chi et al., 2005; Strasser et al., 2010), which is indicative of the abundance of transition metal oxides. Numerous kinds of transition metal oxides catalysts can be used as superior OER electrocatalysts, such as TMOs/N-doped carbon hybrids, Co-Fe-O/rGO, NixCo3-xO4; Ni-Fe oxide, MxMn3-xO4 (M= divalent metals) and so on. At present, spinel-type oxides include MCo2O4, MFe2O4, MMn2O4, etc., among them, cobalt-based spinel oxides (MCo2O4, M = Ni, Zn, Cu, Mn, etc.) have high stability and activity in alkaline solution, and low price of transition metals, which makes this type of oxide electrode become one of the most potential OER the electrocatalysts. Singh et al. (1990) studied found that the spinel NiCo2O4 with cobalt-based nickel exhibited the best catalytic activity for both oxygen evolution and oxygen reduction reactions [80]. The effects of three preparation methods, including pyrolysis, electrophoretic deposition and Ni-Co alloy oxidation, on the catalytic performance of NiCo2O4 electrode were compared, which shows that the oxide catalyst prepared by pyrolysis has the best apparent catalytic activity, the catalyst prepared by electrophoretic deposition has the best stability, and the alloy oxidation method has no obvious effect on improving the performance of the catalyst. Lastly, compared with Co2O4-G, the electrocatalytic activities of NiCo2O4-G shows that Ni incorporation into the octahedral sites of the spinel crystal structure can improve electrical conductivity and generate new active sites. Meanwhile, a facile template-free co-precipitation route for the design and fabrication of well-ordered NiCo2O4 (NCO) spinel nanowire owns a high specific surface area (124 m2 g-1) and good catalytic activity for the OER [78], which is higher than that of the previously reported NiCo2O4nanoplatelet/graphene hybrid catalyst. Taking into consideration of the price and performance advantages of copper ion doping, spinel structure CuCo2O4 has become a hot spot for doped oxide catalysts. CuxCo3-xO4 prepared by pyrolysis and sol-gel method revealed that the copper ions not only selectively enter the octahedral active sites during the doping process, but also facilitate the refinement of the crystalline grains. It is also pointed out that the sol-gel method is easier to prepare pure spinel structure CuCo2O4, which has the best catalytic activity and does not contain the CuO phase. It can be seen from the preparation of spinel CuxCo3-xO4 film that, when the stability content of Cu reaches a certain amount, the electrode will corrode, which is caused by the damage degree of the spinel surface on the degree of sharpening of Cu grain, and it is also the main causes of poor stability potential Cu in binary oxide dissolution of the electrode under the high anode. In order to improve the OER catalytic performance of CuCo2O4, a composite material (CuCo2O4/NrGO) consisting of CuCo2O4 nanoparticles anchored on nitrogenated reduced graphene oxide had been reported [81], which greatly improves its catalytic activity. The study of MnxCo3-xO4 binary oxides shows that doping of Mn ions is not conducive to the improvement of the oxygen evolution activity of oxides, but it is beneficial to the improvement of catalytic oxygen reduction activity [82]. In addition, Li et al. [76] have designed a series of porous M-substituted magnetite MFe2O4 nanofibers (MFe2- O4NFs) with M = Co, Ni, Cu, and Mn, and also reported a trend of the OER electrocatalytic activities with CoFe2O4 >CuFe2O4 >NiFe2O4 > MnFe2O4 for MFe2O4 samples.




      Metal-based catalysts suffer from many drawbacks, such as impurity interference, low selectivity, poor stability, and unclear active sites. Therefore, it will be a particularly challenging to find a category of OER catalyst with a sufficiently high activity, with more electrocatalytic active sites, larger specific surface area and a stable lifetime. Since Mirzakulova et al. [83] proved that the non-metallic compounds have the ability to perform oxygen evolution reactions, carbon-based materials such as carbon black, carbon nanotubes and graphene with N, P, B and S doped as good conductive material and in acidic or alkaline electrolyte showing chemical inertness, have been studied and widely used in electric catalytic. Carbon-based materials can be used as promising electrocatalysts, and doping mixed atoms such as nitrogen or boron can effectively improve their catalytic activity. Moreover, the presence of N in N-doped carbon results in more chemically active sites, high density defects and high electrochemical activity. Due to these enhanced electronic properties, N-doped catalysts in the Carbon network are attractive for a wide range of applications, as non-metallic catalysts for OER/ORR in fuel cell systems [84]. For example, Nitrogen-doped carbon nanomaterials as non-metal electrocatalysts for OER with a current density reached 10 mA cm-2 at 0.38 V in alkaline media, this value is equivalent to iridium and cobalt oxide catalysts and is the best among non-metal oxygen evolution catalysts. The evolved O2 gas was detected at an onset potential, clearly showing that the N/C catalyst has OER activity [85].


    




    

      Hydrogen Evolution Reaction (HER)




      The main replacement for fossil fuels in the supply of energy in the future is hydrogen fuel, which is thought to be the cleanest renewable resource. The main requirement for realising the future hydrogen economy is sustainable hydrogen generation [86]. Over the past few decades, a great deal of research has been done on the electrocatalytic hydrogen evolution reaction (HER) (Equation 24), which is a crucial stage in the synthesis of H2 from water electrolysis.
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      Zhu et al. developed an electrocatalyst for hydrogen evolution using nanoparticles [87]. Dubouis et al. tackled a brief account of the pH sensitivity of the electrocatalyst. The Catalytic mechanism is easily understood in an acidic medium rather than an alkaline medium [88]. A nanostructured molybdenum sulphide catalyst was developed by Benck et al. for HER, which shows excellent activity with increased electrically accessible active sites and turnover frequency of each site. Catalyst was also accounted for water-splitting devices and electrolyzers [89].




      Gutic et al. reported a brief review of the new synthesis way of HER catalyst and showed that taking the nanosized supported or single crystal of catalyst has excellent properties to the simple catalyst [90]. A ruthenium-based catalyst (Ru nanoparticles dispersed within a nitrogenated holey two-dimensional carbon structure) was reported by Mahmood et al., which can operate both in acidic and alkaline mediums. Catalyst has a high turnover frequency at 25 mV and a small overpotential at 10 mA cm–2. Catalyst was highly stable and showed better performance than the Pt/C catalyst for the HER [91].


    




    

      Oxygen Reduction Reaction (ORR)




      The element, oxygen (O2) is the most prevalent in the crust of the Earth. In energy-converting systems like fuel cells and life processes like biological respiration, the oxygen reduction reaction (ORR) (Equations 25-29) is also the most significant reaction. The direct 4-electron reduction pathway from O2
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