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Abstract: Electrode and electrolyte materials with higher performance, longer life, and lower cost need 23 

to be developed, given the substantial growing demand for advanced electrochemical energy systems. 24 

Lignin,   the second most abundant natural polymer, has been successfully demonstrated to be a viable 25 

precursor    or feedstock for the preparation of high-performance electrochemical energy materials and 26 

components  such as electrodes, electrolyte additives, membrane separators, and binders. Moreover, 27 

techno-economic analyses indicate that it is possible to prepare cost-effective carbon structures from 28 

lignin at engineering scale, in contrast with current carbon products. These facts suggest that the 29 

scalable conversion of lignin  into high-value energy materials will offer a promising pathway to not only 30 

promote the utilization and valorization of lignin but also boost the development of advanced 31 

electrochemical energy systems. This review examines cutting-edge renewable energy materials derived 32 

from various lignin compounds and their applications in electrochemical energy systems with an 33 

emphasis on supercapacitors, rechargeable batteries, and fuel cells. Meanwhile, this review also aims to 34 

carve out the critical barriers for lignin-derived high-performance materials for energy applications, and 35 

to identify viable approaches for the synthesis of sustainable new energy materials.  36 
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Introduction 40 

Energy, a fundamental requirement in modern life, has become a key welfare issue in terms of the 41 

economy, security, and the environment.1 Due to the continuous consumption of fossil fuel and ever-42 

growing environmental issues, the development of high-efficient, low-cost and renewable energy 43 

storage and conversion systems have been widely pursued.2–4 According to the Exxon Mobil report 44 

titled 2018 Outlook for Energy: A View to 2040, traditional electricity supplies will play an irreplaceable 45 

role in our future daily life. As a result, global energy demand is expected to increase by nearly 25% 46 

despite efficiency gains between 2016 and 2040, and global electricity demand is forecast to rise by 47 

60%. Thus, to facilitate economic progress and achieve the climate goals of the Paris Agreement, 48 

developing green electro-based energy systems is urgently needed and undoubtedly holds huge market 49 

prospects. 50 

Electrochemical energy storage systems such as electrochemical capacitors (ECs), fuel cells (FCs), and 51 

rechargeable batteries (including Li-ion batteries (LIBs), Na-ion batteries (NIBs), and K-ion batteries 52 

(KIBs)) have been considered the most effective technologies for energy storage and conversion because 53 

they have high energy densities and long life spans.2–5 Electrochemical energy storage is generally 54 

based on faradaic and non-faradaic reactions occurring at electrode and electrolyte interfaces. Energy 55 

and power density, rate capability, and the cycle life of rechargeable batteries, fuel cells, and 56 

supercapacitors critically depend on the structure, composition, morphology, and architecture of 57 

electrode and electrolyte materials. 58 

Designing and developing high-performance low-cost renewable electrochemical energy materials is 59 

therefore of great significance to extend their practical applications.6 Meanwhile, exploring new 60 

sustainable rechargeable energy systems has emerged as a promising strategy to further break through 61 

the limitations of traditional energy systems. 62 

In terms of materials, carbon materials with well-designed porous microstructures, excellent mechanical 63 

performance, and high electrical conductivity are some of the most widely used materials in 64 

electrochemical energy storage systems.7 For example, a graphite anode is one of the best choices for 65 

LIBs, while high-surface-area activated carbons constitute the electrodes of commercial ECs and porous 66 

carbons serve as conductive substrates for Li-S batteries. 67 

However, the fabrication of high-quality carbon materials usually involves complex and expensive 68 

synthesis processes with high temperatures, strict chemical conditions, and non-renewable precursors, 69 

which consequently limit their commercial applications.8, 9 The development of simple, efficient, and 70 

environmental-friendly fabrication approaches to carbon material from low-cost, sustainable precursors 71 

is therefore urgently needed. As a renewable resource with low cost, wide accessibility, speedy 72 

regeneration, and environmental friendliness, biomass has been widely applied to the preparation of 73 

carbon-based energy materials in the last decade.10, 11 In particular, lignin, representing up to 40% of 74 

the weight of trees and other lignocellulosic biomass, comprises a cheap and non-toxic group of 75 

phenolic polymers composed of phenyl skeletons and oxygen-containing branches, the largest natural 76 

source of aromatics, and one of the most abundant byproducts of the papermaking industry and 77 

biorefineries.12–15 Due to its unique polymeric structure, lignin is an excellent carbonaceous precursor 78 

for producing high- performance carbon materials such as graphene.16 Meanwhile, direct lignin-based 79 

materials without carbonization also exhibit electrochemical activity due to the formation of redox- 80 

active quinone / hydroquinone (Q/QH2) structures from the inside phenol groups.17 From an economic 81 



perspective, the battery materials market in 2017 was valued at $39.64 billion and is projected to be $ 82 

65.78 billion by 2023. Accordingly, the worldwide production of lignin is approximately 100 million 83 

tonnes / year and was valued at $732.7 million in 2015. It is expected to reach $913.1 million by 2025 84 

with a compound annual growth rate of 2.2%.18 However, only less than 2% of available lignin was used 85 

for various applications, and lignin was predominantly burned as fuel for heat and power with  low 86 

economic value. Using ultra-low cost and abundant lignin wastes to fabricate electrochemical energy 87 

materials will therefore deliver a substantial economic benefit. 88 

In this review, we aim to summarize and highlight recent progress in lignin-derived electrochemical 89 

energy materials and systems. We review the latest advances in the development of lignin-derived 90 

energy materials and systems, and in the understanding of their underlying conversion mechanisms. In 91 

addition, we also pay attention to the results of the remarkable performance of these materials in 92 

electrochemical energy storage applications, as in ECs, FCs, and LIBs etc. New energy systems based on 93 

lignin are also discussed. Furthermore, we emphasize the necessity of exploring innovative sustainable 94 

solutions for energy storage materials and systems due to the drawbacks and challenges of current 95 

approaches. 96 

Lignin 97 

Structure and chemistry 98 

Structurally, lignin is a complex, three-dimensional, polyaromatic polymer composed of variously linked 99 

phenylpropenoid precursors, including coniferyl, sinapyl, and para-coumaryl alcohols (called 100 

monolignols), which differ in the number of methoxy groups attached to the phenol ring in the ortho 101 

position. (Fig. 1(a)).19–22 As illustrated in Fig. 1(b), lignin polymerization is initiated by the enzymatic 102 

oxidation of a monolignol phenolic hydroxy group. The result of this enzymatic dehydrogenation is a 103 

monolignol species with a free radical that may couple to other neighboring units, which forms a 104 

considerably complex, branched, and heterogeneous macromolecule. The three typical monomers, 105 

coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol, give rise to guaiacyl (G), syringyl (S), and p-106 

hydroxyphenyl 107 

(H) lignin subunits in the lignin polymer, respectively.23–25 108 

The structural differences between the monolignols have a significant influence on the structural the 109 

lignin polymer, such as its interunit linkages profile, molecular weight, and conformation characteristics 110 

of configuration.26 The lignin macromolecule is primarily linked through ether bonds and carbon–111 

carbon bonds between phenylpropanoids, forming several different types of linkages, such as β-O-4, α-112 

O-4, β-β, 113 

β-5, 5–5, β-1, and 4-O-5 aryl linked monolignol units as 114 

shown in Fig. 1(c).27 115 

The lignin content, monolignol composition, and relative proportions of interunit linkages usually vary 116 

depending on plant species, tissues, cell-wall composition, and the processing methods employed. 117 

Typically, agricultural residues and herbaceous plants have a lower lignin content than woody biomass. 118 

Softwood lignin consists almost exclusively of G lignin (accounting for over 95%) and a minor amount of 119 

H lignin; however, up to 30% of the monolignols in 120 



 Figure 1. (a) The phenylpropenoid monolignol units of lignin; (b) formation of resonance-stabilized 121 

phenoxyl radical intermediate by the enzymatic dehydrogenation of coniferyl alcohol by laccase and / or 122 

peroxidase; (c) illustrated assortment of lignin substructures. The bolded and red chemical bonds 123 

denote titular interunit linkage referenced by the systematic naming. 124 

 compression wood are of H lignin.28 In hardwoods and other eudicotyledons, lignin consists mainly of 125 

mixtures of S and G units in different ratios, with low amounts of p-coumaryl alcohol.29 Grasses and 126 

other monocotyledons contain a mixture of all three main monolignols and usually incorporate 127 

peripheral groups such as p-hydroxycinnamic acid and ferulic acid units.30 Generally, the structural 128 

elucidation of lignin has been largely focused on the determination of the molecular size of lignin (e.g., 129 

molecular weights) and the detection of specific substructures and inter-unit linkages and their relative 130 

abundances in lignin. 131 

The dominant linkage in lignin macromolecule is the β-O-4 132 

ether linkage, typically accounting for ~ 40–65% of the total linkages depending on the biomass 133 

species.23 134 

Unlike other major biopolymers in plants, including cellulose and hemicellulose, lignin is optically 135 

inactive and lacks a well defined secondary structure without the presence of regularly extended 136 

repeating units.23 Its structure contains various types of linkages among its monomers. While numerous 137 

efforts have been made for lignin chemistry and structural analysis, the exact structure of protolignin in 138 

plants is not fully defined yet. Nevertheless, advances in structural characterization methods (especially 139 

NMR techniques) 140 

have enabled the elucidation of major structural features of lignin and the discovery of new structural 141 

units in lignin. For example, in the early 1990s, dibenzodioxocin, a sub-unit in lignin, was first detected in 142 

softwood.31 This discovery encouraged further research towards the elucidation of newly gnin sub-143 

units, such as spirodienone in 2006, and an overall improved understanding of the structure of lignin.32 144 

More recently, it has also been demonstrated that the biosynthesis of lignin is very plastic and other 145 

units can be incorporated into lignin biosynthesis such as ferulate and p-coumaric acids, p-146 

hydroxybenzoates, and tricin.33 New lignin structures have also been found in nature. For example, C-147 

lignin is a linear polymer of caffeyl alcohol, which is found in the seed coats of both monocot and dicot 148 

plants.34 149 

Source and industry 150 

Lignin is commonly drawn from energy crops, agricultural residues, softwood, and hardwood. In nature, 151 

lignin serves several vital physiological roles, such as imparting rigidity and hydrophobicity to the cellular 152 

wall. The complex and recalcitrant nature of lignin, as well as its close association with polysaccharides 153 

in plants, not only protects plant sugars in the lignocellulose matrix from biological degradation but also 154 

makes it very difficult to extract lignin from plants. 155 

Lignin is primarily produced in large amounts as a byproduct from the chemical pulping process using 156 

wood and grasses as raw materials. Over 50 million tons of lignin are annually generated by the global 157 

pulp and paper industry alone.35 Delignification on an industrial scale encompasses an extensive variety 158 

of methodologies such as the alkaline process or neutral / acidic sulfite pulping. During the alkaline 159 

pulping process, biomass (wood or grasses) is usually cooked at 160~170 °C either with strong alkali 160 



NaOH only (soda pulping – mainly used for nonwoody plants), or in most cases, with additives such as 161 

sulfide ions (Kraft process), anthraquinone, or so that the lignin is fragmented under alkaline conditions. 162 

The most important chemical reaction during alkaline polysulfides pulping deals with β-O-4 ether bonds, 163 

which can be cleaved at high temperature under high alkaline concentrations. The fragmented lignin is 164 

readily solubilized in alkaline solutions and is then recovered in the cooking liquor (i.e., black liquor). 165 

Sulfite pulping is another important chemical pulping method; however, it has now been mainly 166 

replaced by Kraft pulping for most applications, except for dissolving pulps that are still mainly produced 167 

with sulfite process. Sulfite pulping is carried out by heating biomass in a sulfite solution at low or 168 

neutral pH during which lignin is chemically modified through sulfonation resulting in the introduction of 169 

anionic groups. 170 

The sulfonated lignin has good solubility in a wide pH range. 171 

It also has a relatively high degree of polymerization, and is more valuable than the Kraft lignin as a 172 

byproduct. For example, lignosulfonates have been successfully used in various commercial applications 173 

such as dispersing agents, 174 

the manufacturing of vanillin, soil-improving agents, and the dust control of gravel roads. In the past, 175 

organosolv pulping, usually performed in an organic solvent (normally alcohols  or carboxylic acids), has 176 

also been examined to extract lignin and deliver a cellulosic pulp. A mixture of organic solvent and water 177 

as cooking liquor provides good solubility for lignin; however, the recovery of the cooking liquid is 178 

relatively costly and most of these industrial trials have not been competitive with the Kraft system.36 179 

The Kraft process is currently the most widely practiced pulping methodology and over 90% of Kraft 180 

lignin is burned in a recovery boiler to recover energy and chemicals within pulp mills. 181 

The cellulosic ethanol industry has two potential streams of lignin: the classical approach, providing 182 

lignin after the pretreatment of biomass has been followed by enzymatic deconstruction and 183 

fermentation, and ‘lignin-first’ pretreatments, which frequently employ an organic solvent system, such 184 

as tetrahydrofuran, γ-valerolactone, and ethanol, to extract lignin before biological deconstruction and 185 

conversion. Both of these methodologies can significantly alter the structure of lignin. In general, these 186 

delignification strategies are implemented primarily to degrade, solubilize, and reduce the overall 187 

recalcitrance of the lignin-hemicellulose-cellulose matrix, providing greater access to cellulose fibers for 188 

subsequent biological processes, and resulting in a lignin byproduct with unique properties and 189 

potential for biofuel and material applications.37, 38 For example, ethanol organosolv pretreatment 190 

(EOP) is a process that is being examined for industrial biorefineries.39  During a typical EOP process, the 191 

biomass is ‘cooked’ at 160–170 °C for 0.5–1 h in an ethanol aqueous solution (65% v/v ethanol) with a 192 

small amount of H2SO4 (1.5% w/w) as a catalyst in order to degrade lignin ether linkages and solubilize 193 

the polymer away from cellulose.40 The solubilized lignin can then be isolated by simple dilution and 194 

precipitation with water. With ethanol replacing water in the lignin hydrolysis reaction during the EOP 195 

process, the lignin that is obtained is structurally different compared to the Kraft and sulfonated lignin. 196 

The low-value use of technical lignin generated from pulping and biorefinery processes has spurred 197 

extensive research attempts aiming to utilize lignin for high-utility functions, new value-added 198 

bioenergy, and biomaterial applications.41 199 

 200 
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Preparation and characterization of lignin-derived electrochemical energy materials 202 

Research literature has taken two distinctive approaches for the valorization of lignin. One utilizes lignin 203 

as feedstock to produce low-molecular weight and high-value chemicals and fuels.14, 25, 26, 42, 43 The 204 

other approach applies lignin as a macro-polymer to synthesize promising materials and components for 205 

electrochemical energy storage devices.5, 44–51 Table 1 lists the typical applications of lignin-derived 206 

materials / components in electrochemical energy storage. 207 

Advanced carbon materials from lignin 208 

Typical advanced carbon materials from lignin 209 

Some advanced carbon electrode materials, such as porous carbon, N, S, and P-doped carbon, carbon 210 

nanofibers, and nanosheets, have been prepared from lignin due to its low cost, high carbon content, 211 

and high aromaticity. Typical results are presented in Fig. 2. For example, activated carbons (ACs) with 212 

porous features, which exhibit high surface area, high electrical conductivity, a large pore size, and 213 

excellent surface functionalities, have been extensively used in environmental remediation, gas storage, 214 

and electrochemical energy storage.94 As reported, a hierarchical porous carbon prepared from lignin 215 

exhibited a porous 3D microstructure assembled with macroporous cores, mesoporous channels, and 216 

micropore-decorated carbon walls.54 Meanwhile, rational heteroatom (N, S, P, etc.) doping can 217 

effectively adjust the intrinsic electronic structure and chemical characteristics of carbon materials and 218 

result in enhanced electrochemical reactivity. 219 

Interconnected hierarchical porous carbon with 3.4% of N doping converted from lignin byproducts was 220 

fabricated and exhibited the favorable features of a large specific surface area and a high electrical 221 

conductivity, promising great potential for supercapacitor applications.6, 60 N-doped carbon fibrous 222 

mat,93 hierarchical porous P-doped carbon,95 micro−/meso−/macro-porous N-doped carbon,64 etc., 223 

have also been synthesized from lignin and have exhibited remarkable electrochemical performance 224 

with considerable capacity / capacitance and enhanced cycling stability compared with commercial 225 

materials in supercapacitors and batteries. 226 

Figure 2. Typical carbon materials from lignin: (a) Schematic pathway for the synthesis of nitrogen-227 

doped mesoporous carbon from beech wood lignin;64 (b) schematic illustration of the preparation of 228 

lignin-derived carbon-sheet aerogel and carbon-fiber aerogel92; (c) Field emission scanning electron 229 

microscope (FESEM) images of electrospun nanofibers from lignin93; (d) TEM images of carbon with 230 

expanded and well developed graphene planes derived directly from condensed lignin.16 231 

Derivation processes 232 

As shown in Fig. 3, the typical derivation of carbon materials from lignin is a simple carbonization-233 

activation process. As it is hard for lignin to form controllable porosity directly due to its branched 234 

polymetric structure, two basic methods of physical and chemical activation are used to prepare lignin- 235 

derived carbon with controlled porosity and an increased surface area.47 The former involves two steps, 236 

namely, precursor carbonization and carbon activation using CO2 237 

or H2O steams to remove disorganized carbons and thus form well-developed micropores. The latter is 238 

normally performed by simultaneous carbonization and activation after impregnating the precursor with 239 



chemical activators such as ZnCl2, H3PO4, or KOH. Generally, the latter method produces micropores 240 

with a higher volume and wider 241 

size.96 A detailed study on the derivation process of lignin 242 

for energy applications revealed that: (i) microporous hard carbon for NIB anodes is formed by 243 

carbonization above 700 °C; (ii) KOH activation after carbonization increases the microporosity, which 244 

leads to enhanced performance for ECs in aqueous electrolyte; and (iii) simultaneous carbonization and 245 

activation produce microstructures with smaller mesopores, suitable for organic ECs using organic 246 

electrolytes.97 Interestingly, it was demonstrated that direct carbonization can generate highly 247 

graphitized and porous carbon materials using low-molecular-weight lignin precursors without 248 

additional activation and that the formation of a high surface area in these carbon materials is 249 

dependent on the molecular weight and oxygen consumption of the lignin precursors used.55 250 

Graphene and graphene-like materials from lignin 251 

As a special type of advanced carbon material, graphene is regarded as one of the most promising 252 

materials in the 21st century for various applications, including electrochemical energy storage and 253 

conversion, due to its extraordinary electronic and mechanical properties of having an ultrathin 254 

structure, quantum electronic transport, bandgap opening, high mechanical strength, and excellent 255 

thermal and electrical 256 

Figure 3. Typical process from lignin to carbon materials. 257 

conductivity.98–102 There are several different approaches for graphene synthesis, involving 258 

mechanical peeling, liquid exfoliation, chemical exfoliation, and epitaxial growth like chemical vapor 259 

deposition (CVD).103–105 However, the original mechanical peeling and liquid exfoliation method just 260 

only yields small amounts of high-quality graphene,98 and many strong oxidizers and reducing agents, 261 

which are toxic and hazardous to the environment and human health, are necessary in the chemical 262 

oxidation–reduction process.106, 107 Furthermore, the CVD route always suffers difficulty in graphene 263 

product transfer and is limited to gaseous raw materials.99 The development of a more efficient, lower 264 

cost, and more sustainable approach for large-scale graphene production is urgently required. The 265 

synthesis of graphene from renewable and abundant biomass feedstocks using simple pyrolysis 266 

reactions has therefore been proposed and is regarded as a promising route,99,100 especially 267 

considering the unique polymeric structure of lignin, which is comprised of aromatic rings and 268 

condensed linkages and shows great similarity to the hexagonal structure of graphene, which makes it 269 

an excellent precursor for producing graphene and graphene-like materials.16 Some valuable studies on 270 

graphene and graphene-like carbon materials derived from biomass lignin have been reported.16, 55, 271 

108–122 As shown in Fig. 2(d), the carbonized lignin at 1300 °C exhibited well developed graphene 272 

layers.16 273 

There are three typical synthesis routes from lignin to graphene, including: (i) Catalytic graphitization 274 

with transitional metals/metal salt catalysts;108–118 (ii) direct carbonization in an inert atmosphere;16, 275 

55, 119–121 and (iii) 276 

a two-step route involving oxidative cleavage and aromatic refusion.115, 120, 122 Among these, 277 

catalytic graphitization is the most widely used synthesis route for lignin-derived graphene materials. 278 



For example, multilayer graphene with a range of 2–30 layers was obtained using an ion-catalytic 279 

conversion of Kraft lignin at 1000 °C under controlled atmospheres.108 280 

It has also been reported that graphene-encapsulated metal nanoparticles have been fabricated from 281 

lignin through a thermal treatment process under an argon atmosphere with Ni, Cu, Fe, and Mo 282 

catalysts.109 Small graphitic domains with well-developed graphene layers and a high surface area of 283 

207.5 m2 g−1,16 and 3D graphene and graphene-like porous carbon were synthesized by the direct 284 

carbonization of lignin at a high temperature of 1300 °C.121 The graphene materials fabricated from 285 

lignin by hydrothermal reaction and other supporting steps exhibited a glass-like microcrystal structure 286 

that was chemically bonded by sp3 carbon atoms.120 Single-crystalline graphene quantum dots with a 287 

hexagonal honeycomb graphene network were derived from lignin by oxidative cleavage with HNO3 and 288 

aromatic re-fusion of alkali lignin molecules in an hydrothermal reaction.122 289 

Nevertheless, only multilayer graphene or just carbonaceous materials with graphene-like structures 290 

have been obtained and their lateral sizes are extremely limited. In other words, the quality of these 291 

graphene products is still not comparable with those from traditional fabrication routes like mechanical 292 

exfoliation, oxidation–reduction, and CVD methods, and is far from use in practical applications. It is 293 

therefore important to develop new, efficient synthesis routes from lignin to graphene or to further 294 

optimize current methods to obtain higher quality graphene products. Meanwhile, understanding the 295 

detailed conversion mechanism from lignin to graphene during specific synthesis routes is crucial to 296 

shed light on the fundamental science and for the rational optimization of the synthesis process. 297 

As reported in the literature, two possible mechanisms of catalytic graphitization have been proposed 298 

for converting solid carbon resources into graphite material with transition metal catalysts, namely, a 299 

dissolution-precipitation mechanism123, 124 and a metal carbide formation- decomposition 300 

process.123–125 The former is based on the solubility of carbon in metal under controlled 301 

temperatures, whereas the latter is affected by the thermal stability of metal carbides. Based on these 302 

two mechanisms, the synthesis of graphene from Fe-catalyzed lignin was demonstrated to involve two 303 

processes of the precipitation and dissolution of C atoms, and the formation and decomposition of iron 304 

carbide according to the following equations:114 305 

characterization and analytical techniques has been used to characterize lignin-derived carbon 306 

materials. The main findings are described as follows: 307 

A high surface area and a rational pore structure in carbon materials are very beneficial for increasing 308 

the number of high-density active sites and efficient reaction interfaces for their energy storage 309 

application. It was found that different lignin precursors behaved differently during physical activation, 310 

inducing the formation of activated carbons with different textural properties.126,127 Accordingly, the 311 

most porous carbon materials derived from lignin through physical activation exhibit a Brunauer-312 

Emmett-Teller (BET) surface area (ABET) between 1400 and 1600 m2 g−1 with a Vmic between 0.5 and 313 

0.6 cm3 g−1.127 Chemical activation can generate materials with both higher micropore volumes and 314 

wider micropore sizes. For example, the ABET of lignin- derived carbons activated by ZnCl2 was higher 315 

than 1800 m2 g−1.128 Kraft lignin-derived microporous carbon exhibited 316 

 Fe  3C ➔ Fe3C  317 

Fe3C ➔ Fe  3C 318 



The direct carbonization and hydrothermal-involved 319 

(1) 320 

(2) 321 

a high ABET of up to 2400 m2 g−1 upon its activation by 322 

NaOH.129 During the chemical activation of lignin with H3PO4, it was observed that increasing the 323 

temperature during the H3PO4 activation from 350 °C to 427 °C increased the surface area from 1000 to 324 

1500 m2 g−1.130 Comparative processes have both been considered to involve the breaking and 325 

recombination of chemical bonds inside lignin molecules under specific conditions.16, 55, 119–122 For 326 

example, the benzene rings from the pyrolysis of lignin at high temperature are reportedly composed of 327 

graphene sheets, and the sp3 free carbon atoms joined the graphene sheets with chemical bonds along 328 

the framework of the lignin polymer.121 However, all the proposed mechanisms above are based on ex 329 

situ composition results from X-ray diffraction (XRD), Raman, Thermogravity analysis (TGA), Fourier 330 

transform infrared (FTIR) and transmission electron microscopy (TEM) characterizations. Direct evidence 331 

of the specific reaction mechanism of the dynamic process during specific thermal treatments remains 332 

unclear. 333 

Properties and characterization of lignin-derived carbon 334 

Typically characterized properties of the lignin-derived carbon materials are presented in Fig. 2. It 335 

indicates that the careful selection of processing conditions and precursors could provide fine control 336 

over surface area, porosity, volume fraction, and other structural factors. Understanding the physical 337 

and chemical properties of lignin-derived carbon materials will be of great significance for exploring 338 

their structure-performance relationship and identifying their most suitable applications. For this 339 

purpose, a range of studies showed that the porous structures that were formed were strongly affected 340 

by the reaction temperature and the chemical activators employed.131,132 341 

Sufficient electrical conductivity of the material is the basis for its application in electrochemical energy 342 

storage. The electrical conductivity of carbon material depends on the intraparticle resistance, which is 343 

related to the structural ordering (degree of graphitization), and the inter-particle resistance, which is 344 

affected by the porosity. With a characteristic conductivity of approximately 0.005 S cm−1, the lignin-345 

derived carbons clearly showed a performance inferior to those of industrially produced carbon black 346 

with reduced oxygen species.133 It was found that the lignosulfonate- derived carbon exhibited an 347 

electrical conductivity ten times lower than those of the other carbons due to its lower degree of 348 

graphitic structure.134, 135 The presence of other elements on the surface besides carbon also 349 

contributes to the decreased conductivity of the materials.136 The carbonized ball-milled lignin with 350 

residual oxygen showed an extremely limited conductivity of lower than 0.1 S cm−1 at 1 MPa.137 351 

In contrast, the electrical conductivity of carbon fiber from sulfur-free softwood lignin was 2.35 S 352 

cm−1.138 Besides, the catalytic carbonization of lignin using transition metal catalysts such as Fe, Ni, 353 

and Co has been investigated as a promising approach to improve the electrical conductivity of lignin-354 

derived carbons by improving the degree of graphitization.149 355 

  356 

 357 



It is widely accepted that ACs have a wide variety of surface functional groups and that the nature of 358 

these groups depends on both the precursor and the activation method. Based on various FTIR 359 

spectroscopy studies of carbon materials from different kinds of lignin and other biomass precursors, a 360 

preliminary correlation between the characteristic surface functional groups on lignin-derived carbons 361 

and their corresponding infrared assignments has been established.151–153 362 

It was suggested that the deeper oxidation of lignin converts some of the alcoholic hydroxyls into 363 

carboxyls and aldehydes, leading to a gradual increase in the intensity of the absorption bands at 1700–364 

1720 cm−1, which are related to both C=O stretching vibrations and    a decrease in the intensity of the 365 

absorption bands at 3330–3350 cm−1 associated with the stretching vibrations of the O-H bond.154 366 

Analysis of the C1s region of the X-ray photoelectron spectroscopy (XPS) results can distinguish different 367 

carbon-containing functional groups, such as C─C or C─H, C─O, C=O, and O─C=O, which correspond to 368 

the binding-energy values of 284.6, 286.0, 287.3, and 288.9 eV, respectively.155, 156 An XPS analysis of 369 

KOH-activated lignin-derived carbon revealed that it consists of more than 89 at% of carbon, mainly in  370 

the form of C─C type graphene bonds as well as other bonds, which may include single oxygen bond 371 

type C─O in hydroxyl groups and ether groups and a small portion of double bonds (C=O, O─C─O).157 372 

The N- and O-containing groups on modified carbons from lignin were also studied based on the analysis 373 

of the N1 s region, located around 400 eV, and the O1s region, located around 533 eV.158 374 

Based on quantitative calculations from XRD results, the evolution of carbon crystalline microstructures 375 

during the carbonization of Kraft lignin at 500 °C and 1000 °C revealed that increasing temperature 376 

reduced amorphous carbon but increased aromaticity in carbonized lignin materials.119 The lignin-377 

derived graphitic carbons show reduced interlayer spacing and increased stack thickness as the 378 

temperature increased from 600 °C to 1000 °C. Meanwhile, the Raman spectra of carbons prepared 379 

from four type of the technical lignin at 2000 °C all exhibited a D-peak higher than the G-peak, with the 380 

measured ID/IG ratios being in the range of 1.02~1.48, indicating that a noticeable degree of disorder 381 

was accompanied by the graphitic structures.135 The AD/AG ratio for Kraft lignin-derived carbon 382 

decreased at an average rate of 1.46 × 10−3 °C−1 when temperatures increased from 500 to 1000 °C, 383 

indicating the reduction of the amorphous carbon fraction and the increased structural ordering of the 384 

samples.119 385 

Lignin-based materials without pyrolysis or carbonization 386 

In addition to the use of lignin-derived carbon materials as electrodes, as mentioned above, lignin-based 387 

materials without pyrolysis or carbonization have also been used 388 

widely in the field of electrochemical energy systems. Typical examples are presented in Fig. 4. However, 389 

the large-scale commercial applications of such materials are limited by undersigned microstructures 390 

and uncontrollable composition due to the complexity of lignin resources. 391 

 392 

Lignin-based electrolyte 393 

Commercial LIBs suffer from some serious safety problems, including leakage, flame, and blast, due to 394 

the use of liquid electrolytes. Novel high-performance alternative electrolytes of gel polymer 395 

electrolytes (GPEs) were developed recently. 396 



The use of a natural biopolymer fabricated by mixing lignin, liquid electrolyte, and distilled water 397 

without any environmental impact, to prepare low-cost GPEs with comparable performance has been 398 

reported.72 Similarly, as shown in Fig. 4(a), a biodegradable composite polymer 399 

membrane with PVP and lignin was fabricated, which then absorbed the liquid electrolyte to form the 400 

gel polymer electrolyte.73 A free-standing film electrolyte with high mechanical strength was obtained 401 

just by mixing lignin and poly (N-vinylimidazole)-co-poly (poly (ethylene glycol) methyl ether 402 

methacrylate) in water (Fig. 4(b)).75 Because of 403 

its aromatic structural advantages, modified lignin-derived phenolics were also used in LIBs 404 

electrolytes.159 Lignin also served as anolyte in low-cost, metal-free flow batteries for large-scale 405 

energy storage applications (Fig. 4(c)), releasing the historically high-cost burden of flow batteries.74 406 

 407 

Lignin-based separator 408 

A separator is a necessary component in electrochemical energy storage systems, which insulates 409 

positive and negative electrodes to avoid electrical short circuits and to provide rapid channels for ionic 410 

transfer at the same time. However, commercial polyolefin-based microporous separators still suffer 411 

from high production cost and limited performance due to their sluggish ionic transfer kinetics and 412 

undesirable thermal stability. Recently, researchers have paid increasing attention to the development 413 

of new alternative separators with enhanced ionic conductivity and improved thermal stability from 414 

sustainable green feedstocks. For example, a lignin / polyvinyl alcohol nanofiber membrane separator 415 

for LIBs has been fabricated recently. It has an average capacity of 33.4 mAh g−1 at 5 C, which is five 416 

times higher than that of 417 

Figure 4. Typical applications of lignin in (a–c) electrolytes and (d) binders and additives in electrode: (a) 418 

Synthesis of lignin- PVP as a high-performance and environment-friendly gel polymer electrolyte for 419 

LIBs;73 (b) preparation route of lignin/LCP electrolyte membrane for high-performance LIBs;75 (c) 420 

schematic of the lignin flow battery system assembly;74 (d) schematic illustration of the silicon-lignin 421 

composite with lignin as both binder and conductive additive of silicon anode.71 422 

Celgard separators.77 Well designed nonwoven membranes composed of lignin / polyacrylonitrile 423 

composite fibers were reported to exhibit a high capacity retention of 95% after 424 

50 cycles at 0.2 C with improved properties and superior electrochemical performance compared to 425 

commercial separators.76 426 

Lignin-based binder and other additives 427 

Binder, another important component in an electrochemical energy system, typically consists of 428 

electrochemically inactive polymers and provides robust support to electrode materials. As binders 429 

always play a crucial role in the cycling stability of the electrode, it is vital to develop lightweight, high-430 

performance binders with excellent mechanical flexibility and electrochemical stability.160 431 

The application of traditional LIBs, such as the binder of polyvinylidene difluoride (PVDF) is limited by 432 

their high- cost, flammability, and the need for volatile processing.50 Lignin-based binders can be 433 

promising substitutes because of their environmental friendliness and low cost. For example, both 434 



LiFePO4 and graphite electrodes with lignin binders exhibited better performance than electrodes with 435 

traditional binders.161 As shown in Fig. 4(d), lignin served as both binder and conductive additives for Si 436 

anode.71 It was found that the water-soluble binder from lignin reduced the volume changes of Si 437 

anode during cycling.162 The 438 

lignin binder also plays a role in suppressing the electrolyte decomposition of 5 V LIBs through forming a 439 

compatible multi-dimensional interphase between the electrode and electrolyte.70 440 

 441 

Composites from lignin 442 

Carbon/lignin composites 443 

The presence of the Q/QH2 redox couple originated from phenol groups of lignin enhanced the charge-444 

storage capacity of electrode materials.17 Thus, carbon / lignin composites show great potentials in 445 

electrochemical energy storage applications. As reported before, a well designed composite of reduced 446 

graphene oxides (rGOs) and confined lignin nanocrystals with favorable interplay exhibited highly 447 

reversible pseudo capacitive behavior from the enhanced redox reactivity of quinone structures 448 

confined on the surface.84 Electroactive lignin was also used to assemble lignosulfonate / single-walled 449 

carbon nanotube treated by HNO3 pressure-sensitive hydrogels for ECs applications.83 Lignosulfonate 450 

functionalized graphene composites were used to fabricate metal-free and flexible supercapacitors with 451 

comparable performance like the transition meta-based ECs.163 452 

Lignin-derived carbon / active material composites 453 

Carbon / active material composites, combining the advantages of active materials with high theoretical 454 

capacities and carbon materials with high conductivities and excellent cycling stabilities, have drawn 455 

massive research interests 456 

as promising electrode materials. In this regard, increasing attention has been given to carbon / active 457 

materials composites derived from lignin recently. For example, the self-assembled NiO/carbon 458 

composites derived from lignin presented excellent porous characteristics and high surface area, and 459 

exhibited excellent performance as electrodes for supercapacitors.164 Meanwhile, lignin was also 460 

successfully used to produce graphene-like carbon sheets, and to obtained the final products of the 461 

lamellar graphene-like carbon / Fe3O4 nanocomposite with homo-dispersed microstructures.81 Lignin-462 

derived MnO2 / carbon nanofiber mats composite,80 SiOx / C composite,82 iron oxide particle / hollow 463 

carbon nanofibers nanocomposite,165 Li2NaV2(PO4)3 464 

/ hard carbon nanocomposite,166  core-shell Si/C composite79 465 

etc. have also been demonstrated for electrochemical energy applications. 466 

Lignin / active materials and lignin / polymer composites 467 

Conducting polymers with high specific capacitance and conductivity are another intensively studied 468 

electrode  material for supercapacitors. The electrochemically active lignin from the Q/QH2 redox 469 

moieties have naturally become the focus of research attention.87  Researchers reported a novel lignin / 470 

Si composite as an LIB anode, in which the lignin-derived network released the volume change of Si 471 



nanoparticles during charge / discharge cycling and effectively suppressed the formation of unstable 472 

solid electrolyte interphase layers on the electrode surface.85 Composites combining lignin with other 473 

conducting polymers also showed considerable energy storage performance.87 As reported before, a 474 

ternary composite system of polypyrrole, lignin derivative, and phosphomolybdic acid was fabricated, 475 

exhibiting improved charge storage capacity in comparison with a single polymer of polypyrrole.88, 91 476 

Comparable properties were reported with alkali lignin / polypyrrole electrodes,89 lignin/PEDOT-477 

conjugated polymer electrodes,90 and polyaniline doped with lignosulfonate,167 etc., have also been 478 

fabricated. Although lignin-based composites show application potential in electrochemical energy 479 

storage, research in this field is still in its infancy. Further studies are necessary to disclose the structure-480 

performance relationships inside the composites and to realize controllable large-scale production. 481 

Applications of lignin-derived materials in electrochemical energy systems 482 

Supercapacitors 483 

Lignin-derived materials in supercapacitors 484 

Supercapacitors, with superior power density, are some of the most typical electrochemical energy 485 

storage devices. Among various electrode materials for supercapacitors, porous carbons with high 486 

surface areas and tunable porous features have become the hottest choice. The use of lignin to produce 487 

porous carbon is currently driven by several factors, including its branched and cross-linked structure, 488 

low cost, favorable abundance, and excellent sustainability profile. 489 

Performance of energy materials and supercapacitors 490 

Lignin-derived porous materials with carboxyl and hydroxyl- based oxygen functionalities are suitable for 491 

pseudo- capacitance applications.59 Heteroatoms in lignin from some of the defective sites also make a 492 

positive contribution to 493 

the final capacitance.168 The exhibited performance depends 494 

on the specific materials that have designed structures and morphologies from different lignin-based 495 

raw materials, preparation methods, and detailed process parameters. As shown in Fig. 5, the 496 

capacitance performance of lignin- derived materials is superior to commercially applied activated 497 

carbons and comparable to novel modified carbon- based materials. 498 

As reported, the lignin-based hierarchical porous carbons (LHPC) were easily electrooxidized under 499 

positive polarization to produce a variety of surface oxygen groups and showed high capacitance 500 

enhancement.57 Therefore,  in 1 M H2SO4 electrolyte, a typical LHPC was reported 501 

to display a high capacitance of 165.0 Fg−1 at 0.05 Ag−1, 502 

123.5 Fg−1 at 10 Ag−1, and maintained 97.3% capacitance after 5000 cycles.54 In an alkaline electrolyte 503 

of 6 M KOH, LHPC also showed a high capacitance of 286.7 Fg−1 at 0.2 A 504 

 g−1 and retained 207.1 Fg−1 at 8 A g−1.58 When adding high- volume angstrom-sized pores via 505 

modified preparation, the LHPC showed improved capacitance and cycling stability.169 With more 506 

research on the design of the structure and morphology, the fabricated LHPC microspheres exhibited 507 

 508 



Figure 5. Capacitance performance comparison of typical lignin-derived materials with common carbon-509 

based materials in aqueous electrolyte. 510 

a remarkable rate performance with a capacitance of 140 Fg−1 at 0.05 A g−1 and 100 Fg−1 at 10 Ag−1 in 511 

organic electrolyte.56 The optimized LHPC aerogels also exhibited a high energy density of 26.25 Wh 512 

kg−1 at 1000 W kg−1, with a remarkable capacitance retention of up to 97.4% 513 

after 10 000 cycles.92 A large-scale 3D interconnected LHPC 514 

showed an excellent areal capacitance of 3.0 F cm−2, which is reported to be the highest among the 515 

reported carbon-based electrodes.147 Interestingly, researchers demonstrated that the electrochemical 516 

energy storage performance of the lignin- derived porous carbons depends not only on surface area and 517 

pore size but also pore-wall thickness.170 518 

Heteroatom-doping is an efficient way to optimize further the electrochemical performance of lignin-519 

derived carbon materials. A series of heteroatom-doped porous carbon electrodes from lignin have 520 

been reported to have been used in supercapacitors.63 Fig. 6 shows ultra-high performance 521 

of the supercapacitors using N-doped interconnected hierarchical porous carbon prepared from lignin 522 

byproducts of bioethanol production. In aqueous alkaline media, the supercapacitors exhibited a high 523 

specific capacitance of 524 

312 Fg−1 at 1 A g−1 and maintained 98% initial capacitance 525 

Figure 6. High-performance supercapacitors using N-doped interconnected hierarchical porous carbon 526 

prepared from lignin byproducts of bioethanol production:60 Schematic diagram of the process for the 527 

LHPC and performance comparison of the normalized devices with commercial electrical energy storage 528 

device based on the total device mass. 529 

after 20 000 cycles at 10 A g−1.60 In the ionic liquid electrolyte 1-ethyl-3-methylimidazolium 530 

tetrafluoroborate (EMI-BF4), the capacitor displayed a high energy density of 44.7 Wh kg−1 at an 531 

ultrahigh power density of 73.1 kW kg−1. These results indicate that these supercapacitors have both 532 

high energy and power densities, which compare favorably with those 533 

of state-of-the-art carbon-based supercapacitors electrodes and devices. The high-rate capability and 534 

cycle life of these supercapacitors may be attributed to the high conductivity and efficient ion transport 535 

pathways from the unique hierarchical bowl-like pore structures. 536 

The byproduct lignin-derived S-doped carbon displayed a capacitance of 225 Fg−1 at 0.5 A g−1, which 537 

almost remained unchanged over 10 000 cycles.65 Lignin-based carbon fibers also achieved applications 538 

in supercapacitors. For example, the mesoporous carbon fibers synthesized from lignin exhibited one of 539 

the highest recorded specific capacitance for biopolymer-derived electrodes, which was ~205 Fg−1 in 540 

0.5 M Na2SO4 electrolyte.171 A composite of MnO2/lignin- 541 

derived carbon nanofibers exhibited a high capacitance as well as a good energy and power density of 542 

84.3 Wh kg−1 and 5.72 kW kg−1, respectively.80 A NiO/lignin-derived mesoporous carbon composite 543 

also showed a high specific capacitance of 880.2 Fg−1 at 1.0 A g−1 along with a good cycling stability.164 544 



As mentioned above, lignin itself also shows electrochemical activity from the reversible redox transfer 545 

of quinone groups. By synergizing the activity of lignin and 546 

rGO with positive interplay, the lignin/rGO hybrid electrode showed excellent capacitive properties with 547 

a specific capacitance six times higher than that of pure rGO.84 The ternary lignin biopolymer-based 548 

supercapacitor electrode exhibited a specific capacitance of 682 Fg−1 at 1 A g−1.91 Lignin-based laser 549 

lithography technologies were also used to fabricate high-performance electrodes for supercapacitors 550 

with excellent performance, in which lignin was used as a carbon precursor.172 551 

Recent studies have begun to clarify the relationship between the structure of lignin and the application 552 

performance of the final product. For example, in comparing porous carbons generated from a purified 553 

Kraft lignin, ethanol-extracted lignin, and diluted alkali lignin with different molecular weights (MWs), it 554 

was found that the lignin MW affected the carbon porosity and electrochemical performance.55 555 

Following these studies, alkaline-extracted lignin from hybrid poplar and lodge pole with significant 556 

differences in structure and MW were converted to activated carbon materials with distinctive 557 

distributions of macro, meso- and micro-pores.140 Given the well recognized plasticity of lignin 558 

biosynthesis and the ability to isolate lignin with little structural change or significant engineered 559 

alterations, it is anticipated that we will be able to engineer valuable lignin feedstocks for these 560 

electrochemical devices after better defining the fundamental conversion mechanisms in carbonization 561 

and activation.14 562 

Rechargeable batteries 563 

Performance of lignin-derived materials in batteries 564 

A variety of carbon materials such as graphite, porous carbon, and carbon nanofibers have been used 565 

widely in the electrodes of electrochemical rechargeable batteries. To 566 

meet ever increasing application requirements, new electrode materials with higher capacity and higher 567 

rate capability are urgently wanted. Lignin can be efficiently converted to low- cost materials as anodes 568 

for rechargeable batteries, providing a new promising pathway in these fields. 569 

As seen in Table 2, the lithium storage performance of typical lignin-derived materials is comparable to 570 

commercial graphite and many of the widely investigated materials. 571 

For example, hard carbon prepared from lignin achieved a first discharge capacity of 882.2 mA hg−1 at 572 

0.1 C and remained at a charge capacity of 228.8 mA hg−1 (~92.8% retention ratio) after 200 cycles at 2 573 

C.176 Alkali lignin and 574 

its degradation products were carbonized to form graphene- like carbon sheet/Fe3O4 nanocomposite 575 

anodes, which exhibited an ultra-high first discharge specific capacity of 3829 mA hg−1 at 50 mA g−1.81 576 

In addition, it was reported that a binder-free Si/C anode exhibited a high specific capacity of 1557 mA 577 

hg−1 and was reversibly cycled at 0.54 A g−1 with 89.3% capacity retention over 100 cycles, which can 578 

be ascribed to the great role of the lignin-derived network in suppressing the volume change of Si 579 

nanoparticles during cycling.79 Lignin-based mesoporous carbonized nanofibers exhibited a large 580 

reversible capacity of 384.4 mAh g−1 at 581 

20.0 mAg−1 and maintained 177.7 mA hg−1 at 1.0 A g−1 after 400 cycles.69 Besides activated 582 

lignin/MnO2 composite,86 lignin-derived N-containing carbon nanospheres,178 N and O-containing 583 



carbon/poly(N-ethylaniline) composites,179 low-cost carbon nanofibers,68 binder-free SiOx/C 584 

composite,82 and hybrid biopolymer electrodes containing lignin and PEDOT90 etc. also displayed 585 

remarkable lithium storage performance. 586 

Performance of materials in other batteries 587 

Beyond LIBs, other ion-based batteries such as NIBs and KIBs are also promising for practical 588 

applications because of their low cost and high safety. Carbonaceous materials produced from lignin-589 

based biomass precursors are an 590 

Table 2. Comparison of lithium storage performance between typical lignin-derived materials with 591 

commercial graphite and widely investigated materials. 592 

Materials 593 

Graphite Capacity properties 594 

Current Reversible 595 

density capacity 596 

(mA g−1) (mAh g−1) 597 

Theoretical 372  598 

Current density (mA g−1) Cycling performance 599 

Capacity retention (mAh g−1) /retention rate  600 

Cycles References 601 

173 602 

Hard carbons Capacity 200–600   173 603 

Graphene  780/1116   174 604 

Si  4212 High volume change of 300%  175 605 

Metal oxides  500–1200   173 606 

Lignin-derived hard carbon 37.2 882.2 744 92.8% 200 176 607 

Lignin-derived N-doped hard carbon 100 345 500 248 300 62 608 

3D hierarchical porous carbon derived from lignin 200 513.9 200 470 400 177 609 

Lignin-based mesoporous carbonized nanofibers 20 384.4 1000 177.7 400 69 610 

Graphene-like carbon sheet/ Fe3O4 nanocomposite 50 3829 1000 750 14 000 81 611 

Activated lignin/MnO2 composite 50 610   86 612 

Si/C composites of pyrolized lignin and Si nanoparticles 540 1557 540 89.3% 100 79 613 



Lignin-confined Si nanospheres 300 ∼3000 300 ∼89% 100 85 614 

alluring alternative to the low-yield hard carbon materials generally found in these batteries. For 615 

example, a hard carbon material with adjusted interlayer distance and defect sites prepared from 616 

interpenetrated lignin and epoxy resin showed a high capacity of 316 mA hg−1 and good 617 

rate capability as an anode for NIBs, comparable to those state-of-the-art carbons reported in the 618 

literature.180 It 619 

was also reported that the polyacrylonitrile-refined lignin- derived carbon nanofibrous webs achieved a 620 

high reversible capacity of 292.6 mA hg−1 at 0.02 A g−1 as well as a high rate capability and excellent 621 

cycle stability when they were used as free-standing anodes for NIBs.181 Similarly, high Na+ storage 622 

performance was also achieved in amorphous carbon material made from pitch and lignin,52 623 

honeycomb- like N-doped carbon from alkali lignin,182 activated and mesoporous carbon nanofibers 624 

derived from lignin/poly (vinyl alcohol) polymer blends,67 and PEDOT/lignin biopolymers.87 625 

Importantly, the source of biomass was found to have a significant impact on the structural and 626 

electrochemical properties of hard carbon products.183 Among the investigated biomass resources, 627 

lignin-based peanut shell-derived hard carbon showed the best specific capacity of 298 mA hg−1, the 628 

highest capacity retention, and the highest first cycle coulombic efficiency. 629 

  630 

Fuel cells 631 

Lignin-derived materials in fuel cells 632 

An electrochemical fuel cell, which converts potential energy into electricity through an electrochemical 633 

reaction of hydrogen fuel with oxygen or another oxidizing agent, is a promising energy resource for 634 

large-scale application in electric vehicles. Electrocatalysts are always necessary to promote efficient 635 

anodic and cathodic reactions, especially because efficient metal-free catalysts for oxygen reduction 636 

reactions (ORR) are urgently required. Recently, developing heteroatom-doped carbon-based ORR 637 

catalysts has become one of the most attractive topics in fuel cell research. For example, the S self-638 

doped carbon from byproduct lignin was a promising ORR catalyst, with 3.4 electrons transferred per 639 

molecule at 0.8 V and realized the optimum 4-electron 640 

pathway.65 A 3D N-doped porous carbon with a large specific 641 

surface area (1012 m2 g−1) also displayed high ORR catalytic activity and remarkable durability with a 642 

retention of 96.5% after 20 000 s.61 In addition, alkaline lignin-derived N, S dual-doped carbon 643 

nanoplatelets showed comparable ORR electrocatalytic activity, superior stability, and methanol 644 

tolerance to the commercial Pt/C catalyst in both alkaline and acidic electrolyte.184 645 

 Direct lignin-based fuel cells 646 

Lignin has been directly used as a fuel to produce electricity in direct carbon fuel cells (DCFC) without 647 

preceding carbonization, as shown in Fig. 7.185 Using two different industrial lignins such as 648 

lignosulfonate and Kraft lignin, it was found that the DCFC reached a high open circuit voltage of ~ 0.7 V 649 

in most of the trials and that the addition of active carbon increased the maximum current density from 650 



43–57  to 83–101 mA cm−2. It is suggested that lignin hydrophilicity is critical for cell performance 651 

because it influences wettability, electrical conductivity, electrochemical reactivity, surface properties, 652 

etc. The direct lignin fuel cell elicits further analysis and further optimization. In addition, a biomass flow 653 

fuel cell was also developed. It directly converted lignin-based wheat straw into electricity at low 654 

temperatures and under atmospheric pressure with an overall reaction equation of 655 

wheat straw + mO2 → degrad: chemicals + CO2 + n H2O, 656 

showing a power output of 100 mWcm−2.186 Furthermore, a novel direct biomass fuel cell mediated by 657 

polyoxometalates was also developed in order to directly convert lignin into electricity with a high 658 

power output of 0.96 mW cm−2 and Faradaic efficiency.187 659 

 660 

Other electrochemical energy systems 661 

Lignin can also be used to fabricate porous carbonaceous frameworks for the encapsulation of 662 

elemental Se as applied in high-performance Li-Se batteries. Composites of lignin- derived porous 663 

carbon/Se have been fabricated and have exhibited a reversible capacity of 596.4 mA hg−1 at 0.5 C with 664 

a capacity retention of 453.1 mA hg−1 over 300 cycles.188 Meanwhile, a Klason lignin extracted from 665 

buckwheat 666 

husks and hydrolysis lignin have also been demonstrated to possess application potential as cathode 667 

material for a primary lithium battery.189 It was found that the hydrolysis lignin showed a capacity of 668 

450 mA hg−1 at 25 mA cm−2, with two main voltage plateaus located at ~1.8 and ~1.1 V. 669 

 Figure 7. A direct lignin-fed fuel cell185 (a) a pathway for direct utilization of lignin in a fuel cell; (b) 670 

schematic diagram of a lignin fuel cell; and (c) cell voltage and power density as a function of current 671 

density for direct lignin fuel cell with lignosulfonate + AC and Kraft lignin + AC as fuel operated at 560 °C. 672 

 Furthermore, the active carbon produced from lignin exhibited effective hydrogen electrosorption of 673 

510 mA hg−1 and favorable discharge characteristics at high current densities, providing a potentially 674 

safe and cheap method for hydrogen storage.139 675 

Opportunities and prospective 676 

Overall, many studies have demonstrated that electrode materials and components can be successfully 677 

fabricated from a variety of lignin. However, many challenges remain. 678 

Firstly, lignin conversion to functional carbon materials has been achieved mainly through four 679 

carbonization approaches: high-temperature pyrolysis, hydrothermal carbonization, ionothermal 680 

carbonization, and molten salt carbonization.5, 6, 51, 190, 191 Among these approaches, pyrolysis 681 

combined with suitable chemicals or physical activation has been widely used for the carbonization of 682 

lignin. However, it is still very challenging to produce high- performance carbon materials from lignin 683 

using the above methods, for applications in supercapacitors, rechargeable batteries, and fuel cells. 684 

Thus, advanced processes that decrease operational costs and improve material quality need to be 685 

exploited. 686 



Secondly, previous research, which has mainly focused on the direct carbonization of lignin, showed that 687 

product properties are strongly dependent on the original structure of lignin-based precursors.10, 12, 688 

55, 87 To meet different application requirements, novel preparation methods 689 

with the capability to tailor the surface area, pore features, electric structure, and surface chemistry of 690 

the material need to be further developed.138 Structural design through controllable molecular 691 

assembly may be one of the more efficient approaches.6 Nevertheless, due to the structural complexity 692 

and diversity of lignin macromolecules, precise control of product properties is less likely with 693 

conventional approaches. The use of lignin-model compounds with 694 

well-defined compositions and structures in place of real technical lignin will therefore be very helpful 695 

for developing reliable strategies for future controllable and large-scale production of high-performance 696 

materials and their applications. 697 

Currently targeted applications of lignin-derived energy materials are mainly confined to 698 

supercapacitors and LIBs. As next-generation electrochemical energy devices, including all-solid-state 699 

batteries, metal-air batteries, and aqueous Zn-ion batteries, have been explored in recent decades, the 700 

potential applications of lignin-derived materials in these fields should be further investigated.192 701 

Furthermore, more detailed techno-economic analysis of new lignin-derived materials is required to 702 

identify bottlenecks in the process and direct future research targets. In addition, lignin polymers with 703 

various aromatic structures, distinguished from other biomass components, show considerable 704 

structure similarity to the hexagonal honeycomb lattice structures of graphene. Thus, lignin is a very 705 

promising renewable resource for engineering production of renewable graphene.16, 55, 119, 121 706 

However, studies on lignin-derived graphene and graphene-like materials are still at the early stage, 707 

although they have demonstrated significant potential. Two crucial challenges remain: (i) the quality of 708 

graphene product is limited; and 709 

(ii) the detailed reaction mechanism is unclear and lacks direct experimental evidence. 710 

Conclusion 711 

Lignin-derived energy materials are evolving as very promising candidates in electrochemical energy 712 

storage applications owing to four key merits: (i) cost-effective and green chemistry synthetic 713 

approaches; (ii) controllable 714 

product microstructure and morphology through selecting lignin feedstocks and experimental 715 

parameters such as temperatures and catalysts; (iii) in situ characterization techniques for 716 

understanding fundamental conversion mechanisms; and (iv) new and emerging applications of lignin-717 

derived electrochemical energy materials and systems. Overall, the use of lignin feedstocks for the 718 

production of carbon-based energy materials on a large scale to meet the ever-growing demands of 719 

renewable high-value energy storage materials will be significantly boosted by their large abundance 720 

and low cost as well as the technical development of carbonization-based lignin conversion to versatile 721 

carbon products. Moreover, the large-scale production of lignin- derived value-added carbon materials 722 

at a high yield is vital to economic success. 723 
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