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In the era of renewable technologies and clean processes, carbon science must adapt to this new model of a green society. Carbon materials are often obtained from petroleum precursors through polluting processes that do not meet the requirements of sustainable and green chemistry. Biomass is considered the only renewable source for the production of carbon materials, as the carbon in biomass comes from the consumption of carbon dioxide from the atmosphere, resulting in zero net carbon dioxide emissions. In addition to being a green source of carbon materials, biomass has many advantages such as being a readily available, large and cheap feedstock, as well as the ability to create unique carbon-derived structures with well-developed porosity and heteroatom doping. All these positive aspects position biomass-derived carbon materials as attractive alternatives in multiple applications, from energy storage to electrocatalysis, via adsorption and biosensors, among others. This review focuses on the application of phenolic resins to the production of electrodes for energy storage and the slow but inexorable movement from petroleum-derived phenolic compounds to biosourced molecules (i.e., lignins, tannins, etc.) as precursors for these carbon materials. Important perspectives and challenges for the design of these biosourced electrodes are discussed.
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INTRODUCTION
Most countries have signed the Paris Agreement on climate change, with the intention of avoiding a global temperature increase of 1.5°C above pre-industrial levels (Paris Agreement to the United Nations Framework Convention on Climate Change, 2015). According to the IPCC report (IPCC, 2021: Climate Change 2021), the risk of not being able to slow the rate of temperature increase would threaten human life and environmental health worldwide. This fact encourages society toward a governmental and social movement that involves net zero emissions in the coming years. This movement should also be accompanied by the growth of clean and renewable energy technologies. In this context, multiple green technologies have been presented as attractive alternatives to replace fossil fuel-based energy (Du and Li, 2019). Electrochemistry is at the forefront of this renewable movement since most of these technologies are based on electrochemical processes and reactions (Ganiyu and Martínez-Huitle, 2020). Fuel cells (Ganiyu and Martínez-Huitle, 2020; Sazali et al., 2020; Neatu et al., 2021), supercapacitors (Muzaffar et al., 2019; Pomerantseva et al., 2019; Poonam et al., 2019), batteries (Mauger et al., 2019; Xu et al., 2020; Liu et al., 2021) and electrolyzers (Abbasi et al., 2019; Brauns and Turek, 2020), among others, are electrochemical devices that are among the most innovative suppliers of energy and chemicals.
Carbon materials have been proposed as excellent low-cost electrodes for all these electrochemical devices due to their unique properties, such as high availability, large developed porosity, wide variety of pore size distributions, tunability of surface chemistry, high conductivity, excellent chemical and thermal stability, etc. (Quílez-Bermejo et al., 2020a; Castro-Gutierrez et al., 2020; Wu et al., 2020; Yin et al., 2020). Nevertheless, carbon materials chemistry, and carbon science in general, must adapt immediately to the rapid changes facing our society. Traditional methods of preparing carbon materials are often based on thermal processing of petrochemical precursors (Liu W.-J. et al., 2015; Titirici et al., 2015; Yahya et al., 2015; Ma et al., 2017; Lan et al., 2021). This is a huge problem because, despite their use in renewable technologies, most of the carbon electrodes in these devices are still produced from fossil fuels, which does not solve the problematic issue of polluting emissions. If the ultimate goal is to use technologies with fully environmentally friendly equipment, the renewable production of carbon materials is mandatory.
A branch of carbon science and technology involves the preparation of carbon materials from phenolic resins (Effendi et al., 2008; Celzard and Fierro, 2020; Szczesniak et al., 2020; Torres et al., 2021). Phenolic resins are synthetic polymeric compounds that are obtained from the condensation reaction of phenolic molecules with or without a crosslinking agent (Sarika et al., 2020). Such resins are excellent precursors for carbon materials since the selection of phenolic molecules and crosslinkers allows excellent control of the properties of the resulting carbon materials. Nevertheless, it is worth noting that phenolic precursors and crosslinkers are commonly obtained from petrochemical precursors that involve polluting processes (European Chemicals Agency, 2021a; European Chemicals Agency, 2021c; European Chemicals Agency, 2021d). Due to the high levels of pollution in recent years, new renewable alternatives have been proposed to replace petroleum precursors to produce carbon materials derived from phenolic molecules (Nieuwenhove et al., 2020; Sarika et al., 2020; Sternberg et al., 2021).
Biomass-derived carbon precursors are considered the only renewable carbon source since the carbon emissions released during thermal processing of biomass were previously consumed from the atmosphere during biomass growth (Forest Research 2021). This means that biomass absorbs anthropic carbon dioxide emissions while growing and releases them back into the atmosphere during carbon materials production. Therefore, the carbon cycle remains closed with zero net emissions while synthesizing a value-added product. This closed cycle can be very useful for preparing carbon materials derived from phenolic resins since the phenolic and crosslinking components can be found in nature as biomass feedstocks (Foyer et al., 2016; Nieuwenhove et al., 2020; Sarika et al., 2020; Sternberg et al., 2021). Biomass represents a large amount of natural reservoirs of carbon, including agricultural crops, plants, forest residues or materials, and industrial or domestic biowastes, among others. The nature, composition, structure and other features of these biosourced precursors have been widely detailed in extensive reviews (Jian et al., 2018; Li et al., 2019; Szczesniak et al., 2020).
In this review, we aim to summarize the most fundamental advances in the preparation of carbon electrodes from biosourced phenolic molecules in the quest for the non-dependence on fossil fuels. This review does not provide a detailed overview but shows the extensive possibilities of carbon materials derived from biosourced phenolic molecules as electrodes for energy storage and conversion applications.
Biosourced Precursors of Phenolic-Based Resins
Phenolic resins, of which the best known are phenol-formaldehyde resins, are primarily based on two main components: phenolic and aldehyde structural units. The phenolic units react with the crosslinkers in ortho- or para- position, leading to a condensed product, the phenolic resin, whose characteristics depend on phenol/aldehyde ratio, the phenol and aldehyde precursors and the synthesis conditions, in particular the pH (Grenier-Loustalot et al., 1994; Effendi et al., 2008). Regarding phenolic and aldehyde precursors, it is important to emphasize that phenol and formaldehyde are the most common raw materials for the preparation of phenolic resins.
The reaction mechanisms for the formation of phenol-formaldehyde resins have been extensively studied in the literature since their discovery in 1907, and multiple works can be found regarding the proposed mechanisms (Yeddanapalli and Francis, 1962; Grenier-Loustalot et al., 1994; Pilato, 2013). The first step of the mechanism is attributed to the formaldehyde substitution in ortho- or para- positions in the phenolic ring, leading to the possible formation of mono-, di-, and tri-functionalized phenol monomer, which is thought to be mainly related to the phenol/formaldehyde ratio during synthesis. Then, the second step of the mechanism involves polymeric reactions between the monomeric products through condensation processes. Such processes have been shown to be highly dependent on pH (Pizzi and Stephanou, 1994). Under alkaline conditions, the bonds between the monomers are based on methylene-type (-CH2-) bridging bonds, while in neutral or acid environments, ether-type (-CH2-O-CH2-) bridging bonds can also be found.
All the parameters that influence the synthesis are of paramount importance to adapt the properties of phenolic resins. The high process tunability (pH, temperature, precursor ratios, etc.) makes them of prime interest for a wide range of applications: aerospace industry, adhesives, coatings, and high-yield precursors for the preparation of carbon materials, among others (Celzard and Fierro, 2020). However, one of the main concerns about phenolic resins is their production from petrochemical feedstocks (European Chemicals Agency, 2021a; European Chemicals Agency, 2021c; European Chemicals Agency, 2021d). On the one hand, 95% of the world’s phenol production is based on the cumene process (Zakoshansky, 2007), which involves the partial oxidation of benzene and propylene to obtain phenol and acetone. Benzene and propylene are highly polluting petrochemical raw materials (European Chemicals Agency, 2021b; European Chemicals Agency. Propene). On the other hand, although crosslinker-free resins exist (Celzard and Fierro, 2020), the most common preparation of carbon materials from phenolic molecules involves the reaction between the phenolic groups and formaldehyde (Grenier-Loustalot et al., 1994; Zhang et al., 2015; Foyer et al., 2016). Unfortunately, formaldehyde is also considered a pollutant since it is obtained from hydrocarbons such as methanol (European Chemicals Agency, 2021a). The presence of formaldehyde in the air can have dangerous consequences for human health (European Chemicals Agency, 2021a).
Biosourced precursors of phenolic resins have been explored over the last decades in the search for fully green technologies. This section reviews the most common bio-based precursors of phenolic molecules (lignin and tannins), including structure, properties and role in bio-resins. Moreover, crosslinker-free resins and bio-based crosslinker components will also be studied in this section.
Lignin
Lignin is an amorphous 3D phenolic polymer composed mainly of three structural units: p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) (Figure 1). Lignin is one of the largest components of plant matter, along with cellulose and hemicellulose. However, unlike the other two, lignin is the only component with aromatic properties and carbon contents above 60 wt%, making it desirable for the development of carbon materials (Fierro et al., 2005, 2006). Lignin is a highly heterogeneous polymer that plants naturally produce through the consumption of carbon dioxide followed by the formation of carbohydrates through the photosynthesis (Hu, 2002).
[image: Figure 1]FIGURE 1 | Structural units of lignin monomers: p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S).
As commented above, phenol-formaldehyde resins do not necessarily involve the use of pure phenol as the phenolic component. Lignin can serve as a substitute for phenol molecules in these resins (Sellers et al., 2004; Hu et al., 2011; Nieuwenhove et al., 2020). The structural units of lignin are based on phenol-like moieties, which can interact with aldehydes in a form similar to phenol-formaldehyde resins (Figure 1). Assuming that lignin-aldehyde resins are formed through the same mechanism and that the para- positions of phenolic rings in lignin are occupied, the reaction can only take place through the ortho- position of H and G moieties of lignin via methylene or ether bridging bonds. At the same time, S-type groups would not be able to interact in such crosslinking reactions (Xu and Ferdosian, 2017; Wang Y.-Y. et al., 2020).
The main problem with lignin as a phenol-type component in phenolic resins is its considerable molecular weight and complex, stable structure, which results in low reactivity of the lignin feedstock. In order to increase the reaction rate, lignin is often purified and chemically modified by methylolation (Peng et al., 1993; Vázquez et al., 1997), phenolation (Jiang et al., 2018) and demethylation (Song et al., 2016; Wang et al., 2019) reactions. Without applying modifications to the non-reactive raw structure, the use of lignin as a phenolic component is severely hampered. After these chemical modifications, large amounts of phenol [up to 100% of lignin-based resins (Kalami et al., 2017)] were successfully substituted by lignin components in phenol-formaldehyde resins (Zhang et al., 2013; Kalami et al., 2017). Interestingly, lignin has also been shown to react with glyoxal (as a crosslinker) to form lignin-based phenolic resins without using phenol and formaldehyde in the formulation (Kumar et al., 2021).
Tannin and Raw Materials Derived From Tannin
Tannins are complex polyphenolic biomolecules found in plant materials, especially in dicotyledonous plants. After lignin, tannins are the second most abundant aromatic compound in biomass, with a high carbon content. However, tannin composition highly depends on the plant source. High tannin concentration has been reported in mimosa, quebracho, pine and chestnut. Nevertheless, despite the heterogeneous nature of tannins, these can be classified into three different groups according to their structural units; 1) hydrolysable tannins, 2) condensed tannins and 3) complex tannins (Gross, 1999; Kahnbabaee and Van-Ree, 2001).
Condensed tannins (also known as flavan-3,4-diol-derived tannins) are another important renewable substitute for phenol in phenolic resins. The monomers of condensed tannins is based on flavonoid units, which are formed by a heterocyclic ring linking two phenolic rings: the A ring and the B ring (Figure 2).
[image: Figure 2]FIGURE 2 | Chemical structure of the flavonoid unit.
The use of tannin as a phenolic-type component has been widely demonstrated in the scientific literature through the formation of multiple tannin-formaldehyde resins (Amaral-Labat et al., 2013; Pizzi et al., 2013; Lagel et al., 2014; Li et al., 2016). Due to their phenolic moieties, these tannin-derived substances indeed undergo the same kind of reaction mechanisms with aldehydes. Such reactions are mainly based on the polymerization of flavonoid units with formaldehyde through -C-C- and -C-O-C bridging bonds (Figure 3) (Gross, 1999; Kahnbabaee and Van-Ree, 2001), similar to the original phenol-formaldehyde resins.
[image: Figure 3]FIGURE 3 | Reaction mechanism between flavonoid units of tannin and formaldehyde.
Not only that, many different derivatives can be obtained through organic reactions between condensed tannins and other compounds. Tannins have proven to be able to react with amines to obtain polycondensed resins (Delgado-Sánchez et al., 2017). Some recent work shows that in alkaline or acidic solution, the reaction mechanism proceeds through 1) the reaction of the amine and the phenolic-type component and 2) the formation of ionic bonds between the protonated amino groups and the hydroxyl groups of the flavonoid structure of the tannin (Santiago-Medina et al., 2017). Biosourced tannin resins have also been obtained from the reaction between tannin and furfuryl alcohol with glyoxal, a crosslinker that is much less toxic and much less volatile than formaldehyde (Lacoste et al., 2013).
However, one of the most exciting tannin-based preparation is the one obtained by the self-condensation of these organic molecules (Pizzi et al., 1995; Pizzi, 2008; Basso et al., 2014). Unlike simple phenolic molecules, condensed tannins are also prone to self-condensation reactions through methylene or ether bridging bonds in alkaline and acids (Pizzi et al., 1995). The mechanism of self-condensation is well-known; tannins react through three different reactions that are: 1) degradation of tannins to lower molecular weight compounds, such as catechin, 2) condensation reaction by hydrolysis of aromatic rings, and 3) formation and reaction of free radicals in the presence of air. This feature makes tannins one of the few phenolic-type molecules capable of producing phenolic resins without the presence of additional crosslinkers, leading to tannin-only resins.
Crosslinkers
Lignin and tannins are the main substitutes for phenol in phenol-formaldehyde resins. In the case of aldehyde components, hydroxymethylfurfural (HMF) represents the main biosourced alternative to replace formaldehyde (Sarika et al., 2020). HMF is an aromatic aldehyde found in sugars, fruits, coffee, flavoring agents and other carbohydrate polymers. It is usually synthesized from cellulose and lignocellulose using ionic liquids and/or organic solvents (Stahlberg et al., 2011; Zakrzewska et al., 2011).
HMF has proven to be an effective substitute for formaldehyde in the manufacture of “green” phenolic resins, in which the production of polluting formaldehyde emissions is avoided (Zhang et al., 2016a). The use of HMF in fully “green” resins have already been demonstrated: phenol was replaced by lignin derivatives, while formaldehyde was substituted by HMF, resulting in a green phenolic resin with interesting properties in terms of thermal stability and mechanical strength (Zhang et al., 2016b). Nevertheless, HMF is not the only biosourced crosslinker. Other formaldehyde substitutes have proven to be helpful for the formation of phenolic resin with excellent properties. Among all the aldehyde-type alternatives, the role of furfural (Oliveira et al., 2008; Zhang et al., 2020), furfuryl alcohol (Cheng et al., 2018), glyoxal (Ramires et al., 2010) and vanillin (Foyer et al., 2016) should be highlighted. If readers are looking for more details on biosourced precursors to phenolic resins, we encourage them to read the following scientific literature (Sarika et al., 2020).
FROM PHENOLIC MOLECULES TO CARBON MATERIALS
The high carbon content and low cost of biosourced phenolic molecules and the resultant phenolic resins make them an attractive alternative to petrochemical compounds for producing carbon materials. The variety of phenolic and crosslinking precursors (if used) and their extensive properties make them a potential material for the production of carbons with different chemical and structural properties, such as porosity, carbon and oxygen content, heteroatom doping, electrical conductivity or thermal stability. The following section briefly summarizes the most common methodologies for producing carbon materials from phenolic compounds and resins.
Carbonization
The most widely used method for the production of carbon materials is based on high-temperatures heat treatment of precursors in an oxygen-free atmosphere. These high temperatures promote condensation reactions of chains of phenolic molecules or resins (Meng et al., 2006; Muylaert et al., 2012). Prior to carbonization processes, a standard methodology for increasing the carbonization yield is a well-known curing process (Meng et al., 2006; Muylaert et al., 2012). The curing process uses heat treatments at moderate temperatures in an air atmosphere to promote crosslinking reactions of the phenolic structure. After the pre-treatment, high-temperature carbonization is applied (Meng et al., 2006; Muylaert et al., 2012). This procedure consists of the thermal degradation of carbon precursors by heating in an inert atmosphere at temperatures above 300°C, leading to the conversion of the phenolic matrix into highly disordered carbon (Ko et al., 2000). Such conversion involves multiple reactions at high temperature: crosslinking, dehydration, isomerization and condensation (Trick and Saliba, 1995). The mechanism of pyrolysis of phenolic resins is well established: 1) formation of additional crosslinks, 2) scission of these crosslinks, and 3) polycyclic aromatization (Jiang et al., 2012). As a result of phenolic resin decomposition, water vapor, hydrogen, methane and carbon monoxide emissions are produced during thermal processing (Trick and Saliba, 1995).
The properties of the carbon material depend on the heat-treatment temperature, heating rate, residence time, flow rate, and phenolic and crosslinking precursors. As with other biomass precursors, to achieve high carbonization yields, a rather slow heating rate is preferable. Otherwise, rapid carbonization leads to volatilization of most of the biomass and production of bio-oils, and thus to low carbonization yields (Szczesniak et al., 2020).
With respect to the previously mentioned biosourced phenolic resins, it is worth noting that tannin-derived carbon materials have been prepared extensively through the carbonization of self-condensed tannins and tannin-aldehyde resins (Celzard and Fierro, 2020). The properties of such carbons have been tailored through heating temperature, heating rate, etc., but the non-graphitizable structure remains present regardless of the carbonization parameters. Moreover, tannins alone have been shown to be a promising precursor for obtaining carbon materials with excellent properties in terms of porosity (SNLDFT = 770 m2 g−1), without requiring any additional crosslinking procedures, thereby avoiding any additional steps related to the formation of phenolic resins (Jagiello et al., 2019). In the case of lignin, the properties of lignin-derived carbon materials are also highly dependent on carbonization conditions. Lignin has been used as a phenolic substitute in resins for subsequent carbon materials (Simitzis and Sfyrakis, 1993; Guo et al., 2015; Zhang et al., 2018; Castro-Díaz et al., 2019). The heat-treatment temperature was found to be of paramount importance in the apparent surface area of carbon materials since the same lignin precursor shows 496 m2 g−1 at 500°C and 278 m2 g−1 at 900°C at a heating rate of 10°C·min−1 (Rodríguez-Mirasol et al., 1993a; 1993b). This effect of the temperature is related to the constriction of micropores when increasing the treatment temperature at such a high heating rate (Rodríguez-Mirasol et al., 1993a; 1993b). However, treatment at the same temperatures at a heating rate of 2.5°C·min−1 shows the opposite trend. The higher the treatment temperature, the higher the apparent surface area of the carbon materials (Xie et al., 2009), which also highlights the relevance of the heating rate.
Hydrothermal Carbonization
Hydrothermal carbonization, also known as aqueous carbonization or wet pyrolysis, is an alternative method for producing carbon materials from phenolic resins under milder conditions. The most common hydrothermal carbonization is done under subcritical conditions, which involves thermal treatment of a carbon precursor at temperatures between 150 and 350°C in a pressure vessel in the presence of water (or other aqueous solvents). In this temperature and pressure range, ionization of water occurs, which promotes hydrolysis of organic compounds. Besides, this process can be further accelerated by the presence of acids in the solution. The reaction mechanisms of hydrothermal carbonization are still contradictory because they seem to depend strongly on the carbon precursor. Nevertheless, there is a general consensus that hydrothermal carbonization involves dehydration, decarboxylation, aromatization and condensation reactions, which govern the structural arrangement of the resultant carbon materials, also called hydrochars (Mohamed et al., 2017; Nizamuddin et al., 2017).
This methodology for producing carbon materials from phenolic resins is less standard than conventional carbonization. Nevertheless, there is a large number of publications reporting phenolic resins-derived carbon nanospheres (Xu and Guo, 2013), fibers (Fei et al., 2015), ordered mesoporous carbons (Yu and So, 2019), etc., obtained by hydrothermal method.
It is also worth mentioning that lignin and tannins are widely used to prepare carbon materials by hydrothermal carbonization without prior formation of phenolic resins, as these two kinds of organic molecules can produce carbon materials with excellent properties. Tannins are especially attractive for the preparation of carbon materials by hydrothermal methods because they are soluble in water. This facilitates condensation and dehydration reactions in hot pressurized water, leading to high hydrothermal yields near 60% (Braghiroli et al., 2014). Furthermore, this methodology is desirable for doping with heteroatoms since heteroatom precursors can also be introduced in the hydrothermal equipment. Following this approach, apparent surface areas of 500 m2 g−1 and nitrogen content above 8 at% were obtained in tannin-derived hydrothermal carbons (Braghiroli et al., 2015). In hydrothermal carbons derived from biomass under mild conditions, the most common nitrogen species are edge-type functionalities, such as imines and amines. However, more aggressive conditions are needed to obtain heterocyclic-type nitrogen groups, such as pyridines, pyrroles and graphitic nitrogen (Zhuang et al., 2018). The same principle of nitrogen doping can be used to complex transition metals and, therefore, to form metal-carbon hybrids.
On the other hand, lignin-based carbons have also been obtained by hydrothermal carbonization (Kang et al., 2013), with promising hydrothermal pyrolysis yields up to 66 wt% (Li et al., 2021). Carbon dots with photoluminescence emissions were obtained from hydrothermal carbonization of lignin in the presence of a small amount of hydrogen peroxide at 180°C. H2O2 act as an oxidizing agent that functionalizes the lignin-derived carbon domains during hydrothermal treatment (Chen et al., 2016). The functionalization involves the formation of oxygen groups and the creation of defects on the surface of the carbon dots. These can act as excitation energy traps, which may be responsible for the photoluminescence behavior (Chen et al., 2016).
Activation
Activation processes are not strictly speaking synthetic routes to produce carbon materials, but a promising pathway to modulate the microporosity and nanostructure of carbon materials derived from phenolic compounds. There are two types of activation processes: 1) chemical activation, and 2) physical activation (Marsh and Rodríguez-Reinoso, 2006).
Chemical activations involve the use of chemical activating agents, such as KOH, NaOH, and H3PO4 (Marsh and Rodríguez-Reinoso, 2006; Pérez-Mayoral et al., 2021; Pérez-Rodríguez et al., 2021). These activating agents are mixed with the carbon precursors, followed by thermal treatment at temperatures of 350–900°C. The mechanisms of chemical activation with KOH and NaOH have been widely studied. KOH (or NaOH) reacts with carbon materials at about 400°C to form K2CO3 (Lillo-Rodenas et al., 2003). At temperatures above 700°C, potassium (or sodium) carbonate decomposes into K2O (or Na2O) and CO2. At this high temperature, CO2 can also interact with the carbon matrix through oxidation of the carbon material to produce two CO molecules. In addition, K2O or K2CO3 can also be reduced by the carbon network to produce metallic K, leading to the removal of carbon atoms.
Besides alkaline agents, acidic solvents can also be used during the activation process. Although many acidic agents have been used (Legrouri et al., 2004; Sanchez et al., 2006; Liu et al., 2011; Gao et al., 2020), the most widely used acidic activation agent is H3PO4 (Molina-Sabio et al., 1996; Jagtoyen and Derbyshite, 1998; Puziy et al., 2003). H3PO4 operates by different mechanisms than NaOH and KOH. The carbon material and acid solution are mixed and subjected to heat treatment at temperatures between 350 and 700°C. The proposed mechanism of acid activation is as follows: evaporation of the acidic agent leads to depolymerization and dehydration reactions of the polymeric materials. Then, the volatile by-products of the reaction between H3PO4 and the carbon material decompose, releasing cavities and pores (Gao et al., 2020). Chemical activations with acidic agents of biosourced phenolic molecules have generated significant developments of microporosity in carbon materials, reaching surface areas of nearly 3,000 m2 g−1 (Fierro et al., 2008). Nevertheless, by regulating the acid concentration, many surface areas can also be obtained (Gao et al., 2020).
On the other hand, physical activation consists of a two-step process: 1) carbonization of the carbon precursor, and 2) high-temperature treatment (500–900°C) in the presence of oxidizing agents, such as air, water vapor or CO2 (Marsh and Rodríguez-Reinoso, 2006; Din et al., 2017; Heidarinejad et al., 2020; Pérez-Mayoral et al., 2021). These gases consume the carbon material creating microchannels in the carbonaceous structure. Carbons subjected to physical activation develop a large surface area due to the formation of micropores. Depending on the physical agent, the microporosity can be modulated. The use of CO2 results in narrower micropores, whereas the use of steam leads to a broader pore size distribution with a lower content of micropores (Pérez-Mayoral et al., 2021).
Among all activating agents, CO2 is by far the most common in physical activations, whose reaction mechanisms have been widely explained according to the following reaction:
[image: image]
This means that the carbon material reduces the CO2 molecule while the carbon material is oxidized, producing two carbon monoxide molecules and eliminating one carbon atom from the surface. Such physical activation has been widely applied to obtain carbon materials from biosourced phenolic molecules (Doney et al., 2009; Xue et al., 2011).
Template Methods
The main limitation of the above carbonization processes is the lack of control over the porosity of the resultant carbon materials. Carbonization in the presence of templates is a powerful strategy to produce carbon materials with accurate control of pore structure and size distribution. In order to prepare carbon materials with a well-defined pore structure, one attractive strategy, known as hard-templating, is to replicate a template material that already has a well-ordered structure (Muylaert et al., 2012; Wang H. et al., 2020; Xie et al., 2020; Díez et al., 2021). Thus, the carbon precursor is deposited chemically (Jun et al., 2009) or electrochemically (Quílez-Bermejo et al., 2020b) as the inverse template structure, filling the pores of the pristine template structure. For carbon materials derived from phenolic resins, the template cannot only be added during carbonization but also during the formation of the phenolic resins (Muylaert et al., 2012). Therefore, porosity control can be overcome early in resin production or during pyrolysis of carbon precursors. This approach has been widely applied to obtain ordered mesoporous carbons (OMCs) from biosourced phenolic compounds (Fierro et al., 2013; Salinas-Torres et al., 2016; Xi et al., 2020). The main limitation of this approach is the need for an additional step to remove the template from the composition of the material, which often involves the use of hazardous and toxic chemicals, such as hydrofluoric acid or high concentrations of sodium hydroxide.
The second template method, known as soft-templating, involves cooperative assembly between an amphiphilic templating agent and the carbon precursor. This is the most common method for obtaining carbon materials of phenolic origin (Szczesniak et al., 2020). In general, in soft-templating, the templating agent consists of surfactants or copolymers and the carbon precursor is based on phenolic precursors. The mixture of the components and a solvent leads to a mesophase that is heated to produce well-ordered carbon materials. At the same time, the templating agent is removed by heat treatment (Muylaert et al., 2012; Nita et al., 2016; Choma et al., 2020). Compared to hard-templating, the main advantage of this methodology is the lack of need for corrosive compounds to remove the template from the final carbon material. After pyrolysis at temperatures above 400°C, the soft template is completely eliminated, releasing the porosity of the resultant carbons.
In soft-template methods for the formation of phenolic-derived carbons, some factors are of paramount importance, especially the effect of pH (Meng et al., 2006; Huang et al., 2009; Xie et al., 2011; Renda and Bertholdo, 2018). In a basic medium, phenolic moieties are deprotonated by the action of the OH− anions, which leads to the formation of phenolate anions. Then, these anions interact with the surfactant. The resultant polymer has large amounts of hydroxyl groups that strengthen the template-resin interaction through hydrogen bonding.
These hard- and soft-templating methodologies have been widely applied to bio-based phenolic resins. Furthermore, carbon materials by templating directly from biosourced phenolic molecules have proven to be an effective way to produce well-ordered carbon materials, especially from tannins (Figure 4) and triblock copolymers such as Pluronic® (Castro-Gutierrez et al., 2018, 2021a; Sanchez-Sanchez et al., 2018). These ordered carbon materials show outstanding properties not only for electrochemical applications (Celzard and Fierro, 2020), as discussed in the next section, but also for adsorption (Nelson et al., 2016; Canevesi et al., 2020; Zhao et al., 2020), hydrogen storage (Schaefer et al., 2016) or even molecular sieving of alkanes (Castro-Gutierrez et al., 2021b). Lignin-derived ordered carbon materials obtained by template methods have also shown excellent properties in catalysis (Gan et al., 2019; Wang X. et al., 2020) or adsorption (Xie et al., 2019).
[image: Figure 4]FIGURE 4 | Bright-field TEM micrographs of transverse and longitudinal views of well-ordered mesoporous carbon materials obtained by soft-templating of tannins [Reprinted with permission from (Castro-Gutierrez et al., 2018)].
Mechanosynthesis
Mechanosynthesis has emerged in recent years as a promising methodology to simplify all the above-mentioned synthetic protocols (Suryanarayana, 2001; James et al., 2012). Mechanochemical synthesis has the advantage of using mechanical forces to produce the reaction instead of using hazardous chemicals or high temperatures and pressures as in conventional procedures (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic representation of the ball motion inside the ball-milling and illustration of deformation and reaction in mechanochemical processes (Xu et al., 2015).
Mechanosynthesis is based on milling processes in which the mechanical energy of motion is transferred to the precursor through abundant collisions (Margetic and Strukil, 2016). Depending on the mechanical forces, elastic or plastic deformation can be achieved (Figure 5) (Xu et al., 2015). If the mechanical forces are not strong enough, the kinetics transferred to the reagents only provides energy to reduce the size of the carbon particles. However, if the energy is high enough, the organic reactants can be chemically altered through the cleavage of chemical bonds (Figure 5) (James et al., 2012; Margetic and Strukil, 2016). This leads to the formation of new bonds between reactants and, consequently, the formation of new materials with significantly different chemical properties. Although it is a technique primarily used for the formation of metallic alloys, metal oxides and co-crystals, the use of mechanosynthesis for the preparation of carbon materials has been increasing significantly in recent years (Friscic, 2012; Margetic and Strukil, 2016; Zhang P. et al., 2017). This is particularly remarkable in the use of biosourced phenolic molecules and resins. In recent years, a few very relevant works can be found on this hot topic for lignin (Zhang J. et al., 2017; Liang et al., 2018; Liu et al., 2019) and tannins (Zhang P. et al., 2017; Castro-Gutierrez et al., 2018). Tannin, a templating agent (Pluronic® F127), and a small amount of water were ball-milled at room temperature. Interestingly, despite the absence of aldehyde, this synthetic methodology produces a structured mesophase through the self-condensation of tannin monomers due to the considerable energy provided by this novel technique without the need for hazardous solutions or compounds (Castro-Gutierrez et al., 2018). Moreover, this synthetic procedure has proven to be very versatile since multiple mesostructures can be found by modifying the amount of water, surfactant, and energy applied to the mechanochemical process. After heat treatment of the carbon mesophase, the well-ordered homogeneous pore size distribution was still observed (Castro-Gutierrez et al., 2018).
Nevertheless, mechanosynthesis is still in the early stages of carbon science. It holds promising prospects for the future of phenolic resins and carbon materials. However, more fundamental and applicative studies are still necessary to go further in its realization and understanding.
ELECTROCHEMICAL APPLICATIONS
Carbon materials, whose most important characteristics are high availability, tunable porosity and chemical nature, easy of processing, inexpensive synthesis, and intrinsic heteroatom doping, can be found in almost every aspect and branch of materials science, such as membranes, water treatment, optics, aerospace industry, biosensors, energy storage and energy conversion (Ruoff, 2018). Considering all the properties already mentioned, carbon materials have proven to be an excellent way to improve performance in electrochemical applications, in the form of electrodes for electrochemical energy storage and conversion.
This review section will focus on the significant findings and advances in the different electrochemical applications of carbon materials obtained from “green” phenolic compounds. This will cover their use as electrodes in supercapacitors and rechargeable batteries for energy storage.
Supercapacitors
Supercapacitors (SCs), also known as electrochemical capacitors or ultracapacitors, have attracted significant attention in the energy storage field due to their superior rate capability, high power density, fast charge/discharge rates, and long-term durability (Sharma and Bhatti, 2010; Xing et al., 2014). These unique properties of SCs bridge the gap between batteries and traditional capacitors. SCs consist of two electrodes electrically isolated by an ion-permeable separator containing an electrolyte, where energy storage occurs by charge accumulation at the electrode-electrolyte interface. Among the various parameters influencing the performance of SCs, the porous structure of the active electrodes, i.e., the pore size and specific surface area, is of critical importance. Carbons with well-developed porosity obtained from fossil precursors (such as mesoporous carbons, carbon gels, nanostructured materials, etc.) have been widely explored as electrodes for SCs. Nowadays, the fabrication of cost-effective and high energy density electrodes using environmentally friendly resources remains a challenge facing material scientists worldwide.
Lignin and other natural phenolic compounds, especially tannin and tannin-related molecules (such as phloroglucinol), have been investigated in the reaction with an aldehyde for the production of porous carbons derived from phenolic resins with outstanding electrochemical performance when used as SC electrodes (Liu M. et al., 2015; Miao et al., 2017; Vinodh et al., 2020; Sima et al., 2021). In this regard, hierarchical structured pore materials, incorporating ultramicropores, supermicropores and mesopores in a carbon network, were successfully synthesized by solvothermal polymerization of phloroglucinol and terephthaldehyde in dioxane, followed by carbonization (Miao et al., 2017; Vinodh et al., 2020). In these reaction systems, dioxane acts as both a solvent and a template to produce mesoporous domains, whereas the polymeric phloroglucinol/terephthaldehyde units serve as self-template to generate micropores during pyrolysis. Interestingly, the authors (Miao et al., 2017) reported the production of porous carbons with a high specific surface area (up to 1,003 m2 g−1) by this strategy. The developed porosity, together with the micro-mesopore network, provides the resultant SC electrodes adequate specific capacitance (214 F g−1 at 1 A g−1) in 6M KOH aqueous electrolyte, high-rate capability (154 F g−1 at 50 A g−1), and long-term cycling stability (with a capacitance retention of 95.5% after 10,000 cycles) (Miao et al., 2017).
Further efforts in the eco-friendly synthesis of carbon electrodes for SCs from greener, non-toxic phenolic resins have been made by replacing formaldehyde with glyoxylic acid or glyoxal as crosslinkers (Moussa et al., 2018; Herou et al., 2019). For example, the synthesis of sustainable ordered mesoporous carbons (OMCs) by self-assembly of a phloroglucinol/lignin mixture (phenolic precursor) and glyoxal (crosslinker) in the presence of a soft template (Pluronic® F127) has been recently reported (Herou et al., 2019). The influence of phloroglucinol/lignin mass ratio on the electrochemical performance of the resultant OMC-based electrodes was investigated. The bio-based electrode derived from 50 wt% lignin + 50 wt% phloroglucinol showed optimal behavior with an enhanced volumetric capacitance (90 F cm−3), twice as high as the material prepared with phloroglucinol alone.
Self-condensation of tannins in the absence of crosslinkers has emerged over the past decade as an environmentally friendly approach to fabricate carbon materials with outstanding capacitive properties and high-rate capability (Castro-Gutierrez et al., 2019; 2021a). This particular route paves the way for the production of green, phenolic resin-derived carbon materials for energy storage applications with zero formaldehyde emissions. Several micro-mesoporous carbon materials obtained from the self-condensation of tannins by different synthetic routes have been explored as SC electrodes with promising results. Nano-cast OMCs based on tannin-related polyphenols (phloroglucinol, gallic acid, catechin or Mimosa tannin) have been investigated for electrochemical double-layer capacitors (Sanchez-Sanchez et al., 2017a). The synthesis route consists of a one-step impregnation of the hard template (SBA-15 silica) with the natural phenolic molecule in ethanol, which avoids the use of toxic solvents. The pyrolyzed carbon material achieved specific capacitances up to 277 F g−1 (at 0.5 mV s−1) in 1M H2SO4 aqueous electrolyte, which is in the range of OMCs with comparable textural parameters (Jurewicz et al., 2004; Tanaka et al., 2015) but obtained from petrochemical carbon precursors, and which require additional post-oxidation treatment to introduce oxygenated functionalities. These surface oxygen-containing groups increase the specific capacitance through: 1) pseudocapacitive contributions (quinone-hydroquinone redox reactions), and 2) improved carbon wettability and hence, increased electrochemical active area.
Although the nanocasting approach provides good control of the surface area and pore size of the resultant carbon electrodes, it requires the use of harsh acids (e.g., HF) to remove the hard silica template, which prevents the scaling-up of this methodology. A subsequent work showed successful soft-templating synthesis of OMCs by self-assembly of Mimosa tannin with Pluronic® F127 under mild conditions (30°C, pH 3) (Sanchez-Sanchez et al., 2018). An additional CO2 activation step led to highly porous carbons (specific surface area up to 1,152 m2 g−1) with a gravimetric capacitance of 286 F g−1 (at 0.5 mV s−1) and better capacitance retention compared to the non-activated electrode. Although this strategy free of phenol and formaldehyde avoids the acid leaching step (essential for hard-templating routes), long polymerization times (three days) are needed, making the methodology time-consuming and limiting its practical application for SC electrode production.
Recently, a versatile water-assisted mechanochemical tannin self-assembly method was reported for the rapid production of phenolic resins (1 h) using Pluronic® F127 as a surfactant. By controlling the mimosa tannin/water/F127 ratio, disordered and perfectly ordered mesoporous carbons (DMC and OMC, respectively) with similar physicochemical properties and differing only in the mesoporous structure were obtained, see Figure 6A (Castro-Gutierrez et al., 2018, 2019; 2021a). After physical activation with CO2, which resulted in a fourfold increase in surface area (from ca 500–2000 m2 g−1), the resultant mesoporous carbon electrodes exhibited superior capacitive properties with excellent rate capabilities at high current densities and long-term stability in both aqueous (1M H2SO4) and organic (TEABF4) electrolytes (Figure 6B). By scanning the hysteresis loops of nitrogen adsorption-desorption isotherms, the role of the connectivity of the micro-mesopore structure on the capacitive behavior has been studied (Castro-Gutierrez et al., 2021a). A 15% higher capacitance retention at 40 A g−1 in organic electrolyte was obtained with DMC compared to the ordered analog due to the more interconnected porosity of the former material, which allows for better diffusion of large ions. Conversely, the longer diffusion paths for small ions in 1M H2SO4 of the disordered mesoporous structure led to a 12% lower capacitance retention at 80 A g−1 than that obtained with OMC in the aqueous electrolyte.
[image: Figure 6]FIGURE 6 | (A) Schematic representations of the synthesis of ordered and disordered mesoporous carbons (OMC and DMC, respectively) by mechanochemical mesostructuration. TEM images and schematic porous structure of the resultant OMC and DMC materials. (B) Cell capacitance (Ccell) as a function of the applied current and Ragone-like plots in aqueous (1M H2SO4) and organic (TEABF4) electrolytes. Adapted with permission from (Castro-Gutierrez et al., 2021a).
As mentioned above, the interfacial capacitance of the materials can be further increased by the introduction of pseudocapacitance, which has been the subject of intensive research in the past decades. In addition to the surface oxygen functionalities, the introduction of other heteroatoms (nitrogen, phosphorous, boron, etc.) in the carbon lattice has been presented as a promising strategy to improve the capacitive performance of carbon electrodes derived from self-condensed-tannin. An innovative approach is the hydrothermal carbonization of aqueous tannin solutions, which benefits from tannin self-condensation under basic or acidic conditions. For example, a highly N- and O-doped carbon was prepared by hydrothermal carbonization (190°C) of pine tannins in ammonia, followed by pyrolysis of the resultant hydrochar at 900°C to develop the porous structure (Sanchez-Sanchez et al., 2017b). This easy, activation-free route to a carbon material with low ultramicroporosity and well-developed mesoporosity, as well as high N + O content (i.e., 24 μmol m−2), resulting in a specific capacitance of 252 F g−1 (0.5 mV s−1) in 1M H2SO4 and a high energy density (up to ∼1,500 mA g−1).
The crucial role of N and O co-doping in carbon materials has been demonstrated to have a positive impact for other electrochemical applications by acting as active sites towards the oxygen reduction reaction in fuel cells or metal-air batteries (Quílez-Bermejo et al., 2017, Quílez-Bermejo et al., 2019; Quílez-Bermejo et al., 2020c). Other works have also revealed the superior capacitive properties of dual heteroatom-doped carbon materials from aminated tannin or tannin-melamine resins using a microwave-assisted carbonization method (Nasini et al., 2014; Bairi et al., 2015). Following this strategy, these authors synthesized phosphorus- and nitrogen- co-doped mesoporous carbons from tannin crosslinked by melamine (N precursor) in the presence of phosphoric acid (as the P source) (Fu et al., 2016). The resultant carbon materials achieved specific capacitances up to 271 F g−1 in acidic (1M H2SO4) and 236 F g−1 in alkaline (6M KOH) aqueous electrolytes, which can be explained by: 1) the developed surface area (up to 855 m2 g−1), which plays a key role in the electric double layer capacitive behavior; and 2) the modification of the carbon with nitrogen moieties (specially pyridinic-N and quaternary-N), which is responsible for the pseudocapacitance.
In addition to the carbonization of renewable phenolic resins, the direct thermal treatment of lignin and tannin has also been evaluated for the production of advanced carbon electrodes for electrochemical capacitors. A recent work (Pérez-Rodríguez et al., 2021) used biochars obtained as a byproduct of bio-oil production from the fast pyrolysis of pine bark tannin as green and abundant precursors for the fabrication of SC electrodes (Figure 7A). After activation of the tannin-derived biochars with KOH at 650°C at different activation ratios (ARs), the resultant microporous activated carbons exhibited highly developed surface areas (up to 2,200 m2 g−1) and high oxygen content (10–15 wt%). These values explain their excellent capacitive behavior, with a maximum electrode capacitance of 232 F g−1 (at 0.5 A g−1, 1M H2SO4) and a capacitance retention of 70% at 10 A g−1 for the most activated carbons, i.e., those obtained at ARs of 2.8 and 3.6 g of KOH per gram of biochar (TBC-K2.8 and TBC-K3.6, respectively). This improved condition for energy storage is also evident in the Ragone-like plots (Figure 7B): TBC-K2.8 and TBC-K3.6 presented the highest specific energies with maxima of 5.4 and 6.7 Wh kg−1 at 110 W kg−1 under standard commercial mass loadings (∼10 mg cm−2). From the power-energy curves, the performance of a commercial device was extrapolated by estimating the carbon mass to be 30% of the SC stack (Gogotsi and Simon, 2011; Sevilla et al., 2019). The materials obtained from the upgrading of pine tannin biochars provided similar behavior to that of commercial reference SCs, showing their practical use for energy storage. The tannin-derived activated carbons also exhibited long-term stability, retaining 94% (at 5 A g−1) of the initial stored charge after 10,000 cycles. Further details of the use of lignin- and tannin-derived carbon materials as advanced electrodes for SCs can be found in the following references (Espinoza-Acosta et al., 2018; Castro-Gutierrez et al., 2020). All these results are comparable or even better than those obtained with other biomass precursors not based on phenolic molecules, such as the 228 F g−1 achieved in an alkaline electrolyte by using coconut shell as carbon precursor (Mi et al., 2012). This highlights the paramount importance of lignin and tannin as carbon precursors for the preparation of supercapacitor electrodes.
[image: Figure 7]FIGURE 7 | (A) Schematic representations of the upgrading of biochars obtained as a byproduct of bio-oil production from pine bark tannin as precursors for the fabrication of SC electrodes. (B) Ragone plots of symmetrical SCs based on tannin biochars (TBCs) activated with different ratios (from 0 to 0.6 g KOH per gram of biochar) (full symbols) and Ragone-like curves of the packaged device extrapolated by dividing the specific energy values by a factor of 3 (empty symbols). Commercial electrochemical capacitor technologies have been included in the green zone. Reprinted with permission from (Pérez-Rodríguez et al., 2021).
Despite all the above advantages of SCs, the low energy density compared to batteries and fuel cells limits their practical application as autonomous devices. The next section reviews significant progress in the development of carbon electrodes derived from phenolic compounds for rechargeable batteries.
Rechargeable Batteries
Rechargeable batteries (secondary batteries) are older electrochemical energy storage devices than SCs on the market. In particular, batteries are used in a wide range of mid- and short-term storage technologies, such as electric vehicles, portable devices and grid storage. Similar to an SC, a battery also consists of two electrodes and an electrolyte-soaked separator, but the main energy storage mechanism is based on chemical reactions (redox reactions) and not on charge separation as in electrochemical capacitors. Among the different types of batteries, lithium-ion batteries (LIBs) outperform other systems due to their high energy density (180 Wh kg−1), cycle stability, and design flexibility (Tarascon and Armand, 2001). However, the uneven distribution and scarcity of lithium resources limit the large-scale application of LIBs. Similar technologies, such as sodium-ion batteries (NIBs), have emerged in the recent years as affordable alternatives due to the greater availability and lower cost of sodium comparted to lithium (Hwang et al., 2017).
In commercial LIBs, the negative electrode is typically graphite, where lithium ions are de-intercalated during battery discharge (spontaneous reaction, oxidation semi-reaction at the graphite electrode) and intercalated during the charging process (current is applied, reduction semi-reaction at the graphite electrode) for thousands of cycles (Figure 8). While graphite electrodes offer a suitable lithium intercalation capacity (with a theoretical value of 372 mAh g−1), the instability of Na-graphite intercalation compounds (NaC6 or NaC8) limits their use in NIBs (Stevens and Dahn, 2001; Yoon et al., 2016).
[image: Figure 8]FIGURE 8 | Schematic representations of a lithium-ion battery (in discharge mode of operation) (reprinted with permission from (Xu et al., 2004).
Motivated by graphite’s inability to store sodium ions and the energy transition to a sustainable economy, many groups have focused their research on developing of green, cheap and efficient carbon electrodes for next-generation rechargeable metal-ion batteries. Hard (i.e., non-graphitizable) carbons have attracted special attention as negative electrodes due to their high ability to store more lithium ions than graphite and their suitability for NIBs (Soltani et al., 2021; Xie et al., 2021). Hard carbons are usually obtained from the pyrolysis of biomass waste, sugars, or phenolic resins. Phenolic resins have recently been shown to be more suitable precursors than commercial cellulose or lignin to produce hard carbons for practical use in NIBs due to their high carbon yield and reversible sodium ion insertion capacity (249 mAh g−1) (Irisarri et al., 2018). In this study, however, commercial phenolic resins based on toxic and petrochemical precursors were used. The abundance, low cost, sustainability and non-toxicity of biomass make eco-friendly phenolic resin-derived hard carbons a promising option for metal-ion batteries.
Although the development of hard carbons from green (or partially green) phenolic resins for high-performance metal-ion batteries is an emerging field, a few examples can already be found in the literature involving different biosourced phenolic molecules (tannin, phloroglucinol, lignin, etc.) and crosslinkers (formaldehyde, furfuryl alcohol, glyoxylic acid, glyoxal) (Beda et al., 2018; Sun et al., 2020). Interestingly, a recent work synthesized hard carbons materials from phloroglucinol crosslinked with glyoxylic acid for NIB negative electrodes (Beda et al., 2018). In this environmentally friendly route, glyoxylic acid, containing aldehyde and carboxylic acid functionalities, acts as both a crosslinker and acidic catalyst, which leads to the formation of a phenolic resin with shorter curing times (Ghimbeu et al., 2015). Pyrolysis of the phenolic resin at high temperature (1,100–1700°C) led to the production of hard carbons with low surface area, disordered structure and moderate carbon yields (25–35%). The materials provided a sodium intercalation capacity of 270 mA h g−1 at a specific current density of 37.2 mA g−1 and good stability for 40 cycles, showing the potential of these green hard carbons for rechargeable metal-ion batteries.
It is also worth mentioning here a very recent work in which a hard carbon powder derived from tannin was tested as an anode material for NIB (Tonnoir et al., 2021). This powder was obtained by milling glassy carbon foam, itself obtained from self-generated foaming of a resin based on tannin and furfuryl alcohol and pyrolyzed at temperatures between 900 and 1,600°C. The hard carbon obtained at the highest temperature showed a high reversible capacity of 306 mAh g−1 at C/20 and a high initial Coulombic efficiency of 87%. To the best of our knowledge, these electrochemical performances are among the best reported in the literature for hard carbon derived from biomass.
Other attempts to increase defects (or active sites) and electrical conductivity of hard carbons derived from biophenolics-based polymer networks, and hence, to improve the sodium or lithium storage capabilities, have been made by heteroatom doping (such as nitrogen or sulfur) of carbon structures (Zhang et al., 2018; Huang et al., 2020). Recently, N-doped hard carbons derived from resole and urea have been explored for Na-ion storage (Sun et al., 2020). Porous carbons were obtained by a co-assembly strategy using phloroglucinol/glyoxal as the carbon precursor and urea as the nitrogen source, whereas Pluronic® F123 was used as a soft template. The resultant N-doped carbon electrode exhibited higher ability for sodium intercalation with a stable capacity of 229 mAh g−1 (at 100 mA g−1) for 200 cycles, which is almost twice that of the non-doped electrode (123 mAh g−1). The better performance of N-doped carbon materials has been also been proven for LIBs using hard carbons obtained by carbonizing formaldehyde- crosslinked lignin/melamine resins at 1,000°C (Yang et al., 2018). Nickel nitrate was used as a catalyst to induce graphitization, and thus, to enhance the electrical conductivity of the resultant hard carbon. When assembled into lithium-ion batteries, the electrode containing nitrogen moieties delivered a higher reversible lithium insertion capacity (340 mAh g−1 at 0.1 A g−1) than the N-free electrode (260 mAh g−1). In addition, the N-doped electrode presented a capacity retention of 69% when the current density increased from 0.1 to 1 A g−1, which is higher than for the non-doped electrode (42%) or the N-doped electrode synthesized in the absence of nickel nitrate (55%). This study also reveals the long-term stability of the N-doped electrode for 300 cycles at 0.5 A g−1. This work shows the potential of both introducing nitrogen-containing species and creating graphitic carbon structures to improve the electrochemical performance for LIBs of hard carbons obtained from phenolic bioresources.
The direct use of lignin (in the absence of any crosslinker) for the production of porous carbon-based electrodes has also been explored for metal-ion batteries and other related storage technologies, for example, as positive electrodes in Li-O2 batteries or primary batteries. This research field has been the subject of recent reviews and we encourage readers to find more details in the following references (Espinoza-Acosta et al., 2018; Mehta et al., 2020; Baloch and Labidi, 2021).
On the other hand, porous carbons obtained by polymerization of biophenolic molecules (tannin, phloroglucinol, lignin) in the presence of an aldehyde or by crosslinker-free methodologies and subsequent carbonization have been explored for the oxygen reduction reaction (ORR), leading to promising results (Nasini et al., 2013; Bairi et al., 2015; Parthiban et al., 2019). These works pave the way for the production of metal-free carbon electrodes with outstanding catalytic properties when used as cathodes in fuel cells but also as positive electrodes in metal-air batteries. However, further efforts are required for the design of green and highly active phenolic resin-derived carbon electrocatalysts for ORR with Pt-like performance (state-of-the-art electrodes) and with bi-functional activity for both oxygen reduction and oxygen evolution reactions, which plays a key role in the development of metal-air batteries and regenerative fuel cells.
PERSPECTIVES AND FUTURE RESEARCH
Biosourced phenolic resins represent one of the most promising alternatives to petrochemical feedstocks for the production of carbon materials. The properties of phenolic resins and the resultant carbon materials are highly dependent on the precursor ratios, their nature, synthesis protocols, etc., making phenolic resins a critical and complex branch of materials science. In the quest for green production of carbon materials from phenolic resins, lignin and tannin have proven to be the most realistic substitutes for traditional fossil fuel-based precursors because of their abundance in nature and high carbon content.
Throughout this review, the most essential information has been collected and detailed, from the type of biomass precursors to the methods of obtaining these carbon materials from phenolic resins. Biomass precursors, and especially tannin and lignin, possess tunable characteristics that can further enhance the properties of these carbon electrodes through defects, heteroatom or metal doping. Phenolic-derived carbon materials have received much attention in recent years due to their excellent energy storage properties in supercapacitors and rechargeable batteries, reaching or surpassing the state-of-the-art electrodes. The high surface area and tunability of the surface chemistry by simple functionalization processes make them ideal for combining large surface area electrodes with pseudocapacitive reactions on the surface of the carbon electrodes, which can increase the energy storage in these electrochemical devices.
A deeper understanding on carbon materials derived from phenolic compounds is needed, with a focus on synthetic methods and functionalization processes. Special mention must be made here for mechanosynthesis, which has proven to be a new synthetic route to overcome the limitations of conventional fabrication protocols, but further research is still needed as it is in the early stages of carbon materials preparation.
Supercapacitors and rechargeable batteries are just two devices in which phenolic-derived carbon materials play a crucial role, but these properties are scalable to multiple electrochemical and non-electrochemical devices. The outstanding and tunable properties of these carbons make them an attractive alternative for adsorption, gas storage, fuel cells, electrochemical biosensors, or as electrodes for electrochemical water splitting.
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