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Renewable lignin and its macromolecule
e s oo Chom 2025 25 derivatives: an emerging platform toward
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The conversion of natural renewable resources to high-value chemical products for electrochemical
energy storage is becoming an effective measure to alleviate the energy crisis caused by the fossil short-
age. As the second largest renewable biomass material in the world, lignin has been successfully utilized
to construct sustainable energy storage devices (ESDs), both aqueous and organic ones. In this review, we
provide a comprehensive overview of recent advances in the application of lignin-based/-derived macro-
molecules as key ESD components. A brief introduction to the origin and classification of lignin and its
basic chemistry for electrochemical energy storage is first presented. The latest progress in lignin-based
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ESDs is then specifically elaborated on and discussed in detail from the perspective of organic electrodes,
binders, electrolytes, and separators. Critical challenges and prospects in this area are put forward at the
end, which is anticipated to shed light on the rational design of advanced lignin-based economic
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1. Introduction

Energy is a fundamental need for modern life and has become
a key well-being issue in terms of economy, security, and the
environment." Facing the environmental pollution from and
cost escalation of conventional fossil fuels, sustainable alterna-
tive energies are needed, which thereby stimulates the explora-
tion of renewable feedstocks such as wind and solar energy.”
Energy storage devices (ESDs), mainly including batteries and
supercapacitors, play a critical role in the transition toward
sustainable energy utilization.” In rechargeable batteries,
chemical transformations of the anode and cathode materials
repeatedly take place. In the discharging course, electrons are
transported from anode to cathode through the external
circuit, and vice versa in the charging course.* In capacitors,
no chemical and phase changes are involved during charging
and discharging. Typically, batteries have high storage capacity
but low charging rates, and supercapacitors are the opposite.
The trade-off between energy and power density originates
from diffusion limitations in the electrolyte.” Recent years
have witnessed the research surge of advanced ESDs and con-
siderable attention has been paid to the development of new
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materials for sustainable development.

energy storage materials.® Biomass, biomaterials that integrate
the advantageous properties of a low carbon footprint, natural
abundance, low cost, and recyclability, is a very promising
choice. Next-generation ESDs based on biomass, either for the
fabrication or modification of the key components, are antici-
pated to improve energy independence and alleviate the press-
ures of climate change.” To date, representative biomass
materials, including cellulose, chitosan, lignin, soybean
protein, gum, alginate, gelatin, etc., have been demonstrated to
be capable of modifying the electrochemical performance of
ESDs.*’

1.1 Structure and properties of lignin

Lignin is the most abundant aromatic natural polymer on
Earth, accounting for 15-30 wt% of biomass. In nature plants,
lignin fills the gap between cellulose and hemicellulose, acting
as a binder (Fig. 1a).'®" It is a complex racemic aromatic
hetero-polymer, mainly derived from three monolignols with
different degrees of methoxylation: p-coumaryl, coniferyl, and
sinapyl. These monomers produce p-hydroxyphenyl (H), guaia-
cyl (G), and syringyl (S) units respectively (Fig. 1b). When
bound to a lignin polymer, these three units are linked by
B-O-4 (p-aryl ether), p-p, p-1, 5-5, 4-O-5 and B-5 to form a
complex molecular structure (Fig. 1c). p-O-4, accounting for
about 50%, is the most easily broken chemical bond."” The
contents of these three units vary in different plants, and
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Fig. 1 Properties and production of lignin. (a) Schematic structure of lignocellulose. Reproduced with permission.**® Copyright 2016, Wiley-VCH.
(b) Schematic of the molecular structure of the lignin monomer units (pink box), hemicellulose (green box) and cellulose (blue box). Reproduced

with permission.*”
with permission.®?
Reproduced with permission.*”

Copyright 2022, The Royal Society of Chemistry. (c) A

Copyright 2022, The Royal Society of

proposed structural model for a hardwood lignin polymer. Reproduced

Copyright 2020, The Royal Society of Chemistry. (d) Molecular structures of four most common industrial lignin derivatives.

Chemistry. (e) Schematic of lignin production throughout the world.

Reproduced with permission.>* Copyright 2022, The Royal Society of Chemistry.

exceptions to these bonding bonds can also be found in some
specific cases.>'® Therefore, the exact molecular weight of
lignin is not a fixed value."*

Lignin is the only phenolic polymer in plant resources, and
displays hydrophobicity and thermal stability.'> The posses-
sion of massive oxygen-containing functional groups like
methoxyl, hydroxyl, carboxyl, and ether endow it with many
attractive features for energy storage.'® For example, the pheno-
lic and alcoholic hydroxyl groups affect the hydrogen-bonding
effect of the electrolyte, thus altering the energy storage beha-
viors of ESDs. The -SO;™ groups can prevent the dissolution or
induce the chemical bonding of polysulfides, holding great
potential in addressing the notorious shuttle effect issue of
lithium-sulfur batteries. Most importantly, for those contain-
ing phenolic groups (Ar-OH), two-electron-transfer-involved
redox reactions (the conversion of the quinone/hydroquinone
redox couple, denoted as Q/QH, groups, Q + 2e” + 2H' = QH,)
can take place reversibly in the repeated charge/discharge
process, and are capable of transporting charge carriers like
Li*, K*, and Zn>" with high efficiency."”

It has been proved that Q/QH, are the major active sites for
electrochemical energy storage for most lignin-based/-derived
materials and their fraction strongly depends on the origin
and post-processing courses of lignin.'® Namely, the electro-
chemical characteristic of lignin are highly correlated to its
chemical structure, i.e. the G/H/S unit distribution. Generally,
softwoods are G-lignins (with low H levels), and hardwoods are
S/G-lignins (with very low H levels)."® Grass lignins are con-

This journal is © The Royal Society of Chemistry 2023

sidered to have G/S/H units (with H units still comparatively
minor) besides p-hydroxycinnamates. The p-coumarate of the
latter acylated ~10% of the y-OH of the lignin monolignols.”®
Note that, in G or S units, as the phenyl ring is 4-hydroxy-3-
methoxy-(guaiacyl-) or 4-hydroxy-3,5-dimethoxy-(syringil-) sub-
stituted,”* they can function as active sites for charge
storage once demethylated.'® Yet the phenol groups in H
units and p-coumarate are methoxy-free and cannot be con-
verted to redox-active quinones.”” Given the redox inactive
feature of H units and p-coumarate, lignins possessing more S
and G units have more redox-active Q/QH, sites and are more
appropriate for energy storage. Notably, any catechol, pyrogal-
lol or 3-methoxycatechol is considered as an active redox
group when referring to Q/QH,-type sites in lignin-based/
derived materials.

Because the redox activity is dependent on the phenolic
moieties of different degrees of substitution, electrochemical
activation, or additional pre-treatment (electro-oxidative depo-
lymerization or hydrothermal liquefaction),"®?'” for the
purpose of enriching the phenolic sites for charge storage
capacity, is essential to realize the demethylation and cleavage
of the aryl ether bonds of lignins.'®>* As a proof of concept,
the Ar-OH content of alkali lignin (AL) could be increased by
1.9 times after 4 h stirring in LiBr solution at 80 °C, which is
produced by the effective breakage of aryl ether bonds,
especially methyl aryl ether bonds.>” A similar effect can also
be achieved by applying an appropriate voltage or adding reac-
tive additives.
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1.2 Classification of lignin

At the industrial level, a series of technical lignins have been
successfully derived from papermaking waste liquors or biore-
finery by-products. They can be roughly classified into sulfur-
containing types (kraft lignin (KL) and lignosulfonate (LS)) and
sulfur-free types (soda lignin (SL) and enzymatic hydrolyzed
lignin (EHL)) etc.® Their molecular formulas can be found in
Fig. 1d.

LS is extracted from the liquid waste of sulfite pulping
(Na,S0O3;, MgSO;, CaSO;) and is soluble in aqueous solutions
due to its rich sulfonic acid groups on the side chain.'® Using
nickel compound catalysts at 200 °C, LS could be transformed
into G units with more than 60% conversion and 75-90%
selectivity.”® KL and SL are two subtypes of AL extracted from
the black liquor produced by the alkaline pulping process,*” in
which an alkaline catalyst is utilized to deconstruct the
lignin’s p-O-4 bond to enrich the phenolic groups.”® For
instance, KL can be obtained from the waste liquid of sulphate
pulping by treating wood with NaOH and NaHS solutions in
the temperature range of 150-170 °C.*° Unlike LS, KL is in-
soluble in water, but it can also be wetted by water due to the
presence of hydrophilic functional groups such as hydroxyl,
phenol, and carboxylic acids.*' Notably, hardwood species are
easier to fractionate than softwood species. KL derived from
hardwood is more condensed with p-O-4 bonds than is soft-
wood, which promises a higher concentration of S-type mono-
phenolic group than native lignin by depolymerization.”® SL is
obtained from the soda pulping process, which has a lower
environmental impact than other lignin extraction methods,
such as kraft and organosolv. The main source of SL is non-
wood, compared with wood-derived lignin, which has a higher
content of mono-phenolic groups.*> The sulfur-free character-
istic makes SL poorly soluble in water.'>*%3* EHL is mainly
produced by the biorefinery industry, deriving from enzymatic
pretreatment concepts of lignin hydrolysis.**** The resource of
EHL could be woody or non-woody.***® For example, the trans-
formation of cellulose and hemicellulose from agricultural
straw into bioethanol would leave behind a large number of
EHL by-products. EHL is closer to primary lignin in terms of
chemical composition. It cannot be dissolved in water and
alkali but possesses high solubility and good compatibility in
many organic solvents with strong hydrogen-donating charac-
teristics, such as methanol, ethanol, tetralin, and formic
acid.*®**>” In comparison with other lignins, N and O atoms
could be doped into the carbon skeleton of EHL during bio-
logical fermentation, which is favorable for electrochemical
energy storage.>®

The worldwide production distribution of different kinds of
lignin is presented in Fig. le. The circled areas are pro-
portional to the amount of lignin produced by the company
and the colors correspond to the types of lignin. It can be seen
that LS dominates the market, seeing a high production of
~1 000 000 tons per year, with a market value of 180-500 USD
per ton.'® The worldwide production capacity is followed by KL
at around 265 000 tons per year,*® with a price of 260-500 USD
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market value.**?° SL has around 5000-10000 tons of pro-
duction per year, with a price of 200-300 USD per ton.*?
EHL has a production capacity of 100 tons per year.*®
Produced from forest/agriculture waste, the very high purity
EHL from TMP-BIO™ technology is predicted to have a
market value of 1.12 billion by the year 2027.>*** It is suit-
able for laboratory depolymerization research and carbon
nanofiber synthesis.”® Using low-purity lignin as raw
materials, other high-value technical lignin-derived products
like benzene (1100-1300 USD per ton), toluene (1150-1300
USD per ton), xylene (865-1100 USD per ton), aromatic
monomers (~2160 USD per ton), and vanillin (~16 200 USD
per ton) have great potential in valorization.*>*" For practical
application, the cost budget from key technologies such as
electro-oxidative depolymerization or hydrothermal liquefac-
tion has to be taken into consideration.*>** Currently, the
application of lignin in ESDs represents an emerging plat-
form toward sustainable electrochemical energy storage and
is still at the laboratory level.

1.3 Application of lignin in ESDs

Profiting from its non-toxic and renewable nature, both for its
preparation and potential applications, the strategic conver-
sion of lignin to high-value chemical products is probably a
promising strategy to alleviate environmental pollution.'®**
Encouragingly, in recent years, successive achievements have
been made in ESD R&D based on lignin-involved or -derived
materials, both macromolecular composite and carbonaceous
matrix.®

Lignin is an ideal precursor for carbonization, originating
from its high carbon content, and pyrolysis treatment is a
common way to achieve this goal. Generally, at temperatures
below 200 °C, dehydration occurs. At the range of
200-450 °C, the unstable B-O-4 linkages are broken and
heteroatoms are eliminated. At higher temperatures, func-
tional groups, oxygen groups, and redox-active sites decom-
pose, while carbon material emerges.*> So far, graphite-like,
porous, or foreign element-doped carbons (N, S, P) have been
reported by using lignin as raw materials. However, the
oxygen redox-active functional groups (Q/QH, sites) diminish
when lignin is carbonized under high temperatures and an
inert atmosphere.’® Therefore, unlike in lignin-based
materials of which the redox-active sites are confined at the
surface, the bulk structure and physiochemical properties
(structure, mechanical properties, and electrical conductivity)
are more important for enhancing the capacity of lignin-
derived carbons. In this context, great attention has been
paid to tailoring these properties by varying the pyrolysis
parameters or post-treatment (chemical activation, template
methods, physical activation, etc.*®), for the sake of regulating
the ion kinetics, electron transport, and structural stabiliz-
ation of ESDs. Since some recent reviews have summarized
in detail the application progress of lignin-based carbon-
aceous matrix in ESDs, herein we only discuss the character-
istics, pros and cons, and developments of composite macro-
molecules, either lignin-based or lignin-derived

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc00565h

Published on 11 maijs 2023. Downloaded on 15.11.2024 00:00:58.

Green Chemistry
ones.>'®*>*47 The former refer to the physical mixture of
lignin with other reagents, which well maintains the func-
tional groups of lignin itself without changing the overall
chemical properties. The latter experience substantial chemi-
cal modification to achieve specific functionalization and
their overall properties substantially differ from those of
lignin. Major ways to functionalize lignin towards macro-
molecules include: (i) grafting copolymerization; (ii) hydrogen
bonding, and (iii) electrosynthesis, as presented in Fig. 2. In
this way, some specific physiochemical properties (ionic con-
ductivity, structural stability, and chemical reaction mecha-
nism, etc.) can be precisely adjusted or specifically introduced
by grafting special functional groups onto the hydroxyl
groups or tuning the hydrogen bonding, complexation or n-n
stacking effects. However, some inherent deficiencies of the
lignin-based macromolecular composite are inevitable, like
the difficulty in controlling their molecular structure and
poor electrical conductivity, leaving a large space for their
performance optimization.>

Overall, lignin and its derived macromolecules see a bright
future for large-scale application in constructing advanced
ESDs in view of their remarkable unique advantages like low
cost, ease of synthesis, and potential for mass production. In
the past decades, comprehensive research work has been
carried out and concentrated on rechargeable batteries and
supercapacitors. In this review, we summarize the recent pro-
gress of lignin-based and -derived materials functioning as
fundamental elements of these two systems including electro-
des, binders, electrolytes, and separators (Fig. 3). Some key
contributions in this field are discussed in detail and the
structure-performance relationship is highlighted. Insights
into the current challenges and probable development direc-
tions of lignin-based/-derived energy storage materials are pro-
posed in the end.
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Fig. 3 Overview of lignin-based/-derived macro-
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molecules for energy storage device components.

2. Lignin-based/-derived organic
electrodes

Lignin could be used as an electrode material for both super-
capacitors and batteries."”*® It belongs to n-type organic
materials of which the electrochemical transformation takes
place between its neutral state and negatively charged state. As
technical lignin is more stable in an acidic environment, most
reported devices are mainly built under acidic conditions. The
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main active sites of lignin-derived organic electrodes are Q/
QH,, functional groups that can afford two-electron-mediated
reversible redox processes during the charge/discharge

courses. >0

2.1. Organic electrodes for supercapacitors

Considering their great potential to achieve a high power
density and high redox potential, lignin-based materials had
been widely used as organic electrodes for supercapacitors.®
The electrochemical performance of various recently-reported
lignin-involved electrodes with different characteristics for
supercapacitors were summarized in Table 1. In general, the
charge storage form and relevant redox reaction of the elec-
trode materials determine the energy storage mechanism of
supercapacitors. Depending on the electric double-layer
capacitance and pseudocapacitance behaviors, the corres-
ponding devices can be classified into electric double-layer
capacitors (EDLCs) and pseudocapacitors, respectively. As this
paper does not refer to the progress of lignin-derived carbon
materials, the subsequent devices based on Q/QH, conversion
are most pseudocapacitors, of which the charge/discharge pro-
files show both non-faradaic and faradaic contributions.

2.1.1. Bare lignin. Since the electrical conductivity of bare
lignin is poor, it could serve as an electrode material only
when combined with conductive polymers or carbons like
polyaniline (PANI), polypyrrole (PPy), poly(3,4-ethylene diox-
ythiophene), MXene, single-wall carbon nanotubes (SWCNTs)
and reduced graphene oxide (rGO). To achieve decent conduc-
tivity, Dianat et al®® prepared PANI-LS interpenetration
network nanocomposites by a simple, one-step electrodeposi-
tion method.*" Under electro-polymerization, LS served as a
polyaniline-structure-directing agent by electrostatic attraction,
which provided an appropriate pathway for efficient transfer
during the reversible conversion of Q/QH, (Fig. 4a). The doub-
lets of -RSO;™ and C-S in the PANI-LS’s XPS spectra confirmed
the incorporation of LS polymers in the polyaniline matrix
(Fig. 4b). Taking advantage of the large polyanionic -SO;~
groups in LS, which were responsible for the charge compen-
sation in redox reactions, the H' fast insertion-dedoping
kinetic process was possible rather than the slow small SO,>~
one. Accordingly, the peak intensity attributed to the redox
transition of leucoemeraldine to emeraldine (intermediates of
the PANI redox action) increased along with the scan rate in
the PANI-LS electrode,”® which was not prominent in the PANI
one. It was indicative of an enhanced electrochemical rate
capability for PANI electrodes. Even though the content ratio
of LS was quite low in the PANI-LS nanocomposites, it resulted
in an electrode whose mass loading was 4 times less than the
PANI one, leading to a thinner film electrode. The prolonged
pulse-off time in the potential pause pattern could accelerate
the diffusion kinetics of aniline monomers and LS chains,
indicating that LS served as a structure-directing agent for
polyaniline nucleation and growth. The resulting three-dimen-
sional interconnected porous network structure with a more
open access area greatly improved the capacitive performance.
The PANI-LS//PANI-LS device displayed a high energy density
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Table 1 Summary of the electrochemical performances of lignin-derived organic electrode materials in supercapacitors

Power density
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Fig. 4 Lignin-based organic electrodes for supercapacitors. (a) Schematic illustration of the electrochemical activity of LS moieties as a dopant and
a structure-directing agent for the PANI film and the redox activities of LS by forming catechol moieties in the PANI-LS nanocomposite. (b)
Deconvoluted core level XPS spectra of the PANI electrode (S 2p) and PANI-LS electrode (S 2p). Reproduced with permission.>? Copyright 2021, The
Royal Society of Chemistry. (c) Real-time optical images of the compressible supercapacitor showing a compressing and recovering process.
Reproduced with permission.>* Copyright 2018, American Chemical Society. (d) Schematic illustration of the synthesis of HCNFs (top), wood-
inspired HCNF@Lig nanofibers and composite films (middle), and nacre-inspired TisC,T,/HCNF@Lig composite films (bottom). Reproduced with per-
mission.>® Copyright 2021, The Royal Society of Chemistry. (e) CV curves of TisC,T,/HCNF@Lig (3@1)s7,5 FSC before and after bending (upper left),
rolling (upper right), twisting (lower left) and folding (lower right) at a scan rate of 10 mV s, (TisC,T,/HCNF@Lig (3@1)s7/5: HCNF@Lig composite in
a 3/1 mass ratio and TizC,T,/HCNF@Lig (3@1) composite in a 97/3 mass ratio). Reproduced with permission.3! Copyright 2021, The Royal Society of

Chemistry.

of 21.2 W h kg™, a high power density of 26 kW kg™", and
long-term cycling durability (only 4% capacity loss after 7500
cycles).

In spite of electrosynthesis, conventional hydrothermal
methods are also wise choices for the preparation of conduc-
tive lignin-based organic electrodes as they can introduce
carbon materials to lignin via hydrogen bonding or n-n stack-
ing interactions. For example, Peng et al>* synthesized LS/
SWCNTsuno, pressure-sensitive hydrogel electrodes by hydro-
thermal treatment at 180 °C with an HNO; additive. Acid pre-
treatment endowed single-wall carbon nanotubes (SWCNT)
with abundant hydroxyl and carboxyl groups tidily incorpor-
ated with nitrated LS, which constructed a three-dimensional
(3D) porous complex structure with better conductivity and
improved mechanical properties. In this case, the lignin
content is 16 times higher than for SWCNTs, implying its
great contribution to energy storage. The symmetric flexible
all-solid-state supercapacitor (FSC) device delivered excellent
compressible ability (Fig. 4c), durability of only 2% capacity
loss after 1000 times of 90° bending cycles, high capacity of

This journal is © The Royal Society of Chemistry 2023

131 Fg ' at 50 A g, power density of 324 W kg™" and energy
density of 17.1 W h kg™'. Similarly, Chang and coworkers syn-
thesized a nacre-like Ti;C,T,/HCNF@Lig composite membrane
consisting of Ti;C,T,, cellulose nanofiber (HCNF), and sodium
lignosulfonate (LSNa) by a simple hydrothermal process
(Fig. 4d).>> The LSNa not only provided pseudo-capacitance
but also promoted electron and/or ion transportation through
the hydrogen bonding effect with both Ti;C,T, and HCNFs.
Benefiting from the abundant hydrogen bonds, LSNa/HCNFs
provided enough strength in ultrathin 3-5 pm film.>® The com-
posite membrane exhibited high mechanical properties and
arbitrary deformability.”” The FSC device assembled with the
as-prepared film electrode saw near 100% capacity retention
after 5000 times bending, rolling cycles and 2000 times twist-
ing, and folding cycles (Fig. 4e), reaching a high specific
capacitance of 248 F g7' (748.96 F cm™) at 0.5 A ¢”". In the
above discussion, the lignin provided pseudocapacitance, as
affirmed by the slight redox peaks in the CV curves. In com-
parison, Wang et al.’® synthesized PAAm-Ag-lignin NPs-Tar-
CNT hydrogel electrodes that are composed of a synthetic
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VCH. (d) Schematic illustration of SP preparation based on LDAMs. Reproduced with permission.®> Copyright 2020, The Royal Society of Chemistry.
(e) Scheme illustrating the preparation of an rGO/SP-AOF composite electrode material and the proposed energy storage mechanism. Reproduced

with permission.>® Copyright 2021, Elsevier B.V.

hydrogel matrix and conductive carbon nanotubes. The hydro-
gel matrix was integrated by a polyacrylamide network, tartaric
acid, Ag-lignin composite nanoparticles, and non-covalent
interactions formed by the lignin’s phenol groups (Fig. 5a).
The hydrogen bond endowed the hydrogel with a self-healing
behavior,”® and the supercapacitor exhibited a slight capacity
retention decline after 5000 cycles. This electrode material rea-
lized energy storage via an electrical double-layer behavior
(Fig. 5b), which might be caused by its extremely low quinone
content. In contrast to the pseudocapacitive ones, the energy
density of the EDLC was lower, about 13.7 W h kg™, indicating
that the pseudocapacitive contribution of Q/QH, groups was
the key to elevating the energy density of lignin-involved super-
capacitors. Along with the mechanical properties’ improve-
ment, the all-polymer supercapacitor does not need extra con-
ductive patches, binders, or separators, further increasing the
efficiency and reducing the use of synthetic materials.®®

2.1.2. Lignin derivatives. For lignin-based pseudocapacitive
electrodes, the reaction active sites for energy storage are fixed
to be the Q/QH, redox pairs. As chemically inert long carbon
chains and benzene rings are null and void for energy storage,
their specific capacity only depends on the mass content ratio
of redox-active functional groups. Therefore, the addition of
redox-active sites by chemical structure modulation is the key
to raising the performance of lignin-based materials. Notably,
the structure of technical lignin varies greatly from the raw
materials and processing conditions,>'®> so one chemical

4160 | Green Chem., 2023, 25, 4154-4179

modification method cannot be applied universally. Yet,
increasing the content of quinone groups in lignin is the main
target no matter how the chemical modification processes
work.

The first strategy to create active centers is to oxidize lignin
with specific chemicals. By using hydrogen peroxide as an
oxidant, Zhou and his team selectively converted the methoxyl
of KL to phenolic hydroxyls.’®®" The hybridization of the oxi-
dized KL (OKL) with HNOj;-treated active carbon (TAC) for con-
ductivity improvement was realized by simple ultrasonic treat-
ment. The as-prepared composite electrode, of which the OKL
content accounted for 17 wt%, saw a 25.6% improvement of
the phenolic hydroxyl content in contrast to the pristine KL/
TAC counterpart. Owing to the enhanced pseudocapacitive be-
havior of the OKL (Fig. 5c), the capacitance of the assembled
supercapacitor rose from 322 F g”" to 390 F g~ at 0.5 A g™ .
Although the degree of modification was slight, as revealed by
the insufficient capacitance improvement, this work did
provide a new train of thought to modify bulk industrial lignin
for importing extra active redox centers.

The employment of depolymerization products of industrial
lignin as raw material is also an effective way to achieve a high
quinone content. Yang et al.®* selected lignin-derived aromatic
monomer (LDAM) to prepare an rGO/synthetic polymer (SP)
electrode, where rGO and SP were composited through ultra-
sonic-assisted self-assembly (SP was 1.5 times more than rGO).
The phenolic condensation polymerization of LDAM raised the

This journal is © The Royal Society of Chemistry 2023
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quinone content of commercial KL by 6-7 times (Fig. 5d),
which ensured its high redox activity for energy storage. The
supercapacitor assembled with an rGO/SP electrode acquired a
high specific capacitance of 465 F g~*, about 1.9 times higher
than that of rGO/KL. This device also presented a favorable
rate performance (365 F g~ at 10 A g~), demonstrating the
high reversibility of the redox reactions for energy storage.
Another residue of lignin depolymerization holding great
potential in this field is lignin-derived aromatic oligomers
(LDAOs).”® Using phenol-formaldehyde condensation, syn-
thetic polymer (SP-AOF) could be obtained from LDAOs. When
combined with rGO, LDAO behaved in a capacitive-controlled
rather than diffusion-controlled mechanism (Fig. 5e). This was
conducive to fast ion transport, leading to an admirable rate
performance.®® The RSP-60 electrode where the weight ratio of
rGO/SP-AOF was 40/60 had a capacity of 250 F g~" at 1 A g™,
1.67 and 1.23 times that of OL and AL.

2.2. Organic electrodes for rechargeable batteries

Similar to pseudo-capacitors, the application of lignin as
organic electrodes for batteries contributes capacity primarily
through Faraday reactions. Yet, the electrodes adapted to bat-
teries experience a deeper reaction depth and larger volume
change because of their higher requirements for specific ener-
gies.® Therefore, the structural design for these electrodes
should meet the needs of reducing volume effects which
would lead to an irreversible loss of capacity during the charge
and discharge process in actual work.”® Until now, lignin-
based/-derived biomacromolecule composite electrodes have
been reported in both aqueous and organic rechargeable bat-
teries, including zinc ion batteries (ZIBs), lithium ion batteries
(LIBs), sodium ion batteries (SIBs), potassium ion batteries
(PIBs) and proton batteries.®® In these applications, the most-
commonly used types of lignin are commercial LS materials
with Q/QH, redox pairs as they are the main by-product of the
papermaking industry. A typical chemical structure of LS is
shown in Fig. 6a left. Lignin itself was not conductive, so it
had to be combined with conductive polymers or carbon to
become electro-chemically conductive. In LS/conducting
polymer composite, electrons passed through the composite
by hopping between adjacent conducting polymer chains
(dark blue rectangles) and reached the redox quinone site on
the LS (red color lines) (Fig. 6a middle). In the lignin/carbon
nanoparticle composite, the electrochemical redox process of
lignin was displayed on the interfacial volume between the
carbon and lignin (Fig. 6a right). Recently, some attempts on
other chemically modified lignins with new active sites have
also been reported in this area.

2.2.1. Aqueous Dbatteries. Because of their high safety
feature in contrast to organic batteries, aqueous batteries have
gained increasing research attention based on non-flammable
and high ion conductivity aqueous electrolytes.®® Taking
account into the great potential of LS for large-scale pro-
duction, Lahiri and his team undertook research on a PPy/LS
composite as the cathode of aqueous ZIBs.*”” In 50 wt%
choline acetate aqueous electrolyte with added ZnAc,, Zn**

This journal is © The Royal Society of Chemistry 2023
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could be stored in the LS biopolymer matrix through a
quinone redox reaction. Meanwhile, LS itself would provide
additional discharge capacity through irreversible electro-
catalytic oxidation/dissolution after cycling, resulting in >100%
coulombic efficiency. However, the cycling stability of ZIBs was
rather unsatisfactory. The charging capacity almost dis-
appeared after 200 cycles at 300 mA g . This should be attrib-
uted to the gradual dissolution of the active materials in water,
which greatly weakened the electrode stability. Indeed, water
solubility was the main challenge faced by LS-involved
aqueous batteries. The removal of hydrophilic -SO;~ polar
groups by subtle chemical modification of LS is an effective
way to conquer this problem. Ail and his research team com-
bined fully desulfonated lignin (commercial KL), partially
desulfonated lignosulfonate (DSLS), or LS with carbon by ball-
milling and investigated the impact of the -SO;~ amount on
their electrochemical performance in proton batteries.>'"*® As
the -SO;~ groups were partially removed, compared with LS/C
electrode, the solubility of the DSLS/C electrode decreased dra-
matically and its ionic conductivity was improved (Fig. 6b).
However, full removal of -SO;~ in KL/C damaged the ion trans-
port ability of the electrode. With decent ionic-electronic trans-
portation, the DSLS/C showed optimal H' accommodation
capability among the three electrodes even though only 69%
capacity was still maintained after 2200 cycles at 1 A g™
Although there was still room for improvement for commercial
application, this work confirmed the application prospect of
LS-derived electrodes in aqueous ESDs. Metal-ion batteries
had higher theoretical specific capacities than proton bat-
teries, so afterward the application of desulfonated lignin was
further extended to PIBs for the storage of K™ ions.®® With the
smallest hydrated ionic size, K* diffused the fastest in an
aqueous solvent among Na', Zn®", Mg>*, Ca®", AI*', etc.
Besides, K was 1000 times more abundant than Zn in the
Earth’s crust.”® Khan et al.”* prepared desulfonated lignin by
hydrolyzing sulfonate ions under alkaline conditions, and
then mixed it with ketjenblack to prepare lignin/carbon com-
posite electrodes (L-C) for printable rocking-chair PIBs
(Fig. 6¢). The new class of water-in-polymer salt electrolytes
(WIPSE) where ionic conductivity and viscosity were decoupled
were proposed to conquer the poor ionic conductivity problem
of high-viscosity water-in-salt electrolytes (WISE). In WIPSE,
cations were transported by hopping triggered by the local fast
dynamics of the flexible polyanion chains, while they were
sluggishly transported in a water solvation shell in WISE. After
the first cycle, it was the K" cation that originated from WIPSE
that was involved in the redox process on the phenolic group,
but not the proton.”” That testified lignin had the ability to
store K'. Consequently, the integrated organic battery provided
a power density of ~4.5 kW kg™' and a maximum specific
energy of 24.6 W h kg™,

2.2.2. Non-aqueous batteries. To avoid the incompatibility
issue between the polar group of lignin and the water-based
solvent, Casado et al. undertook the first attempt to equip a
lignin-based cathode with an aprotic ionic liquid electrolyte
for the assembly of SIBs (Fig. 6d). Note that the utilization of
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Reproduced with permission.'” Copyright 2020, Elsevier B.V.

ionic liquid can also address the safety concern of organic batteries  imidazolium bis(fluorosulfonyl)imide (EMImFSI) (Fig. 6e).

using conventional flammable solvents.’® In their work, a series of
pyrrolidinium and imidazolium-based ionic liquids were tested,
including  1-butyl-1-methylpyrrolidinium  bis(trifluoromethyl-
sulfonyl)imide (BMPyrTFSI), 1-butyl-1-methylpyrrolidinium bis
(fluorosulfonyl)imide (BMPyrFSI), 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonylJimide (EMImTFSI) and 1-ethyl-3-methyl-

4162 | Green Chem., 2023, 25, 4154-4179

Experimental results showed that EMImFSI: NaFSI (20 mol%) elec-
trolytes (20 mol% NaFSI EMIMFSI solution) had the best compre-
hensive ability of both electrochemical and thermal stability. The
discharge capacity of the cells operated in EMImFSI:NaFSI
(20 mol%) electrolyte stabilized faster and was higher than the
BMPyrTFSENaTFSI (20 mol%) electrolyte assembled ones. The
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resultant batteries had an average voltage higher than 2.5 V, along
with a high capacity of 70 mA h g™" after 100 cycles. In spite of
cycling durability, how to improve the capacity of lignin-based/-
derived electrodes was another important hotspot.”* As we pre-
viously discussed, their specific capacity mainly depended on the
mass content ratio of redox-active functional groups. For this
reason, in addition to raising the content of quinone groups,
research efforts were also dedicated to the development of new
active sites by chemical modification. Lu et al'” undertook an
exploration of the performance of chemically pre-lithiated lignin
(Li-lig) in the application of LIB anodes. The Li-lig was facilely fab-
ricated through reacting lignin with LiOH at room temperature in
ethanol solution for 24 h. After washing and ball-milling, the
product was obtained. The C=O0 group and the benzene ring with
abundant C—=C bonds were activated to be appropriate accommo-
dation sites for lithium intercalation/deintercalation through the
“superlithiation” transport mechanism (Fig. 6f). In situ FTIR
measurement confirmed the mechanism. As illustrated in Fig. 6g,
the C=C bands at 1590 cm™" and C=O bands at 1670 cm
became weaker when discharged to 0.01 V, in contrast to when
fully charged to 2.0 V. The effective use of multiple energy storage
sites was helpful to improve the conductive activity of lignin itself,
thus improving the electrode performance. As a result, the Li-lig/
LiFePO, full battery with organic electrolyte maintained a capacity
of 119 mA h g " at 1 C, and 94.4% capacity retention after 400
cycles, and the cycling performance exceeded that of the Lig anode
and carbon cloth anode (Li@CC) (Fig. 6h).

Lignin-derived organic compound electrodes have been suc-
cessfully applied in the most widely used ESDs. The comparison
of various electrodes on compositions, potentials, specific
capacities and cycling stabilities were listed in Table 2. However,
how to simultaneously achieve a high energy density and rate
performance remains a critical challenge, mainly restricted by
the ineffective electrical and ion-transporting structure.®® In the
future, the depolarization of ions and charge transfer on the
electrode material surface should be given priority.”®

3. Binders

In the above section, we have fully discussed the feasibility of
lignin as an active electrode material. Another important com-
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ponent that determines the electrochemical properties of the
electrode is the binder. The binder is utilized to adhere to all
the active materials in the electrode, as well as the electrode
and the current collector, thus profoundly affecting the struc-
ture and mechanical properties of the entire electrode.® On top
of that, appropriate lignin-based/-derived binders should also
have several additional functions, such as the ability to with-
stand volume changes during the charge-discharge cycle and
good chemical stability while maintaining the energy density
of the battery.”*”> At present, lignin-based/-derived binders are
mainly reported in lithium batteries.

3.1. Lignin-based macromolecular binders

The commonly-used binders in lithium batteries include poly-
vinylidene difluoride (PVDF) and water-soluble ones such as
carboxymethyl cellulose (CMC), sodium alginate (SA), etc.
PVDF is an effective binder choice for most intercalation-based
electrodes. Despite its weak flexibility, it embeds the ability to
interact with active materials to stabilize their interfaces with
the liquid electrolyte.”® As for water-soluble binders, the
caboxylic-group-containing CMC and SA could effectively form
a stable solid electrolyte interphase (SEI) layer, while the single
type of functional group makes them lack diversified func-
tions.”” Lignin with abundant phenolic groups and sulfonate
groups can regulate ion-deposition behavior, which is antici-
pated to govern the interface formation and control the side
effects during battery operation.

In terms of th