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Abstract. Lignin-based electrodes are generating significant interest as a promising
solution to address the growing demand for cheap, sustainable, and environmentally
responsible materials for modern energy storage devices. The global energy transition
necessitates replacing traditional, limited carbon sources with abundant, renewable
alternatives like lignin. As the second most common organic polymer in nature, lignin
possesses a number of characteristic advantages, including high carbon content,
structural diversity, and the presence of reactive functional groups, making it an
attractive raw material for producing advanced electrochemical materials. The main
purpose of this work is to summarize the latest achievements in the field of obtaining,
refining, and chemical modification of lignin, as well as its transformation into porous
carbon structures suitable for electrochemical application. Methodologically, this
review explores modern fabrication technologies, including electrospinning, followed
by critical processing stages such as thermal stabilization and carbonization, with a focus
on the continuous production of lignin-based fibrous composites for supercapacitors.
The results show significant progress in the development of lignin-based electrodes; for
instance, activated carbon derived from lignin has achieved a specific capacitance of
263.46 F/g at 40 mA/g current density, and electrospun carbon nanofibers have reached
up to 442.2 F/g. This performance confirms lignin’s potential as an eco-friendly, low-
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cost, and high-performance electrode material. Its wide availability and customizable
chemical composition establish lignin as a promising candidate for the next generation
of sustainable energy storage technologies.
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AuHoTanus. JIUTHUH HeTi3iHAEri O3JIEeKTPOATap 3aMaHayd »dHEPrHs Cakray
KYPBUIFBUIApBI YIIIH ap3aH, TYPaKThl )KOHE SKOJOTHSUIBIK Ta3za MaTepualiapra JereH
OCIll KeJe JKaTKaH CYPAaHBICTHl INEIIYIiH IEePCHEKTUBAIBI JKOJIbl PETiHAE YJIKSH
KBI3BIFYIIBUTBIK TyAbIpyAa. JKahaHABIK SHEpreTHKAIbIK KOIly JSCTYpIi, MIeKTeyIi
KOMiPTEKTi Ko3/1epiH JIUTHIH CHUSKTHI MOJI, )KaHAPTHUIATHIH OaaMaiapMeH aIMacTBIPY/IbI
KakeT ereni. TaOwrarTarpl eKiHINI €H KON TapallfaH OpPTaHWKaJbIK ToJuMep Ooma
OTBHIPHIN, JIMTHUHHIH JKOFApbl KOMIPTEKTI KypaM, KYPBUTBIMJBIK OPTYPIIUTIK JKOHE
peakTuBTI (YHKIMOHAIIBIK TONTApABIH OONyBl CHSKTHI OipKarap CHIAaTTaMalbIK
ApTHIKIIBUTBIKTapbl 0ap, OYJI OHBI JKETUIIPUITEH ANMeKTPOXUMHUSIIBIK MaTepHaliapabl
OHJIIpY VIIiH TapTHIMIBI MIUKI3aT €Tedi. byJ )KYMBICTBIH HETi3ri MaKcaThl — JTUTHUHI
alry, Ta3apTy JKOHE XUMISJIBIK MOIU(HKAIMSIAY, COHal-aK OHBI AJIEKTPOXUMUSIIBIK
KOJIIAaHyFa sKapaMIbl KeyeKTi KeMIpTEeKTi KYpbUIbIMIapFa aliHaJIbIpy CalachIHIaFbl
COHFBI  JKETICTIKTepAl KOPBITBIHABUIAY. OJICTEMENIK TYPFBIAAH, Oy IOy
CYTIEpKOHIEHCATOpIIap YIIiH JUTHUH HETi31HJer TaIBIKTHI KOMIIO3UTTEPl Y3IiKCi3
eHJIipyTre Oaca Hazap aymapa OTBIPBIN, IMEKTPOCTTMHHUHTTI, OJ[aH KeWiHT1 TePMHSITBIK
TYpaKTaHJBIPY JKOHE KapOOHM3AIMs CHSIKTHI MaHBI3IBI OHICY Ke3CHJCPiH KaMTHTHIH
3aMaHayW OHJIpIC TEeXHOJOTHSUIApBIH 3epTTeiai. HoTmkenep ocwl amekTponTapis!
JAMBITYIaFbl eJIeyi OHIMAUTIK MPOTpeciH KepceTesi; MbICalbl, TUTHUHHHEH aJbIHFaH
oencennipinrer keMmip 40 MA/g TOMEH TOK THIFBI3ABIFBIHAA 263,46 F/g aifrapmbikrait
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MEHIIIKT] ChIMBIMIBUIBIKKA KOJI JKETKI3[li, all KYp/Aesi 3MeKTPOCIIMHHUHITI KOMIPTEKTI
HaHoTamublkTap 442,2 F/g neitinri epexme moHAepai kepcerTi. bynm enimmimik
JUTHUHHIH DKOJIOTUSIIBIK Ta3a, ap3aH >KOHE JKOFaphl OHIMII AJIEKTPOATHI MaTepHall
peTinzeri aneyetin pacraiapl. OHBIH KeH KOJDKETIMIUIIr MEH PETTENIeTIH XUMUSIIBIK
KYpaMbl JIMTHUH]I TYPAKTHI S3HEPTHUS CaKTay TEXHOJIOTHSIIAPBIHBIH KeJleCi OybIHBI YILiH
MEPCIEeKTUBANbI KaHAWIAT pETiHe OeKiTesi.

Tyliin ce3mep: »Heprus cakray, JIMTHHH, aKKyMYJISTOp, JJIEKTPOATAp,
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AHHOTanus. DOIEKTPOAbl HA OCHOBE JIMTHWHA BBI3BIBAIOT PACTYIIUH HWHTEpEC
KaK MEepCHEKTUBHOE PELICHHUE Ul YAOBIETBOPEHHS YBEIMYHMBAIOIIEIOCS CIpOca Ha
JemEBbIe, YCTOMUMBBIC U SKOJIOTHYECKH Oe30mMacHble Marepuabl JJIsl COBPEMEHHBIX
YCTPOMCTB XpaHeHUsI dHEpTuH. [ 1006aIbHBIN SHEPTETHUECKHH MTepexo 00yCIOBINBAET
HEOOXOOMMOCTb 3aMEHBl TPAJULMOHHBIX, HCUEPIAEMbIX YIVIEPOAHBIX PECYpPCOB Ha
OOWIIbHBIC U BO30OHOBJISIEMBIC albTEPHATUBBI, TAKWE KAaK JIMTHUH. SIBISISICH BTOPBIM
[0 PacMpoOCTPaHEHHOCTH TMPUPOIHBIM OPTaHUYECKHM TOJIMMEPOM, JINTHHH 00JajaeT
PAAOM YHHKAJIBHBIX MPEUMYIIECTB, BKIIOYAs BBICOKOE COAEpKAHHE YIIEPOAA,
CTPYKTYpPHOE pPa3HOOOpa3ue M HajJUuue PEaKIIMOHHOCIOCOOHBIX (PYHKIIMOHAIBHBIX
Ipymn. OTH XapaKTEPUCTUKHU JEa0T €ro IPUBJIEKATEIbHBIM ChIPbEM VIS IOJIyUEHUS
MEPEIOBBIX HJIEKTPOXUMHUUECKUX MarepuanoB. OCHOBHas LieNb JAaHHOH padoThl —
0000IIUTH COBPEMEHHBIE JOCTHKCHHUS B O0JIACTH BBIJCICHHUS, OYUCTKH U XMMUYECKON
Moau(UKAMKM JMTHUHA, a TaKXe €ro IOCIEAYIOIIEro NPeBpalleHus B IIOPUCTHIE
YIJIEPOAHBIE CTPYKTYpBlI, MPUIOAHBIE S DIEKTPOXUMHUYECKOTO IMPUMEHEHHS.
C MeTOMONIOTHYECKOH TOYKH 3peHUs B 0030pe paccMaTpUBAIOTCS aKTyajbHbIC
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TEXHOJIOTUM TIOJYYECHUS DIICKTPOAHBIX MATEpPHANIOB, BKJIIOYAS SJICKTPOCIMHHUHT
(anexTpodopMoOBaHKE), 32 KOTOPHIM CIEIYIOT KIIOYEBBIC CTaJIUU OOpaOOTKH, TaKUe
Kak TepMmuueckas craOwimmzanms W kapOoHm3zamms. Oco0oe BHUMaHHE YJCICHO
HEMPEPBhIBHBIM ~ TEXHOJOTMYECKAM  Mapuipytam  (OPMHUpPOBAHMSI  BOJOKHHCTBIX
KOMIIO3UTOB HAa OCHOBE JIMTHUHA, MPEAHA3HAUCHHBIX MJIs CYNEpKOHICHCATOPOB.
[Tonyyennsie pe3ynabTaThl JEMOHCTPUPYIOT 3HAYUTENBHBIA MPOrpecc B CO3TaHUU
BBICOKOA((DEKTUBHBIX AJIEKTPOIOB. Tak, aKTHBUPOBAHHBIH YTIIEPOJI, CHHTE3UPOBAHHBIN
W3 JIMTHUHA, JOCTHUT YISIbHOU éMKocTH 263,46 O/t mpu muioTHOCTH Toka 40 MA/T, a
CJIOKHBIC YTIICPOJIHBIC HAHOBOJIOKHA, CPOPMHUPOBAHHBIC METOJIOM AJICKTPOCIIMHHUHTA,
MOKa3aJlu HCKIIOYUTEIbHbIC 3HA4YCHHS yAelabHOW Emkoctu 1m0 4422 ®d/r. DOt
MOKa3aTeld TONTBEPKAAIOT TMOTEHIMAN JIMTHUHA KaK SKOJOTHYECKH UHCTOTO,
HEJ0pPOroro M BBICOKOA((EKTUBHOTO 3JICKTPOJHOr0 Marepuaia. Ero mmpoxas
JOCTYITHOCTh M BapUATUBHBIA XUMUYECKUN COCTAB 3aKPEIUISIOT 3a JIMTHUHOM CTaTyC
OJTHOTO W3 HanboJIee MePCIeKTUBHBIX KaHUIATOB /I TEXHOJIOTUI XpaHEHUS SHEPTUI
CJIEIYIOILIETO MOKOJICHHUS.

KuioueBble ciaoBa: XpaHEHUE OHEPrUU, JUTHHUH, AKKyMYJSTOP, AJIEKTPOIBI,
CyHepKOHIEHCATOP

1. Introduction. The rapid development of the global economy and the increasing
human demand for energy storage devices are leading to a sharp rise in global energy
consumption. Currently, the extraction and consumption of energy from the world’s
resources and fossil fuels are causing an energy crisis. It is well known that these
resources are finite and cannot be used continuously (Abolghasemi Fakhri L et al, 2012).
Projections suggest that by 2040-2050, the world’s energy supply needs will double,
requiring significant additional funding for the development of energy production
technologies. The current reserves of global fossil fuels are expected to be depleted
soon. Therefore, the development and advancement of cutting-edge technologies in
energy storage and production is a crucial issue (Al-Abduljabbar & Farooq, 2023).

The design and improvement of energy-providing devices require the use of
durable and environmentally friendly materials. In this regard, the use of traditional
metallurgical metals is inefficient due to their high density (weight) and relatively low
fatigue resistance. Consequently, interest in composite materials is growing (Ago et al,
2016). They possess mechanical and strength characteristics similar to metals while
being lighter compared to other materials. The focus of global scientists is increasingly
directed towards the research of new energy sources and energy storage devices. One
promising solution in this research direction is the use of lignin as an electrode material
for energy storage devices (Ago et al, 2016). Lignin can improve the efficiency of
energy storage devices, reduce their cost and toxicity, and enable the production of
“green” energy devices.

Lignin, the second most common organic polymer in nature, possesses a number of
characteristic advantages, including high carbon content, structural diversity, and the
presence of reactive functional groups, which makes it a very attractive raw material for
the manufacture of advanced electrochemical materials (Liu et al, 2021).
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However, there is a lack of comprehensive research in the scientific literature on
lignin-based electrode materials for energy storage devices. Therefore, the main purpose
of this work is to summarize the latest achievements in the field of obtaining, refining,
and chemical modification of lignin, as well as its transformation into porous carbon
structures suitable for electrochemical use. This article primarily provides a review of
lignin-based electrode materials for energy storage. The article will first discuss the
classification and extraction processes of lignin, as well as the preparation methods
of lignin-based electrode materials and their detailed applications in energy storage
devices, including supercapacitors and batteries. (Fig. 1) (Liu et al, 2021).

o R
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& <
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a

Figure 1 - Graphical representation of lignin-based electrode materials in energy storage application

2.Materials and methods

2.1 Lignin: characterization and modification methods

Lignin is a promising, low-cost, non-toxic, and highly effective modifier suitable
for use as graphene-based supercapacitor electrode materials (Ago et al, 2016). Lignin
can be mixed with graphene oxide in any ratio and contributes to the stabilization of
reduced graphene oxide through n-m interactions. One study reported the synthesis of
lignin-based bio-slag/graphene composites using a rapid and simple co-precipitation
method (Melati et al, 2019). Lignin prevents the restacking (re-agglomeration) of
graphene oxide and promotes the formation of small graphitic domains that enhance
its electrical conductivity. Lignin is a large-volume byproduct of the wood processing
industry and represents an environmentally sustainable and recyclable natural raw
material (Nazhipkyzy et al, 2024). As shown in Figure 2, lignin consists of three main
monomers (sinapyl alcohol, coumaryl alcohol, and coniferyl alcohol) and various
functional groups (carboxyl and methoxyl) (Wang et al, 2023).
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Figure 2 - The three main constituent monomers of lignin
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Lignin’s interaction with various polymeric compounds, including synthetic
polymers (e.g., polyethylene oxide (PEO) and polypropylene) and biodegradable
biopolymers (e.g., soy protein, polylactic acid (PLA), and bacterial cellulose), to form
stable polymer composites has been extensively studied. As the second most abundant
natural polymer after cellulose, lignin can be obtained in large quantities and at low cost
as a byproduct from the cellulose-paper industry (Pakkang et al, 2022). Thus, utilizing
lignin as a precursor is significantly advantageous (Pakkang et al, 2020). For example,
the use of lignin for producing high-performance electrode materials such as carbon
nanofibers has been widely reported. Currently, there is an increasing demand for high-
performance composite materials in energy storage systems. We aimed to explore the
potential of electrospinning in the morphology of carbon nanofibers using biomass-
derived lignin as a renewable source, while surface area, porosity, and flexibility play a
crucial role in supercapacitor electrochemistry.

Lignin’s traditional applications are well-established in areas like cement additives,
wood adhesives, and drilling fluids for oil wells. However, its low cost and abundant
availability necessitate the exploration of novel, high-value applications. Recent
investigations have demonstrated the successful utilization of lignin-based polymers as
sorbents, flocculants, antioxidants, and components in energy storage layers (Lievonen et
al, 2016). The molecular weight distribution of lignin exhibits significant heterogeneity,
influenced by both the inherent structural variations across different plant species
and the specific extraction methodologies employed. The number-average molecular
weight (Mn) of lignin typically fluctuates between approximately 1000 and 5000 g/mol,
while the weight-average molecular weight (Mw) can extend from 2000 to 50,000 g/
mol, underscoring the intricate and heterogeneous nature of lignin. Lignin is broadly
categorized into three primary types:

e softwood lignin, predominantly composed of guaiacyl (G) units (around 90%);

e hardwood lignin, which consists of a blend of guaiacyl (G) and syringyl (S) units;

e herbaceous lignin, encompassing all three units — guaiacyl (G), p-hydroxyphenyl
(H), and syringyl (S) (Tiz et al, 2024).

Among the array of functional groups present, hydroxyl and carboxyl groups play
a particularly influential role in dictating the polymer’s properties. These functional
groups establish a delicate equilibrium between the hydrophilic and hydrophobic
characteristics of lignin macromolecules, concurrently modulating their susceptibility
to hydrolytic degradation under diverse reaction conditions. The type of lignin and the
composition of its structural units vary considerably depending on the plant species. For
instance, herbaceous plants contain all three types of structural units, with the content of
H units ranging approximately from 10% to 25%, while G and S units each constitute
about 25% to 50%. Softwood consists solely of G units; in contrast, hardwood contains
a moderate amount of G units (25%—-50%) alongside a significantly higher proportion
of S units (50%—75%).

Furthermore, the proportion of specific linkage types differs among various lignins.
Ether linkages (C—O) represent the dominant type, accounting for approximately 70%
of the total linkages. Following this are $-O-4 (40%—-60%), a-O-4 (5%—7%), and 4-O
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linkages. The remaining 30% comprises carbon-carbon (C—C) linkages, with the most
prevalent being 5-5 (6%—16%), B-5 (6%—11%), B-1, B-PB, and others (Melati et al, 2019).

2.2 Electrospinning method

Electrospinning is a versatile, yet simple and cost-effective method for fabricating
nanofibers and nanofibrous membranes in a wide range of applications, from medicine
to environmental and energy fields (Al-Abduljabbar & Farooq, 2023, Wang et al, 2023).
It can produce non-woven mats made of continuous fibers with small diameters, leading
to reduced weight, increased flexibility, and high active surface area. Nevertheless,
electrospinning is an inherently complex process influenced by various parameters
such as molecular entanglement, viscosity, surface tension, and conductivity. Typically,
polyacrylonitrile (PAN) is used for electrospinning nanofibers due to its excellent
solubility, solution entanglement, and process stability (Jauhari etal, 2021). However, the
high cost of this petrochemical-based synthetic polymer is an economic factor limiting
its widespread use in both high-level development and commercialization. Therefore,
other alternative and practical sources for carbon-based electrospun nanofibers have
been extensively sought (Tiz et al, 2024).

Lignin, extracted from the constituent part of plant cell walls, is the second most
abundant natural biopolymer. It can be obtained from several byproducts of biorefineries,
such as in the cellulose-paper industry. More than 70 million tons of lignin are
accumulated annually. The globular molecules of lignin contain a high aromatic content,
making them an efficient carbon source. Furthermore, lignin exhibits thermal stability,
biodegradability, and a stable chemical structure, making it a promising candidate for
producing carbon nanofibers for supercapacitor electrodes. Recent studies show that
activated lignin-based carbon fibers exhibit relatively high specific capacitance and
power density (Melati et al, 2019).

Supercapacitors primarily consist of electrode materials, electrolytes, current
collectors, and separators. Among these, electrode materials, as the core component for
energy storage, critically influence the electrochemical performance of supercapacitors.
The efficacy of supercapacitors is intrinsically linked to the nature of the electrode
material. Electrospinning emerges as a straightforward yet potent technology employed
across medical, environmental, and energy sectors for the creation of nanofibers and
membranes (Pakkang et al, 2019). When a high-voltage electric field is applied to
a polymer solution, the initiation of fibers occurs at the apex of the “Taylor cone”.
Initially, the trajectory of the fiber is predominantly linear (stable region). Beyond a
certain threshold distance, the fiber’s path transitions into a complex configuration
(bending instability region).
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Figure 3 - Schematic diagram of fiber production from polymer solution via electrospinning, redrawn and
adapted from (Liu et al, 2021)

2.3 Lignin production methods

2.3.1 Industrial relevance and applications of lignin

Lignin is an abundant, renewable biopolymer with significant potential in various
industrial applications. Its incorporation into biodegradable polymers enhances
mechanical and thermal properties; for example, the thermal stability of polylactic acid
(PLA) improves upon lignin integration. Lignin is also used to reinforce carbon fibers
and enhance polymer composites in the rubber industry. Traditionally, lignin has been
applied in adhesives for wood panels due to its abundance of phenolic groups, making
it a promising replacement for phenol in phenol-formaldehyde (PF) resins. PF resins
are widely used in plywood, particleboard, and other wood composites; however, they
exhibit high toxicity and price volatility. Replacing PF resins with environmentally
friendly lignin is economically and ecologically advantageous, although industrial
utilization is limited by the low reactivity of native lignin (Yuan et al, 2014).

In their study, Yuan et al (2014) developed a bio-based adhesive by combining
ammonium lignosulfonate (MAL) with polyethylenimine (PEI). The resulting MAL/
PEI adhesive demonstrated superior mechanical strength, modulus, and adhesion
compared to unmodified MAL or PEI-based adhesives, highlighting the potential of
chemically modified lignin for high-performance applications.

The solubility of lignin in organic solvents also restricts its utilization. For example,
Kraft lignin can be partially depolymerized using basic catalysis in supercritical
methanol and subsequently converted into lignin polycarboxylic acid (LPCA). LPCA
functions effectively as a curing agent for epoxy resins, performing comparably to
commercial anhydride-based hardeners. Despite being the second most abundant
biopolymer after cellulose, only a small fraction of lignin’s annual production is applied
in material science and chemical industries due to structural complexity, heterogeneity,
and incompatibility with many matrices (Tong et al, 2023).
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2.3.2 Biosynthesis of native lignin

The biosynthesis of lignin has been studied for over a century. Native lignin is
synthesized via enzymatic polymerization of three main alcohol precursors: sinapyl
alcohol, coniferyl alcohol, and p-coumaryl alcohol. These precursors are produced
from L-phenylalanine catalyzed by specific enzymes, transported to the cell wall by
glucosides, and polymerized through the action of laccase and peroxidase enzymes,
forming lignin (Al-Abduljabbar & Farooq, 2023).

The primary monolignols give rise to three structural units: syringyl (S), guaiacyl
(G), and p-hydroxyphenyl (H), differing by the degree of methoxylation on the benzene
ring. Softwood lignin mainly consists of G units (90-95%), hardwood lignin contains
a mix of S and G units, while herbaceous plants include all three types. The ratios of
S, G, and H units depend on plant species and pretreatment methods, and these ratios
critically influence lignin’s properties.

Lignin monomers are linked via ether or carbon-carbon bonds, forming a diverse
array of substructures. The [B-O-4' ether linkage predominates, accounting for
approximately 50% of internal linkages, and is highly reactive during depolymerization.
Other linkages include B-p', B-5', B-1', and 5-5', with varying abundance depending on
lignin type. Functional groups such as hydroxyl, benzyl, methoxyl, ether, and carboxyl
contribute to lignin’s amphiphilic nature and reactivity. Hydroxyl groups, categorized
as aliphatic or phenolic, are particularly important for chemical modifications including
alkylation, esterification, and phenolation. Carboxyl groups, though present in small
amounts in native lignin, can increase after chemical modification, enhancing solubility
and reactivity.

2.3.3 Lignin isolation and production methods

In laboratory settings, lignin is often extracted for structural characterization using
several methods.

laboratory process

pulp production —

biofuel - techology

Figure 4 - Classification of industrial methods for lignin production

Milled Wood Lignin (MWL) is obtained from milled biomass using water and neutral
solvents, such as dioxane, under reflux. This method preserves the lignin structure but
typically yields less than 40% and may contain residual carbohydrates. Cellulolytic
Enzyme Lignin (CEL) is produced by hydrolyzing cellulose, resulting in higher lignin
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yield while maintaining its structural integrity. An improved version, Enzymatic Mild
Acidolysis Lignin (EMAL), incorporates a small amount of hydrochloric acid during
extraction, achieving yields of up to 70% with approximately 90% purity and fewer
lignin-carbohydrate complexes.

Hydrothermal

Figure 5 - Methods of lignin production and conversion, redrawn and adapted from (Liu et al, 2019)

On an industrial scale, lignin is obtained through various pulping processes. Kraft
lignin is produced via alkaline pulping using sodium hydroxide and sodium sulfide,
which cleaves a- and B-ether linkages and allows lignin precipitation upon acidification.
Kraft lignin contains hydrophobic thiol groups, contributing to a sulfur content of 1-2%.
Sulfite lignin is derived using acidic pulping, producing water-soluble lignosulfonates
that contain hemicellulose and find applications in adhesives, batteries, dispersants,
and surfactants. Soda lignin, obtained from soda or soda-anthraquinone pulping, has
high purity, low molecular weight, and is sulfur-free, making it suitable for chemical
modification. Organosolv lignin is extracted with organic solvents such as ethanol or
acetic acid, exhibits high solubility in alkaline solutions and many organic solvents,
possesses a uniform molecular weight, is sulfur-free, and requires minimal modification,
making it attractive for biomaterial synthesis.

Aims at comprehensive utilization of biomass by separating cellulose, hemicellulose,
and lignin. Pretreatment (chemical, physical, or physicochemical) is crucial to enhance
enzymatic hydrolysis efficiency. Alkaline and acidic media differently affect lignin
structure, while steam explosion and hot water treatment partially dissolve lignin.
Integration of pretreatment methods improves production efficiency, but further research
is needed to maximize lignin utilization in biorefineries (Tong et al, 2023).

2.3.4 Challenges and opportunities in lignin utilization

Despite its abundance, lignin’s industrial application is limited due to low solubility,
heterogeneous molecular weight, and incompatibility with many matrices. Chemical
modification, such as formation of MAL/PEI adhesives, LPCA, or functionalized
derivatives, enhances reactivity and widens potential applications. Optimizing
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extraction, depolymerization, and chemical modification techniques remains a major
focus to unlock high-value applications in materials science and energy storage.
3.Results and discussion

3.1 Application of lignin-based electrodes in energy storage systems

3.1.1 Energy storage mechanisms

The energy storage mechanism of supercapacitors depends on the charge accumulation
and conversion capabilities of their electrode materials, leading to their classification
into electrochemical double-layer capacitance (EDLC) and pseudocapacitance (PC).
Devices storing energy via the electrochemical double layer are termed EDLCs, while
those employing pseudocapacitance are designated as PCs (Fig. 6) (Liu et al., 2021).

EDLC:s store energy at the electrode—electrolyte interface. Carbonaceous materials—
including activated carbon, carbon fibers, carbon nanotubes, graphene, and carbon
aerogels—are widely used as electrodes for EDLCs due to their high specific surface
area, porosity, abundant active sites, and favorable electrical conductivity. These
properties facilitate short electronic or ionic transport pathways, granting EDLCs high
power density and long cycling stability.

Pseudocapacitors, on the other hand, store energy via rapid and reversible redox
reactions at or near the electrode surface (Wang et al., 2023). They typically exhibit
higher specific capacitance and energy density than EDLCs but lower power density
and shorter cycling life. Conductive polymers, transition metal oxides, and sulfides are
common electrode materials for PCs.

a)

b)

Cathode Anode

Cathode Anode

ete. Porous’ polymer
ete

Figure 6 - Schematic diagram of the energy storage mechanism for (a) electric double-layer capacitors
(EDLCs) and (b) pseudocapacitors (PCs), redrawn and adapted from (Liu et al, 2021)

3.1.2 Lignin as an electrode precursor

Lignin-derived carbon materials are attracting attention for EDLCs due to their high
carbon content and low cost (Jauhari et al., 2021). The quinone structures in lignin and
its derivatives provide redox activity, enabling their application in pseudocapacitors.
The specific preparation methodologies and energy storage mechanisms of lignin-based
electrodes will be detailed in Section 3.2 (Schlee et al., 2019).
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Carbon fibers, derived from renewable plant fibers such as bamboo or cannabis,
possess low density, high mechanical strength, and excellent conductivity, making
them suitable for supercapacitors and batteries. Polymers like polyacrylonitrile (PAN),
polyethylene glycol (PEG), and polyvinyl alcohol (PVA) serve as precursors, with PAN
being the most widely used due to its mechanical strength and high carbon content.
However, its high cost motivates the search for alternative, low-cost precursors. Lignin,
with a carbon content exceeding 60%, is a promising candidate for producing carbon
fibers (Schlee et al., 2019).

Activated carbon (AC) is commonly used for EDLC electrodes due to its large
specific surface area, electrical conductivity, chemical and thermal stability, and well-
developed porous structure (Tong et al., 2023).

3.2 Comparative performance summary of lignin-based electrodes

3.2.1 Physical and chemical activation methods

Lignin-based activated carbon (AC) can be prepared via physical or chemical
activation.

Physical activation typically involves two stages: carbonization followed by
activation, in which oxidizing gases (O2, CO., or steam) generate a porous architecture
through chemical gasification.

Chemical activation entails mixing lignin-derived carbon with activating agents
(e.g., ZnClz, KOH, K2COs, H3POs) and heating in an inert atmosphere. Carbonization
and activation often occur simultaneously, producing hierarchical porous structures.
Chemical activation generally yields higher specific surface areas.

Studies show that different activating agents influence electrochemical performance.
AC activated with ZnCl. exhibited the lowest specific surface area, as ZnCl. primarily
acts as a catalyst during dehydroxylation and dehydration. AC activated with K-COs
achieved a surface area of 1585 m?*/g, with a specific capacitance of 263.46 F/g at 0.04
A/g (Yuetal., 2021). KOH activation combined with microwave heating and humidified
N> gas yielded porous carbon with abundant micropores and hierarchical structures,
achieving 173 F/g capacitance (Jin et al., 2012). Hydrothermal carbonization of lignin
from corn stalks followed by KOH/Ca(OH): activation resulted in AC with hierarchical
porosity and oxygen-enriched functional groups, demonstrating high energy density
even at high power densities (Yu et al., 2021).

3.2.2 Performance comparison

Table 1 summarizes the performance of various lignin-based electrodes:

Table 1. Summary table of lignin-based electrodes

Precursor and Activation Specific Current | Cycle Stability Ref.
method method Capacitance | Density

(F/g) (Alg)
Lignin Modification by | 192 0,2 ~90% (after 5000 | (Schlee et al,
(Electrospinning) [ NaNO, cycles) 2019)
Lignin KOH activation | 442,2 0.1 ~91% (after 5000 | (Ma et al, 2018)
(Electrospinning) cycles)
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Lignin (AC) K,CO, 263,46 0.04 ~97% (after 5000 | (Jin et al, 2012)
Activation cycles)
Lignin (AC) KOH/Ca(OH), [291,3 0,5 ~96,1% (after (Yuetal, 2021)
5000 cycles)

This summary demonstrates that lignin-based electrodes, when appropriately
activated, achieve high specific capacitance, excellent cycling stability, and hierarchical
porous structures suitable for supercapacitor applications.

4. Conclusion.

Lignin and its derivatives have garnered substantial interest in energy storage
systems in recent years owing to their high carbon content, abundant functional groups,
natural abundance, and low cost. This review synthesizes recent advancements in the
design and fabrication of lignin-based electrode materials for energy storage devices,
encompassing supercapacitors and batteries. Lignin can serve as a precursor for porous
carbonaceous materials, while lignin and its derivatives can be directly employed as
active materials, both presenting as promising electrode candidates for energy storage.
The key finding shows that while activated carbon derived from lignin has achieved
a high specific capacitance, reaching 263.46 F/g, electrospun carbon nanofibers can
achieve superior performance, such as 442.2 F/g, demonstrating the high potential of
engineered fibrous structures.

Nevertheless, the development of lignin-based electrode materials remains in its
nascent stages, necessitating further research for practical implementation in real-world
energy storage devices. The porosity and pore dimensions of electrode materials exert
a significant influence on the electrochemical performance of energy storage devices.
Currently, the production of porous carbonaceous materials from lignin predominantly
yields microporous structures. Achieving well-engineered pore architectures in lignin-
derived carbon remains a complex and costly endeavor, thus demanding intensified
efforts to obtain multi-layered porous lignin-derived carbon materials with controlled
mesopore and macropore distributions. Future research should focus on designing
lignin-derived carbon with hierarchical pore structures and improving the cycling
stability of lignin/conductive polymer hybrid electrodes to fully realize their potential
in energy storage applications
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