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Abstract

:

Noble metal-based materials are enormously used as a cathode material for electrocatalytic oxygen reduction reaction (ORR), which plays an important role in determining the performance of energy conversion and storage devices such as fuel cells, metal-air battery, and so on. The practicability of these energy devices is mainly related to the cost of the cathodic ORR electrocatalyst. Hence, a cost-effective and environmentally benign approach is highly demanding to design the electrocatalyst for ORR and replacing noble metal-based electrocatalyst. In this regard, biomass-derived hierarchically porous carbon-based materials have become attractive options compared to metal-based electrocatalysts due to their several advantages such as abundance in nature, economic viability, characteristic sustainability, environmental friendliness, and excellent physicochemical properties. Moreover, harsh chemicals are not being involved during their synthesis, and they intrinsically possess a variety of heteroatoms (N, P, S, etc.), which are key for augmenting the electrocatalytic activity. In the present review article, the recent progress on biomass-derived cathode electrocatalysts has been summarized for ORR including a brief account of bioresource selection, synthesis methods, and processing criteria that greatly influences the electrocatalytic activity.
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1. Introduction


The rapidly increasing concerns regarding exhaustion of fossil fuel and environmental deterioration have gathered global awareness for renewable energy production to develop sustainable society. Recently, various electrochemical technologies are being adopted to execute the reduction of climate change, and environmental pollution. For example, fuel cells (FC), metal-air batteries (MABs), water electrolyzers, etc., have been regarded as dependable as well as clean, eco-friendly, and affordable energy storage/conversion devices [1]. The performance and efficiency of many energy conversions and storage systems are mainly governed by oxygen reduction reaction (ORR) which was firstly reported by Jasinski in 1964 using co-phthalocyanine as a precursor [2]. However, the ORR process is kinetically sluggish requiring high overpotential and hence, robust electrocatalysts are often required to trigger the ORR process. Until now, Pt-based materials are considered as the benchmark electrocatalysts for ORR in terms of achieving high positive onset potential, half-wave potential, and high limiting current density. Nonetheless, high cost, scarcity, and poor durability are the main constraints from make them industrially viable.



Recently, the main aim of the researchers is to substitute Pt-based materials with cost-effective, efficient, and stable non-precious metal-based/metal-free materials. To achieve this goal, a library of platinum group metal (PGM) free electrocatalysts have been developed which can be divided into two branches: non-precious transition metal-based electrocatalysts including metal-coordinated nitrogen-doped carbon (M−N−C) [3,4,5], transition metal-based oxides [6], transition metal nitrides [7], phosphides [8], perovskites [9], transition metal chalcogenides [10], and heteroatom or multi atom doped carbon-based materials [11]. Although many electrocatalysts showed promising electrocatalytic activity toward ORR rivaling state-of-the-art Pt/C but there is plenty of room to improve the stability of these transition metal-based electrocatalysts to be considered for commercial uses.



Metal-free carbon-based materials have become a promising alternative to transition metals due to their organized electrical conductivity, durability, stability, tunable surface morphology, and adjustable (micro, meso, macro) porous structure. Moreover, the doping of heteroatom (N, P, S, B, etc.) in the sp2 carbon template can alter the electronic distribution over carbon owing to the generated electronegativity difference [3]. As a consequence, this will help to facilitate oxygen adsorption as well as the breaking of O-O bond rather than pristine carbon. It is important to mention that the advent of carbon nanotubes (CNTs) and graphene have profoundly encouraged the development of carbon-based electrodes for ORR. In spite of the promising performance of CNT or graphene-based materials in ORR, their utilization on a large scale is hindered by the high synthetic costs. Hence, highly earth-abundant biomass resources have garnered attention as sustainable and alternative option to design carbon-based materials for green energy storage devices due to their low cost, and inherent presence of heteroatoms.



The main resources of biomass are carbohydrates, polysaccharides, lignocellulose biomass, animal-based biomass, human waste-based biomass, etc. which are globally produced as waste in tons every single day [12]. These wastes pose a great challenge to waste management and this can be regarded as a potential option to convert the waste to novel carbon-based materials for versatile electrochemical applications. Indeed, the conversion of biomass to electrode materials for energy and environmental applications gained huge attention and has been highlighted recently [13,14,15]. Cellulose, hemicellulose, and lignin’s are the primary configurational components of biomass [12].



Pristine biomass-derived carbon is not useful as electrode material. So, activation of biomass is required which can be accomplished by tuning the porosity, surface area, and binding capability. This can be achieved either through the physical activation or chemical activation method [3,16]. For industrial purposes, activated carbon is produced from biomass via the dual-step physical activation method followed by gasification at high temperatures (600–1000 °C). The number of developed porosities is directly proportional to the number of carbon atoms present. The production of carbon monoxide gas during gasification leads to the formation of pores. However, the size and shape of pores completely depend upon the reaction conditions. On the other hand, in chemical activation, a one-step process is used for lab-scale synthesis followed by thermal treatment and impregnation of dehydrating chemicals for example KOH, NaOH, ZnCl2, H3PO4, etc. There are advantages as well as disadvantages to both methods. For example, in the physical activation method, the polarity of the biochar surface, as well as oxygen containing functional groups, can be increased but it requires very high temperature, and it is hard to control the porosity. In contrast, the porosity can be controlled by suitable impregnation ratio, activation duration, and temperature by utilizing the chemical activation method, but this is time and energy consuming involving costly chemicals. Hence, the physical and chemical activation method can be rationally combined to obtain the desired property and it is suggested for delicate tailoring of porosity [17]. Apart from that template method is widely used to control the porosity which includes hard templates, soft templates, and dual templates. At present, various kinds of biomass precursors are used to obtain activated carbon for the ORR and other energy-based applications [18,19,20,21,22,23]. In the present review article, instead of focusing on the synthesis protocols of biomass-derived carbon nanomaterials, an overview of advancements in biomass-derived electrocatalysts for the ORR is provided along with a short account of the ORR mechanism.




2. Fundamentals of ORR


ORR has been the subject of huge investigation over the decades (Figure 1a) since it is at the heart of various energy conversion and storage systems such as fuel cells, metal-air batteries, and so on [24,25]. Among all the studied catalysts, Pt is the state-of-the-art catalyst for ORR due to its moderate affinity to the reactive intermediate species formed on the surface of an electrode during the course of the reaction. Moreover, Pt possesses the highest electrochemical activity towards ORR owing to its appropriate d–band vacancy (0.6 per atom), and reasonable oxygen adsorption capability [26]. Until now, various mechanism for ORR has been put forward, however; it can follow either dissociative or associative one (Figure 1b).



The mechanistic pathway is governed not only by the oxygen adsorption mode, but it also depends on the dissociation barrier of the catalyst surface [27]. The adsorption of O2 over the active site of the catalyst is mainly of two types: bidentate O2 adsorption (Yeager model) and end-on or monodentate O2 adsorption (Figure S1) [28]. The first one leads to the direct four-electron pathway resulting in H2O as the product whereas the second one follows a two-electron pathway with peroxide formation, respectively [29,30].



It is noteworthy to mention that for practical applications like fuel cells, metal-air batteries, etc., the four-electron pathway is a more desired one since the formation of peroxide species can be avoided which caters to the degradation of the catalyst. The formation of highly reactive oxygen intermediates in ORR such as OOH*, OH*, O* (* denotes a site on the catalyst surface) is associated with the involvement of a complicated multi-step electron transfer process. The electrocatalytic activity is largely determined by the binding energies of the reactive oxygen species to the catalyst surface. Hence, to design highly active materials it is a prerequisite to have knowledge of how to control the binding energies of reactive intermediates on a catalyst surface. On the basis of density functional theory calculations, Nørskov and his group have calculated the free energies of the surface intermediates for a series of metals [27]. This group has also established a trend in thermodynamic limitations for the metals and constructed a volcano-shaped plot that relates the theoretical ORR activity and oxygen adsorption energy. The model indicates that Pt sits near the top and explains why Pt is regarded as the best cathode material. However, it is important to note that Pt is not situated at the “summit of the volcano” (Figure S2) and hence alloying with 3d transition metals can be used to improve its performance [31].



2.1. Basic Parameters to Evaluate ORR Catalysts


After Levich’s seminal discovery of the rotating disk electrode (RDE) in 1944, it is widely used to study the ORR kinetics from the polarization curve [32]. The polarization curve is generally divided into three well-defined regions namely kinetic, mixed (kinetic + diffusion), and diffusion-limited zone and in each part, the ORR kinetics are controlled in different ways. Apart from that, some widely accepted parameters such as the onset potential (Eonset), half-wave potential (E1/2), and diffusion-limited current density (JL) can be deduced from the polarization curve for apprising the electrochemical activity of the investigated electrocatalyst. These parameters will be defined later but it is necessary to highlight that the more positive the Eonset, E1/2, and high JL values, the more active the electrocatalyst for ORR. In the kinetic-controlled area, the ORR reaction is sluggish, and the current density increases to some extent as the potential decreases (Figure S3). In a mixed (kinetic and diffusion-controlled zone) region, the reaction accelerates as the potential drops and a remarkable increase in the current density can be observed. In this particular region, the current density is inversely proportional to the applied potential. In the diffusion-controlled zone (plateau region of the curve), the current density can be precisely determined by convection, and it reaches a platform at a certain rotating speed.



2.1.1. Onset Potential and Half-Wave Potential


The definitions of the Eonset vary a lot in literature and the experimental determination is also quite arbitrary. However, onset potential usually refers to the potential when the current diverges from the baseline and the most common approach is to find the intersection of the tangents between the baseline and the increasing current in the polarization curve (Figure S3). Apart from that, the potential corresponding to 5% of the JL and the potential at which the ORR current density does not exceed a value of 0.1 mA cm−2 were also proposed to define the onset potential [33]. E1/2 is another basic parameter, and it is directly calculated from the midpoint of obtained LSV curve at 1600 rpm. It is basically the potential corresponding to half of the diffusion limiting current density.




2.1.2. Kinetic Current Density


Kinetic current density (Jk) is one of the important parameters to determine the catalytic activity of an ORR catalyst. Mass transport corrected polarization curve predicts the value of Jk and can be obtained with the help of Koutecky-Levich (K-L) equation:


1/J = 1/Jk + 1/JL











To minimize the error in mass transport correction, different catalysts are compared with respect to kinetic current density at a higher potential region.




2.1.3. Electron Transfer Number and HO2− Percentage


The number of electron transfer (n) and the percentage of HO2− intermediate are also basic parameters to understand ORR kinetics. These parameters can be determined from RDE or RRDE (rotating ring disk electrode) techniques which are effective for investigating the kinetics of multistep charge transfer reactions. K-L equation is generally utilized to calculate the “n” value and obtained by plotting (1/JL) against the square root of rotation rate (ω−1/2), which is widely known as the K-L plot.



For


RDE, JL = Bω1/2








where


B = 0.62 nFC0 (D0)2/3 ν−1/6








where, ω is the electrode rotating rate (rad s−1), n is the number of electrons, F is the Faraday constant (F = 96485 C mol−1), C0 (C0 = 1.2 × 10−6 mol cm−3) and D0 (D0 = 1.9 × 10−5 cm2 s−1) denotes the concentration and diffusion coefficients of O2 in 0.1 M KOH, respectively, υ is the kinematic viscosity of the electrolyte (0.01 cm2 s−1), and k is the electron transfer rate constant [34]. The “n” value can also be calculated from the RRDE technique by using the following equation:


4JD = n (JD + JR/N)








where JD is the disc current density, JR is the ring current density, and N is the RRDE collection efficiency, n is the number of electron transfers during the reaction. The percentage of intermediate species for ORR is calculated by the equation given below:


% HO2− = 200JR/(NJD + JR)














3. Strategies for Enhancing the ORR Activity of Biomass-Derived Carbonaceous Material


Several strategies are being adopted to synthesize and trigger the ORR activity of biomass-derived carbon-based nanomaterials. Among them, heteroatom doping to modulate the sp2 carbon and modulation of porosity via different activation methods are largely utilized. In the following section, factors that are very important to control the ORR activity have been discussed thoroughly.



3.1. Modulation of sp2 Carbon via Monoheteroatom/Multiheteroatom Doping for ORR


Due to the reluctant nature of pristine carbon towards the adsorption of ORR intermediates, some structural modification/modulation is necessary to fabricate ORR active sp2 carbon matrix. Heteroatom doping, intermolecular charge transfer, and generation of structural defects are the three well-established strategies to make ORR active carbon matrix from pristine sp2 carbon [35]. Among these strategies, heteroatom doping is the most promising and convenient one in very recent time. The factors which are responsible to enhance ORR activity after the incorporation of heteroatom are (i) disturbance in electroneutrality, (ii) alteration in spin density, (iii) charge redistribution, (iv) binding states, and (v) tunable pore sizes and lengths. The first four refinements tune the adsorption ability of ORR intermediates which further facilitates the direct reduction of oxygen via a 4e− mechanism with a low % of H2O2 formation and the last one controls the mass transfer during the reaction progress. These factors play a key role in triggering the ORR activity of the pristine carbon matrix. Different kinds of N-atom, such as pyrrolic-N, pyridinic-N, graphitic-N, and quaternary-N, present in the carbon matrix determine the activity parameter for ORR. The actual role of the different types of nitrogen that are doped into the carbon matrix is still a debatable research topic. However, among all types of nitrogen atom graphitic-N plays an important role in enhancing the JL value, and pyridinic-N reduces the overpotential value for ORR, which are very important in deciding catalytic activity for any ORR active catalyst [36]. Depending upon activity different types of nitrogen follow the trend as pyridinic-N > pyrrolic-N > graphitic-N > oxidized-N > carbon (Figure S4). Nonetheless, the presence of this different nitrogen can be assigned by X-ray photoelectron spectroscopy (XPS) through the deconvolution of the N 1S peak but the actual activity and role of these N-atoms should be critically reviewed for understanding the real mechanism [37]. Along with nitrogen other non-metal elements (B, F, S, P, etc.) have been successfully inserted into the carbon matrix to generate multidoped sp2 carbon matrix which can provide moderate binding affinity toward ORR intermediates (Figure S5). Multi-heteroatom doping is an efficient and rational way to form a hierarchical porous structure through which rapid charge transfer and enlargement in spin density on the adjacent carbon atoms take place during the reaction course [38,39].




3.2. Modulation of Porosity


Sluggish ORR reaction generally required three-phase interaction of catalyst layer (solid), electrolyte (liquid), and O2 diffusion from the air (gas). So, the hierarchical pores and length of the pore channels through which electrolyte and gas can be transferred, are crucial parameters for catalytic performance. The length of pore channels is inversely proportional to ORR electrocatalytic activity [40]. This is because lower resistance and high charge transfer take place when the channel length is decreased compared to the longer one. Besides, with increasing the pore size the electrocatalytic activity also increases, and as a consequence, mesoporous (2 nm to 50 nm pore size) materials show excellent catalytic performance compared to microporous (less than 2 nm Pore size) materials. This can be ascribed to the interconnected mesoporous criss-cross network which influences mass transfer due to decreased and smooth diffusion pathways [40]. Generally ordered mesoporous carbons are less common in which a hierarchical array of micro, meso, and macro pores are present than the non-ordered mesoporous ones. This non-ordered mesoporous carbon can form plenty of porous nanomaterials. These non-ordered carbon nanomaterials can show excellent and comparable performance to that of ordered mesoporous carbon materials due to the existence of micropores which are present within nanoscale ion transport distance from the neighboring mesopores and macropores. Along with tunable porosity, the introduction of heteroatom via doping promotes electrocatalytic performance due to charge alteration and spin density modification [41]. The hydrothermal carbonization (HTC) technique is a very effective and safe approach for the conversion of biomass to value-added materials (bio-alcohols, bio-char, gaseous bio-fuels). The processes involved in the mechanism of HTC are decarboxylation, condensation, dehydration, polymerization, hydrolysis, and aromatization. However, numerous factors, including temperature, duration of the reaction, pressure, the type of catalyst employed, and the biomass to-water ratio, affect the quality of the resulting yield produced by the HTC process [17]. Further activation and graphitization are required because HTC-derived carbons typically have low surface areas (<10 m2 g−1) and poor electron conductivity [1]. However, the HTC process of biomass has a significant drawback because it generates a lot of wastewater and liquid oil, both of which have not yet been resolved. So, it is imperative to comment that activation is of utmost necessity to modulate the shape and mesopores/micropores ratio. The activation process can be further classified into different methods depending on their mechanism which are physical activation, chemical activation, dual (physical and chemical) activation, self-activation, template activation, etc. [17]. In this section, some frequently used optimization techniques are discussed in a nutshell.



3.2.1. Physical Activation


To ensure the porosity of biomass-derived materials physical activation is largely utilized since it is a very cheap activation method. In between 600–1000 °C temperature and atmospheric pressure, new pores are obtained by gasification in presence of steam, N2, O2, and CO2 by kicking out the carbon atoms selectively [17]. In some cases, blockage of blocked pores is cleared by the gasification method. During the gasification, CO2/steam reacts with biomass-derived carbon to generate gasses for example CO, H2, and CH4. Moreover, the amount of the released gases is directly proportional to the number of pores generated. The main focus of the physical activation is described below briefly in a nutshell: (i) creation of new pores, (ii) opening of previously blocked pores, (iii) broadening of pores. Nonetheless, there are some parameters such as temperature, time, and CO2 flow rate on which activation, surface area, and porous nature are dependent. An increase in activation temperature leads to the formation of pores, tuning of the size of pores, and enhancement in the mesopores/micropores ratio [42,43]. Activation time also affects the formation of micropores and mesopores, which is extensively time-dependent and will collapse after a long time of activation. A higher CO2 flow rate results in carbon burnout, which is not acceptable for hierarchical pore formation [44,45]. Fu et al. successfully prepared porous graphitic carbon nitride/ carbon (g–CN/C–2) composite through high-temperature treatment at 600 °C using glucose as the carbon source and melamine, and cyanuric acid as graphitic carbon nitride precursor (Figure 2a) [46]. The synthesized material consists of a 3D interconnected carbon matrix and porous structure. The porous morphology with a large surface area of 450 m2 g−1 could be helpful in achieving higher catalytic activity (Figure 2b). The electrocatalytic activity of the as-prepared catalyst was obtained with an Eonset of 0.90 V vs. RHE, E1/2 of 0.79 V vs. RHE, limiting current density (JL) = 4.10 mA cm−2 and 3.4–3.5 of transferred electrons (n) in 0.1 M KOH and low charge transfer resistance (Figure 2c–e). A higher n value and lower charge transfer resistance manifests promising catalytic performance with enhanced catalytic activity.




3.2.2. Chemical Activation


The chemical activation process is a hybrid process in which the mixing of biomass with activating agent occurs followed by thermal treatment at a desirable temperature. In this one-step method acid, strong base, or salt are used during chemical activation to enhance the porosity. Generally, chemicals such as KOH, ZnCl2, ZnO, H3PO4, etc. are introduced [47]. Though the activation mechanism of KOH is very complex, it is quite promising due to the requirement of low activation temperature, high amount of product yield, and hierarchical micropores arrangement. Three possible mechanisms have been ascribed (Figure 3) [48,49]: (i) during thermal treatment/calcination K2CO3, K2O formed along with KOH, resulting in the formation of nanopores, (ii) at high-temperature intermediate products such as CO2, and H2O are vaporized via the gasification method leaving pores into the carbon matrix, and (iii) generated metallic K intercalates into the carbon lattices resulting in the exfoliation of carbon layers, which directly increases the porosity. Besides that, ZnCl2 is also used as an activating agent [50]. Due to its Lewis acid characteristics, ZnCl2 enhance the dehydration and condensation reaction at both low and high temperature.



Recently by using glucose as a carbon source and dicyandiamide (DCDA) as a nitrogen source Liu et al. have developed a facile hydrothermal method to produce N-doped carbon spheres (THNC) [51]. After that chemical activation was done by ZnCl2 along with thermal treatment between 700 to 900 °C. Among these annealed products, THNC-800 exhibits superior catalytic performance due to the formation of highly N-doped porous carbon (Figure 4a). It is ascribed that ZnCl2 not only acts as a structural template but also facilitates the formation of a porous network with a large surface area of 1036.1 m2 g−1 and a large pore volume of 0.53 cm3g−1. The electrocatalytic performance of the as-prepared catalyst was obtained with an Eonset = 0.92 V vs RHE, limiting current density JL = 3.0mA cm−2 (Figure 4b), and n values in the range of 3.5–3.9 of (Figure 4c) in alkaline medium. The high electrocatalytic activity, as well as durability, might be the consequence of highly doped pyridinic and graphitic nitrogen content in the carbon matrix (Figure 4d) Furthermore, uniformly distributed mesoporous structure enhances the mass transfer during the course of the reaction.




3.2.3. Self-Activation


In the case of self-activation, additional activating agents are not required which is economically and environmentally more viable [52]. Adsorbed oxygen by the raw biomass material and the air present in the sealed reactor vessel contribute as an activating agent [53]. Physical self-activation and chemical self-activation processes are two main processes that happen in the self-activation. In the physical activation process, the released gas from biomass precursors is utilized for the activation of carbon [54]. Whereas in the chemical self-activation process the existing inorganic compound in the biomass contributes to the activation of carbon [55]. Presently Wang et al. have prepared N-doped porous carbon from fish bones followed by a double pyrolysis method at 800 °C [52]. The as-prepared catalyst shows decent catalytic performance towards ORR with a number of transferred electrons ranging from 3.5 to 3.6.



(Figure 5a,b) at 1600 rpm. The exhibited catalytic performance can be ascribed due to the high surface area (563 m2g−1), uniformly distributed mesopores along with a large number of micropores (Figure 5c), and the presence of pyridinic and quaternary nitrogen atoms (Figure 5d).




3.2.4. Template Activation


It is challenging to uniformly tune the pore size as well as pore distribution for both physical and chemical activation processes. Template activation can be used to create porous nanostructures with a consistent layout and variable pore size. The key advantage of this methodology is that a template can be fabricated based on the specifications of synthetic material, size, and form. The nature of the template determines whether it is a hard template or a soft template [13].



Hard Template Method


Stuffing monomers into the template by chemical reaction is known as the hard template method because by removing the template porous material is obtained. SiO2 is most widely used as a hard template to produce porous carbonaceous materials. Using hard templates is a very time taking and expensive method for industrial application. Besides it, hazardous inorganic materials such as HF, and NaOH are used which are very harsh to the environment [17]. Lin et al. demonstrated the ORR performance of soybean-derived nitrogen-doped hierarchical micro-mesoporous carbon via hard templating carbonization method with subsequent KOH activation (Figure 6a) [56]. The as-prepared activated nitrogen-doped porous carbon (ANPC–3 with KOH: carbon mass ratio = 3:1) boost the ORR performance compared to other counterparts. It is ascribed that silica templating followed by KOH treatment leads to the formation of micro- mesoporous texture with a specific surface area of 1749 m2 g−1 (Figure 6b,c). Furthermore, a combination of micro and mesopores serves as the reservoir of alkaline electrolytes that can trigger the diffusion of ions as well as mass transfer. Likewise, ANPC–3 showed enhanced catalytic activity in terms of more positive half-wave potential (0.79 V vs. RHE), high limiting current density (5.09 mAcm−2 at 0.23V vs. RHE), and methanol tolerance compared to other catalysts having different KOH/carbon mass ratio (Figure 6d).




Soft Template Method


The urge of removing harsh chemicals used in the hard template method has forced the researchers to focus on an alternate simpler soft template method. Amphiphilic molecules such as block co-polymers and surfactants assist ordered aggregates which are used as the template in the soft-template method [57]. The soft-template approach is typically used to create mesopores. However, soft templates are unable to create materials with high activity and stability due to low molecular weight, poor durability, and single composition [58]. Wu et al. have prepared phosphorus-doped carbon hollow spheres (P–CHS) by using anionic surfactant sodium dodecyl sulfate as a soft template (Figure 7a) [59]. The as-prepared P–CHS has a large surface area of 654.4 m2 g−1 with 0.36 cm3 g−1 pore volume. The authors showed that the catalyst exhibits ORR catalytic performance with Eonset = 0.89 V vs. RHE, JL = 5.6 mA cm−2. The n value, 3.86 suggests that the ORR process is following 4e− pathway (Figure 7b,c). This result indicates that P doping promotes ORR activity. This method opens up the possibilities of heteroatom doped carbon hollow sphere formation in via a facile strategy. The dual template method is also a well-accepted method to produce porous carbon material for oxygen reduction reaction [60].







4. Biomass-Derived Carbon-Based Materials for ORR


4.1. Carbohydrates and Polysaccharides


Polyhydroxy aldehydes or ketones made of carbon, hydrogen, and oxygen are referred to as carbohydrates. Because of their ability to significantly improve ORR, carbohydrates have recently attracted both academic and commercial attention. Glucose can currently be purchased for ten times less than the precursors that contain heteroatoms, such as ferrocene, vitamin B12, etc. As a consequence, glucose is frequently employed as a precursor for designing porous hollow carbon structures by various activation processes and synthesis techniques. Here, in this section recent research on the use of glucose as a precursor for metal-free biomass-derived ORR catalysts has been reviewed [46,61,62,63,64,65,66,67,68,69]. Li and co-workers revealed that simultaneous doping of nitrogen and sulfur into the mesoporous carbon network derived from glucose may substantially modify the ORR functionality [61]. Using mesoporous SBA–15 as a silica template and ammonia, thiophene as the N, and S dopant, they synthesized N–S–CMK–3, which was subsequently pyrolyzed at a high temperature (Figure 8a). The designed material possesses a huge surface area of 1023 m2 g−1 with a homogeneous structure that includes mesopores and macropores (Figure 8b). The as-synthesized catalyst showed superior catalytic activity with Eonset = 0.92 V vs. RHE, E1/2 = 0.73 V vs. RHE, and JL = 5.50 mA cm−2, and n = 3.96 which indicates that the oxygen reduction follows the 4e− path (Figure 8c,d). The extra sulfur atom doping of N-S–CMK–3, which further increases the positive charge and asymmetric spin density of nearby carbon atoms, may be responsible for its high catalytic activity. Ma and co-workers synthesized N–doped mesoporous carbon nanosheet /carbon nanotube (N–MCN/CNT) hybrids which exhibited tremendous ORR activity and durability [62]. The CNTs’ aqueous solution was quickly mixed with glucose and urea before being exposed to an inert gas for annealing (Figure 9a). The hybrid catalyst shows excellent ORR activity (Figure 9b,c). A limited amount of H2O2 generation and a high n value (3.9) indicate that the ORR process follows the 4-electron route. According to the authors, CNTs are essential not only for quick electron transfer but also for promoting mass transport diffusion via channels and active site surface areas. Employing a facile hydrothermal process and pyrolysis in the NH3 atmosphere, a low-cost, straightforward, and environmentally friendly method for the creation of self-doped nitrogen porous carbon materials from spirulina has been developed by Liu et al. [63]. The as-prepared catalyst shows remarkable catalytic activity with Eonset = 0.99 V vs. RHE, E1/2 = 0.87 V vs. RHE, JL = 5.8 mA cm−2 along with n = 4, suggesting facile kinetics for the ORR process. The high activity can be attributed to the enormous specific surface area with dense mesoporous structures, as well as the high pyridinic nitrogen and low oxidized nitrogen percentages. A series of N–doped oxygen-containing nitrogen-doped carbon (ONC) nanosheets with large surface-active site area and high porosity were synthesized by in situ formed g-C3N4 templates [64]. ONC– 560 exhibited good tolerance to methanol as well as good long-term durability. The as-prepared catalyst has a surface area of 610 m2 g−1, an Eonset = 0.95 V versus RHE, an E1/2 = 0.81 V vs. RHE, and a JL = 5.7 mA cm−2. The amount of electron transfers also indicates that the reaction follows the 4e− route. Cost-effective ONC materials prepared by this strategy could pave the way to developing excellent carbon-based electrocatalysts. Zheng and co-workers have developed a novel form of N-doped carbon tubes (NCTs) that exhibit excellent electrocatalytic ORR activities [65]. Further development of the novel hierarchical carbon structure and optimization of nitrogen doping is needed to address the issues of ORR activity of different catalysts. Excellent ORR catalytic activity is caused by a significant series of tiny nanotubes that have developed on the surface of the hierarchical structure. Authors have suggested that pyridinic and graphitic nitrogen are the majorly contributing active sites. Due to the challenges in properly synthesizing the form of N dopant in carbon materials generated from biomass, the origin of the catalytic mechanism underlying the activity of N-doped carbon electrocatalysts for ORR is still unknown. Ryoo and co-workers developed ordered mesoporous carbon (OMC) for the first time, utilizing sucrose as a carbon source and mesoporous silica as a hard template [70]. Since then, researchers have promoted the use of sucrose as a starting material for many types of synthesis [71,72,73]. Sun et al. suggested a template-free technique to create S-doped carbon spheres using sucrose. In alkaline media, an increase in ORR activity was shown to be caused by the presence of S atoms [72]. A swelling-induced method was introduced for the pyrolysis of porous sucrose-derived spheres (PSS) in the presence of DCDA to create N-doped graphene (NG) (Figure 10a) [73]. PSS is primarily used as a carbon framework precursor in this synthesis, which also helps in shaping two-dimensional (2D) crumpled NG under the swelling force from the heat condensation of DCDA. It is suggested that the unique 2D carbon nanomaterials can be fabricated using the suggested chemical method. Moreover, TEM images revealed that NG–1000 comprises twisted and interconnected flake-like layers, and it is made up of a few layers of bent graphene with an interlayer gap of approximately 0.34 nm (Figure 10b,c). The as-prepared catalyst NG–1000 imparts good catalytic activity with Eonset = 0.90 V vs. RHE, E1/2 = 0.79 V vs. RHE, JL= 4.3 mA cm−2 and n = 3.9. These electrochemical parameters reflect that the catalyst adopts a 4e− mechanism (Figure 10d–f). It is ascribed that the combination of the high proportion of graphitic nitrogen and the ideal total nitrogen concentration results in ultrahigh ORR activity for NG. This method resulted in a decrease in N content, from 8.7 to 2.6%, while enhancing ORR activity because of a higher degree of graphitization. However, raising the pyrolysis temperature from 800 to 1100 °C had no effect on the graphene morphology.




4.2. Plant-Based Biomass


Cellulose and its derivatives have recently been utilized more frequently than other types of biomasses to design highly active ORR electrocatalysts with a high percentage of carbon [18,74,75,76,77,78,79,80]. In addition, nitrogen/heteroatoms containing precursors are necessary to produce heteroatom-doped carbon with electroactive sites. For algae or soybean sources, the presence of proteins or other substances is very advantageous for heteroatom self-doping. Furthermore, the presence of salts might eliminate the necessity for activating agents or sacrificial templates since they function as pore-directing agents to generate pores following acid removal. Very recently a method was reported by Kaare et al. for the synthesis of N-doped carbon catalyst via a double pyrolysis method for the ORR from alder wood char (Figure 11a) [79]. The electrocatalytic ORR activity of wood-derived N-doped carbon (AWC–1) is noticeably higher than that of the most popular commercial carbon, XC-72R. AWC–1 shows an Eonset = 0.92 V vs. RHE, E1/2 = 0.85 V vs. RHE, and JL = 5.9 mA cm−2 (Figure 11b–d). The wood-derived catalyst’s ORR activity was equivalent to that of the 20% Pt/C catalyst in 0.1 M KOH solution. Although after the second pyrolysis the BET surface area barely changed (2435 to 2245 m2g−1), the total volume of pores and the average pore diameter value both expanded. Authors have demonstrated that such electrocatalytic activity in alkaline media can be explained by the synergistic interplay between a large surface area (2245 m2g−1), high pore volume, and high pyridinic nitrogen content.



Very recently, M+S+C900–900 was developed from spinach leaves as a source of carbon, nitrogen, and iron, followed by a double heat treatment method (Figure 12a) [80]. According to the authors, the role of the second heat treatment is very crucial for the modulation of Fe-N active sites, porosity development (Figure 12b), as well as the overall enhancement of ORR activity. They have demonstrated that a second heat treatment might eliminate oxygen-containing functional groups and corrosive carbon species from the material surface and increase the degree of graphitization, which would then increase the ORR activity (Figure 12c). The as-prepared catalyst exhibits ORR catalytic activity with Eonset = 0.98 V vs. RHE, E1/2 = 0.88 V vs. RHE, JL = 5.8 mA cm−2, and an n value of 3.91, which is superior to the other investigated catalysts (Figure 12d).





5. Chitin and Chitosan-Based Biomass


The second most frequent natural biopolymers on earth are chitin and chitosan. These long, linear chain-like polysaccharide biopolymers are linked with functionalize surface groups via β-D glucosidic linkage. These biomaterials have exceptional physical and chemical properties due to their structural characteristics, which also exhibit low density and high porosity [81]. Without the use of extra N-dopant precursors, the high N concentration of chitin allows for its direct conversion into an N-doped carbon material [82,83,84,85,86].



Usage of starting material for the synthesis of carbon-based materials doped with Fe, N, S, and P which is very crucial for improving ORR performance. N, S, Fe–doped activated carbon was created by hydrothermal and pyrolytic chitin treatment at 950 °C, followed by ZnCl2 activation (Figure 13a) [86]. ZnCl2 is helpful for pore creation, as evidenced by the fact that the average pore size of the sample without ZnCl2 addition is lower (0.90 nm) than that of the sample with ZnCl2 addition (0.99 nm) which was further attributed to the improvement of catalytic activity. The XPS spectra showed that the BF–N–950 catalyst had N, Fe, and S doping levels of 5.14, 0.13, and 0.17 wt.%.



The rich Fe, N, S, and P in the black fungus raw materials as well as the additional N doping during the pyrolysis process were credited by the authors for the elevated ORR activity.



The BF–N–950 presented higher catalytic activity toward ORR with Eonset = 0.98 V vs. RHE, E1/2 = 0.91 V vs. RHE, n = 3.99 (Figure 13b,c). Chitosan is an N-deacetylated derivative of chitin having a nitrogen content of about 7% and a degree of acetylation lower than 0.40 [87,88]. For ORR, chitosan-based biomass is a good candidate to synthesize metal-free carbon [89,90,91,92,93]. To create porous Co, N–doped graphene-like carbon nanosheets (Co@N– PGCS) from chitosan, Mg(OH)2 were also added during the nano casting process (Figure 14a) [90]. The resulting Co@N–PGCS had a mostly mesopore structure and a high specific surface area (1716 cm2 g−1). Here the metal oxide and magnesium oxide can act as hard templates, and then amorphous carbon from chitosan reorganized itself around the template. It exhibited similar ORR activity to Pt/C. Additionally, the current loss was very low (only 0.9%) after 10,000 s, which was far better than Pt/C (4.7%) and many other reported biomass-derived ORR electrocatalysts (Figure 14b). The as-fabricated catalyst exhibited ORR activity with E1/2 = 0.84 V vs. RHE, JL = 5.5 mA cm−2 (Figure 14c). The electron transfer number was reported to be 3.97, further confirming that the 4e– reduction pathway was followed by the reaction.




6. Lignin-Based Biomass


The first attempt to extract lignin was made in 1838 by a French scientist named Anselme Payen. After the treatment of concentrated nitric acid and sodium hydroxide, he obtained one insoluble fraction named cellulose and another dissolved portion was designated as lignin by Schulze [94]. Recently, Zhang et al. described the synthesis of N, S dual-doped carbon nanoplatelets via a pyrolysis method at 900 °C by using alkaline lignin (AL) as the carbon, sulfur source, and urea as the nitrogen source (Figure 15a) [95]. In this work, a one-step pyrolysis process was used to create S-doped or N, S co-doped carbon by taking the benefits of the sulfhydryl groups present in alkaline lignin. In alkaline conditions, ORR with 3.4 electron transfers was catalyzed by S-doped carbon that was produced at 900 °C and had just 0.67% sulfur. After the addition of urea, the ORR activity of formed N–S–C 900 dramatically increased with 3.8 electron transfer. The greater amount of pyridinic-N and graphitic-N combined in N–S–C 900 (71.0%) greatly improves ORR performance (Figure 15b). It is ascribed that the two electrons of graphitic N and the one electron of pyridinic N present in the delocalized-π orbital have accelerated the flow of electrons from the carbon bands to the antibonding orbitals of O2, which also enhances ORR. The as-prepared catalyst exhibits a positive shift of the onset potential (Figure 15b) to 0.97 V vs. RHE which is very close to Pt/C beside it also showed high stability of over 93.1% after 10,000 s (Figure 15c).




7. Conclusions and Future Perspective


Herein, different approaches for synthesizing carbon-based electrocatalysts from biomass and the key parameters influencing the physicochemical properties, as well as electrocatalytic activity, have been summarized (Table 1). It is important to mention that metal-free carbon-based materials, owing to their low cost of production, stability, and selectivity for the ORR, are ranked as suitable candidates for ORR. However, several challenges need to be addressed to design a robust electrocatalyst that can compete with the commercially available Pt/C electrocatalyst. First of all, the underlying mechanism behind the formation of carbon-based materials from different biomasses is yet to be properly understood. Secondly, the regulation of morphological features and the role of heteroatom doping on ORR activity need to be investigated to rationally design a highly active electrocatalyst utilizing biomass as the precursor. Moreover, carbon-based electrocatalysts show inferior ORR activity as well as stability in an acidic medium compared to the state-of-the-art Pt/C catalyst. So, for the proton exchange membrane fuel cell (PEMFC), carbon-based catalysts are not a proper choice and hence, modification such as surface functionalization is needed, which has rarely been studied. Overall, biomass-derived carbon-based electrocatalysts hold great promise in achieving remarkable electrocatalytic activity that will ensure the development of various energy devices for commercial aspects. This review article would attract young researchers to devote themselves to designing more effective carbon-based electrocatalysts from biomass for ORR, which plays a crucial role in various energy conversion and storage devices.
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Figure 1. (a) Scheme of the ORR mechanism by direct pathway and indirect pathway, (b) ORR mechanism on the catalyst surface (* notation denotes a site on the catalyst surface). 
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Figure 2. (a) Schematic illustration of the synthesis of g–CN and g–CN/C, (b) SEM images of g–CN/C–2, (c) LSV polarization curve for ORR, (d) evaluation of n value, (e) EIS studies of the g–CN/C–2, g–CN + C, g–CN, adapted from [46]. 
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Figure 3. Activation mechanism by the intercalation of metallic K into the pristine carbon lattices, the expansion of the lattices by the intercalated metallic K, and the removal of the intercalated K from the carbon matrix adapted from [49]. 
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Figure 4. (a) TEM image of THNC-800, (b) RRDE voltammograms of the same electrodes at the rotation rate of 1600 rpm. Scan rate: 10 mVs−1, (c) variation of n values of THNC, THNC-700, THNC-800, THNC-900, and Pt/C at different potentials, (d) graphical representation of the nitrogen content in the carbon samples, adapted from [51]. 






Figure 4. (a) TEM image of THNC-800, (b) RRDE voltammograms of the same electrodes at the rotation rate of 1600 rpm. Scan rate: 10 mVs−1, (c) variation of n values of THNC, THNC-700, THNC-800, THNC-900, and Pt/C at different potentials, (d) graphical representation of the nitrogen content in the carbon samples, adapted from [51].



[image: Biomass 02 00010 g004]







[image: Biomass 02 00010 g005 550] 





Figure 5. (a) LSVs for ORR in O2–saturated 0.1 mol L–1 KOH solution on CFB at various rotation rates, scan rate 5 mV s–1; (Inset: the corresponding K–L plots for ORR), (b) the number of transferred electrons at a different potential, (c) N2 adsorption-desorption isotherms of CFB (Inset shows the corresponding pore size distribution), (d) High–resolution XPS spectrum at N1s region of CFB, adapted from [52]. 
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Figure 6. (a) Synthesis procedure diagram, (b) SEM image of ANPC–3, (c) the surface area values in the range of mesopores and micropores, (d) LSV curves of samples at 1600 rpm, adapted from [56]. 
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Figure 7. (a) Schematic illustration of the preparation of P–doped carbon hollow spheres, (b) linear sweeping voltammograms of the ORR on the samples with a rotating speed of 1600 rpm, (c) the K–L plots of ORR on PCHS–2 at different electrode rotating speeds, adapted from [59]. 
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Figure 8. (a) Schematic of the synthesis of metal-free mesoporous N–S–CMK-3 catalysts, (b) SEM image of N–S–CMK–3 800 °C, (c) comparative polarization curves for different catalysts with the same loading measured at 1600 rpm in O2 saturated 0.1 M KOH solution, (d) HO2− yields (top) during the ORR and the corresponding electron transfer number (n, bottom) of the prepared catalysts measured by RRDE, adapted from [61]. 
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Figure 9. (a) Schematic for the synthesis of N-MCN/CNTs and the corresponding structural model, (b) LSV comparison of N-MCN/CNTs and Pt/C in an O2-saturated 0.1 M KOH solution at a rotation rate of 1600 rpm, (c) K–L plots of N-MCN/CNTs at indicated potentials, adapted from [62]. 
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Figure 10. (a) Proposed synthetic mechanism for NG from PSS and DCDA, (b) high-resolution TEM images of NG–1000, and (c) the enlargement of the boxed area in (b), (d) LSV curves of different samples and Pt/C electrodes in O2-saturated 0.1 M KOH solution with a sweep rate of 5 mV s–1 at a rotation rate of 1600 rpm, (e) K–L plots of NG–1000 at different potentials, (f) kinetic-limiting current density of NG and Pt/C catalysts, as well as the corresponding transferred electron numbers at 0.665 V, adapted from [73]. 
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Figure 11. (a) Schematic diagram of N–doped carbon preparation, (b) RDE polarization curves of N–doped wood–based catalyst (AWC–1) in O2–saturated 0.1 M KOH (ν = 10 mV s–1, and ω = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, and (6) 4600 rpm), (c) K–L plots for ORR on a N–doped wood–based electrode in 0.1 M KOH at different potentials (inset: the changes of n values in the studied potential range), (d) LSV polarization curves of different catalyst in O2–saturated 0.1 M KOH. ν = 10 mV s−1, ω = 1900 rpm, adapted from [79]. 
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Figure 12. (a) Schematic of the procedure for preparing spinach-derived carbon nanosheets, (b) SEM images of M+S+C900–900, (c) effects of second heat treatment at 900 °C (d) effects of different reagents on the starting materials. (The LSV curves were recorded in O2-saturated 0.1 M KOH with a rotation speed of 1600 rpm and a potential scan rate of 10 mV s−1), adapted from [80]. 
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Figure 13. (a) Schematic illustration for the synthesis of BF–N–950 and fabrication of a PEMFC, (b) linear sweep voltammetry (LSV) polarization curves of the catalysts tested in O2–saturated 0.1 mol L–1 KOH at a scan rate of 1 mV s –1, (c) electron transfer number of the BF–N–950 in 0.1 M KOH, adapted from [86]. 
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Figure 14. (a) Schematic illustration for the synthesis Co@N–PGCS, (b) stability curve, (c) linear sweep voltammetry (LSV) polarization curves of the catalysts tested in O2–saturated 0.1 mol L–1 KOH, adapted from [90]. 
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Figure 15. (a) The preparation procedure of N-S-C 900, (b) electrochemical activity studied using RRDE technique in an O2-saturated 0.1 M KOH solution at 1600 rpm, (c) the stability curve of N-S-C 900 tested by the current-time chrono amperometric responses at 0.70 V versus RHE in O2-saturated 0.1 M KOH solution, adapted from [95]. 
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Table 1. A list of ORR electrocatalysts derived from different types of biomass.
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	Biomass Source
	Activation Method
	Surface Area

[m2 g−1]
	Eonset [V] vs. RHE
	E1/2 [V] vs. RHE
	JL

[mA cm−2]
	Transferred Electrons

[n]
	Ref.





	Glucose
	HTC, pyrolysis
	1036
	0.92
	----
	3.0
	3.5–3.9
	51



	Glucose
	Template-free, pyrolysis
	450
	0.90
	0.79
	4.10
	----
	46



	Glucose
	Hard templating, pyrolysis
	1023
	0.92
	0.73
	5.50
	3.96
	61



	Glucose
	Pyrolysis
	591.4
	0.95
	0.82
	4.7
	3.9
	62



	Glucose
	HTC, dual step pyrolysis
	1610.3
	0.99
	0.87
	5.8
	4.0
	63



	Glucose
	Dual template method
	1148
	0.97
	0.87
	5.5
	----
	60



	Glucose
	Pyrolysis
	610
	0.95
	0.81
	5.7
	3.88
	64



	Glucose
	HTC, pyrolysis
	398
	0.89
	0.76
	4.9
	3.95
	65



	Glucose
	Silica templating, dual step pyrolysis
	801.5
	0.94 *
	0.87
	5.1 *
	4.0
	66



	Glucose
	Soft templating, pyrolysis
	480.5 cm2 g−1
	0.92
	0.81
	5.01
	3.62
	67



	Glucose
	Dual templating, chemical activation
	1394
	0.94
	0.824
	4.4 *
	3.20–3.97
	68



	Glucose(Bean curd)
	Dual step pyrolysis
	988.2
	0.96
	0.81
	5.7
	4.0
	69



	Sucrose
	Co impregnation, carbonization
	900
	0.83 *
	----
	2.55
	2.9–4.0 *
	71



	Sucrose
	HTC, pyrolysis
	528
	0.88
	0.74
	5.6
	3.72–3.9
	72



	Sucrose
	HTC, pyrolysis
	----
	0.90 *
	0.79
	4.3 *
	3.9
	73



	Bamboo fungus
	HTC, pyrolysis
	1895.5
	1.08
	0.92
	3.5
	3.6
	18



	Seaweed
	Pyrolysis
	1217
	0.98
	0.89
	4.5 *
	3.7
	74



	Okara
	Pyrolysis
	517
	1.00
	0.89
	4
	3.5
	75



	Grass
	HTC, pyrolysis
	----
	0.91
	----
	5.2
	3.94
	76



	Soybean shells
	Carbonization, ammoxidation
	1152
	0.98
	0.78
	5.24
	3.8
	48



	Eggplant
	Activation, ammoxidation
	1969
	0.95
	0.65
	5.5
	3.87
	77



	Coconut shells
	Activation, pyrolysis
	1071
	0.84
	----
	5.4 *
	3.7
	78



	Alder wood
	Pyrolysis, ball milling
	2245
	0.92
	0.85
	5.9
	----
	79



	Spinach
	Freeze-dry, double pyrolysis
	289.6
	0.94 *
	0.88
	5.8 *
	3.91
	80



	Chitin
	HTC, pyrolysis
	300.7
	0.84
	0.77 *
	4.5
	3.87–3.99
	82



	Chitin (Homarus americanus)
	Pyrolysis
	188
	0.80 *
	----
	----
	4
	83



	Chitin
	Carbonization
	76.18
	0.80
	----
	4.64
	3.65–3.87
	84



	Chitin
	Chemical activation, pyrolysis
	----
	0.97
	----
	3.4 *
	3.84
	85



	Chitin
	HTC, pyrolysis
	916
	0.98 *
	0.91
	4.9 *
	3.9
	86



	Chitosan
	Pyrolysis
	220
	0.95
	0.88
	5.36
	----
	89



	Chitosan
	Hard templating, pyrolysis
	1716
	0.92
	0.84
	5.5 *
	3.97
	90



	Chitosan
	Double pyrolysis
	416.7
	0.94
	0.90
	3.58
	3.2
	91



	Chitosan
	Silica template method
	873
	0.92
	0.82
	3.3
	3
	92



	Chitosan
	Pyrolysis
	337
	0.91
	0.82 *
	6.92
	3.25
	93



	Lignin
	Pyrolysis
	1209
	0.97
	0.87
	6.9
	3.8
	95







The * marked data are evaluated from the figure.
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