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Lignin is produced in large quantities as a by-product of the papermaking and biofuel industries. Lignin is
the most abundant aromatic biopolymer on the planet with its chemical structure rendering it ideal for
carbon materials production and finely tailored architectures of these sustainable carbon materials are
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beginning to find use in high value energy applications. This review focuses on lignin chemistry, various
lignin extraction and fractionation techniques, and their impact on lignin structure/property relationships
for energy applications are discussed. Chemistries behind important and emerging energy applications
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1. Introduction

It is now widely accepted that global warming is a threat to our
planet, and it needs to be addressed urgently. To replace pet-
roleum-based products with sustainable materials is a major
step in the fight against climate change, as highlighted by the
United Nations Sustainable Development Goal (SDG) 9 for
Industry, Innovation, and Infrastructure and SDG 12 for
Responsible Consumption and production.'™ Therefore, the
development of sustainable technologies capable of producing
new devices using sustainable resources within the circular
use of products approach is of critical importance.

Materials used as electrodes greatly influence the perform-
ance of supercapacitors, Dbatteries, and thermoelectric
materials.* Carbon-based materials, such as activated carbon,
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from recent research on this increasingly valuable sustainable polymer are described.

carbon nanotubes, and graphene nanosheets, have great
potential as electrodes owing to their lightweight, high con-
ductivity, and adjustable porosity.>® However, high-quality
carbon compounds are usually synthesized using sophisticated
and expensive synthesis methods that involve strict chemical
conditions, elevated carbonization temperatures, and non-
renewable precursors, limiting their extensive commercial
use.””® Thus, it is crucial to find easy, efficient, and eco-friendly
pathways for producing carbon materials by converting low-
cost, sustainable precursors into carbon materials. The utiliz-
ation of lignocellulosic biomass (cellulose, lignin, hemi-
cellulose) could be a promising alternative route for the syn-
thesis of carbon materials. The scientific community has been
attracted to cellulose because of its abundance, adaptability,
sustainability, and affordability. The low carbon content in
cellulose (44.4 wt%), however, makes cellulose-based carbon
materials economically unsuitable for extensive usage.’ On the
other hand, lignin, another biopolymer with high carbon
content (~60 wt%), is the main source of aromatic moieties in
the natural world and could be a promising carbon precursor
source.’”' Lignin is mainly found in plant cell walls, account-
ing for 20-25% of plant dry weight, making lignin the second
most abundant biopolymer after cellulose. However and cru-
cially, the valorisation of lignin is currently limited with 95%
of the worldwide lignin being a underutilised by-product of
the paper and pulp production and the remainder is used for
low value applications.'>"® The main extraction of lignin is
through the Kraft process, which separates efficiently cellulose
from biomass. The paper industry burns the black liquor con-
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taining the lignin to generate heat, reused in the production
plant through energy cogeneration. The combustion also
regenerates the inorganic pulping agent for further use. If the
lignin is recovered by acidification of the black liquor, the
pulping process produces low-quality lignin, with high
sulphur, ash and carbohydrate contents. Therefore, kraft
lignin is mainly burnt as a biofuel."* Another reason for the
poor valorisation of lignin is the complexity and variation of
its chemical structure, which is highly dependent on its source
and extraction method. Therefore, more profitable value-
streams are necessary to motivate a need for a new generation
of biorefineries capable of producing high quality lignin frac-
tions. Recent reviews have focused on the refining of lignin,"
its use for civil engineering,'® for polymer production,'” and
its use in nanocomposites systems."®

This review focuses on the role of lignin in energy appli-
cations. The first section briefly describes lignin chemistry and
the impact of the extraction method on the quality of the iso-
lated lignin. It also discusses the emerging benefits of fraction-
ation of lignin via deep eutectic solvents (DES). Section two
details the use of lignin in battery component development
with emphasis on anodes, cathodes, binders, electrolytes,
separators and redox flow batteries. The following section
describes the latest technologies in creating greener and more
sustainable supercapacitor electrodes from lignin, starting with
simple activation methods and moving towards templated and
free-standing carbon electrodes. This leads to a section on an
emerging application for lignin in thermoelectric materials
where lignin precursor materials are producing nanomaterials
with very promising Seebeck coefficients. Section 5 summaries,
the production of biofuels from lignin, with particular emphasis
on both heterogenous and photo-assisted catalytic conversion
of lignin, along with some recent findings on mechanochemical
conversion. Finally, we conclude the review with an outlook on
the use of lignin in future energy applications.

1.1. Lignin: chemical structure and separation

The word lignin comes from the Latin lignum, meaning wood.
It is a polyphenolic component of the vascular plant cell wall
that cements the cellulose and hemicellulose rods together,
creating mechanical support while protecting the plants from
microbial attack.'®?! The amount of lignin depends on the
origin of the plant, with softwood (SW) comprising 25-39% of
lignin, hardwood (HW) 20-25% and grasses 15-25%.° Lignin
is the most abundant aromatic biopolymer, with a structure
containing over 60% carbon making lignin the source of over
30% of the organic carbon on Earth.>?

It is biosynthesised by enzymatic dehydrogenation of three
monolignols monomers, p-coumaryl alcohol, coniferyl alcohol
and sinapyl alcohol that differ only by the degree of substi-
tution on the phenolic ring. In the lignin structure, mono-
lignols are present in the form of residue units, respectively
p-hydroxyphenyl (H), guaiacyl (G) and sinapyl (S). The compo-
sition of S, G and H units varies with plant type: SW lignin is
mainly composed of S units while HW lignin contains S and G
units. Interestingly, grass offers a source of non-methoxylated
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lignin, containing up to 35% of H units.>® Within a plant type,
proportions of G vs. S units would vary depending on the posi-
tion in the plant and the age of the sample (Fig. 1).*

Lignin phenylpropanoid units interlink randomly via cross-
linking and branching to form an amorphous three-dimen-
sional network.”> The polymeric structure forms by radical
polymerisation, initiated by the action of laccase and peroxi-
dase enzymes.'>*® Various linkages are formed during the
polymerisation, with the most common being ether and
carbon-carbon linkages. The carbon in Cg position and the
phenoxy oxygen are the most reactive species, making the
B-O-4 (B-aryl ether) the most frequent linkage, which can easily
be cleaved in an alkaline or acidic medium. The other linkages
are more resistant to chemical degradation.'®?* The formation
of chemical bonds during lignification is believed to be
mediated by kinetically controlled radical coupling and this
has recently been computationally modelled by Gani et al.*”
They calculated the value of the activation barrier during
radical formation and chain growth of various linkages in G
and S rich lignins, with results showing that formation of
B-O-4 chains is favourable. Empirically, it was found that the
presence of methoxy groups on the 5™ aromatic carbon pre-
vents the formation of C-C bonds by -5 and 5-5 links, render-
ing branched, condensed lignin rare in its native form.>>**

The molecular structure of lignin is dependent on its
origin. In particular, hardwood lignins are more rich in pheno-
lic hydroxyl groups (4.3 mmol g™ ') displaying a lower mole-
cular weight in comparison with softwood lignins.>®

To allow separation from the cellulose and hemicellulose
rods within wood, native lignin is subjected to chemical pro-
cesses, which modify the bonding of the polymer by partial
depolymerisation - so called technical lignins.”® The type of
technical lignin is as important as the source of lignin. There
are three main processes that lead to technical lignins, Kraft,
Soda and Organosolv each of which are detailed below.

The kraft process is the largest lignin stream by volume
(55 million tons), this high yield process treats wood fibres
with a Na,S/NaOH white liquor at a temperature of 155-175 °C
for 1 to 2 hours. Lignin and hemicellulose are dissolved in the
solution to form a “black liquor” while the cellulose forms a
solid residue. The black liquor, containing 70-80% solid, is
usually used as a biofuel in the recovery boiler. This combus-
tion, at 760 °C, produces molten salts of Na,S and NaOH.
These are precipitated and regenerated for circular use within
the mill.*® The kraft lignin can be recovered from the black
liquor by precipitation in the presence of acetic acid, which
improves the overall mill production.'® The Kraft process mod-
ifies the lignin structure via cleavage of the f-ether (C-O) links
as well as by demethylation. The formed lignin has a higher
degree of condensation through the formation of 5-5 linkages
with sulphur added in the form of thiol groups.>®** The high
ash, sulphur and carbohydrate content of kraft lignin restricts
its industrial application to fertilizers, pesticides, binders, aro-
matic chemicals and resins.*”

The Soda lignin process is similar to the kraft process, as it
uses an alkaline solution (NaOH) at high temperature to separ-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Structure and chemistry of lignin extracted from plants cell walls.

ate lignin from cellulose by solubilisation. The lignin is then
recovered by precipitation at lower pH. This is a sulphur free
process, with a yield of 80%, which produces moderately pure
lignin, due to the presence of minerals (Na, K) and carbo-
hydrates. The process cleaves the a- and p-aryl ether bonds and
produces free phenolic groups but also generates conden-
sation of the aromatic rings.>***> The sulphur free soda lignin
is used industrially in phenolic resins, animal nutrition, dis-
persants, and polymer synthesis.

Organosolv lignins are dissolved in organic solvent/water
solution at high temperature and pressure. In particular, the
Alcell © process uses a mixture of 1:1 ethanol:water to dis-
solve lignin at 180 °C at 13 bars of pressure. The lignin
obtained is depolymerised by cleavage of the p-ether links and
exhibits a low molecular weight and polydispersity. It also has
low ash content and low residual carbohydrate with a general
low impurity level.>*?%3>

Water soluble lignosulfonate or sulphite lignin is formed by
reaction between lignin and metal sulphite salts. The reaction
can be processed at pH varying between 2 and 12. This process
cleaves o and p-ethers and forms a high quantity of sulfonic
acid groups on the C, position.*® Lignosulfonate has the
highest molecular weight (up to 50 000 g mol™") due to con-
densation between the aromatic rings. Sulphite lignin is
mostly used as an additive in the construction industry thanks
to its solubility in water.?”

Other methods such as Milled Wood Lignin (MWL) or enzy-
matic lignin produce low sulphur content lignin. MWL is
obtained by washing finely milled biomass by a neutral solvent
such as dioxane/water. The solution is then centrifuged, the
solid freeze-dried and washed.?>*° This process extracts lignin
that is essentially structurally unchanged from the biomass it

This journal is © The Royal Society of Chemistry 2022
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originates. This method has a low yield and is usually carried
out for native lignin characterisation studies.***"** Steam
explosion lignin is produced by rapidly decompressing a high-
pressure biomass-steam mixture to separate the biomass. The
liquid recovered is washed at low pH and the lignin is isolated.
This method produces high quality sulphur-free lignin, with
minor structural modifications and at a low cost.** Enzymatic
hydrolysis involves the hydrolysis and dissolution of carbo-
hydrates by cellulase enzyme. This process aims to produce
bioethanol and the lignin is recovered as a by-product, with
moderate amount of impurities.**

The water solubility of lignin is displayed in Table 1. Most
lignins are soluble in alkaline conditions due to the presence
of phenolic groups, whose amount can be increased depend-
ing on extraction conditions. While lignosulfonates are fully
soluble in water due to their extraction conditions.

Current research uses all lignin streams for the develop-
ment of high-end applications such as nanostructured
materials, fine chemicals, carbon materials and biofuels. Kraft
lignin and organosolv lignin are the preferred materials due to
the availability of Kraft and the high purity of organosolv.
While lignin is heterogeneous in terms of secondary groups,
the main characteristic of the macromolecule are its phenolic
groups that allow for reactivity, solubility and modification.
The thiolation observed on Kraft lignin can be reversed by
thermal treatment: the thermal decomposition of sulphur con-
taining lignin releases sulphur dioxide (SO,) and methylated
sulphur compounds as the thiol groups are breaking down.
Dondi et al. measured the amount of sulphur compounds
released during pyrolysis. The release of SO, was maximum at
253 °C while CH;SH and CH;SCH; were released at 266 °C.
The authors also investigated the release of CO,, and it was

Green Chem., 2022, 24, 8193-8226 | 8195
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Table 1 Production volume, yield, chemical composition and water solubility of various technical lignins. Data from ref. 24 and 29-35

Production volume Yield Molecular weight (Mw) and
(tonnes per year) (%) Impurities (%) polydispersity Solubility in water
Kraft lignin 55 000 000 90-95 Sulphur: 1-3 1500-5000 (2.5-3.5) Fully soluble in
pH>12
Ash: 0.5-3.0
Carbohydrates:
1.0-2.3
Lignosulfonate 1000 000 70-95%  Sulphur 3.0-8.0 1000-50 000 (6.0-8.0) Fully soluble
Ash: 4.2-7.0
Carbohydrates: N/A
Soda lignin 6000 >80 Sulphur: 0 1000-10 000 (2.5-3.5) Fully soluble in
pH>12
Ash: 0.7-3.0
Carbohydrates:
1.5-3.0
Organosolv 1000 (pilot Scale) 25-50 Sulphur: 0 500-5000 (1.5-4.4) Fully soluble in
pH > 12
Ash: 1.7
Carbohydrates:
1.0-3.00
Milled Wood Lignin Lab scale 20 Sulphur: 0 5500-20 000 (1.8-2.5) Poor
(MWL) Ash: 1.5
Carbohydrates: 0.30
Steam Explosion Lignin Lab scale >90 Sulphur: 0-0.5 1000-15 000 (2.5-7.0) Fully soluble in
(SEL) pH > 12
Ash: 5.0-8.0
Carbohydrates:
2.5-4.0
Enzymatic lignin/ Lab scale 95 Sulphur: 0-1 2000-4500 (1.5-3.2) Fully soluble in
hydrolysis lignin pH > 12
Ash: 1.0-3.0
Carbohydrates:
2.5-4.0

found to be one order of magnitude higher for Kraft lignin. It
was hypothesised that this increase is due to the oxidative
nature of the sulphur compounds.*” A similar study from
Han"® showed that below 250 °C, SO, is the only compound
released during fast pyrolysis.

1.2. Deep eutectic solvents and aqueous dilutions thereof for
lignin fractionation

Valorisation of lignocellulosic biomass into high-value-added
products including biofuels, bio-based chemicals and bioma-
terials relies on the development of suitable biorefineries. The
lignocellulosic-based biorefineries suffer major bottlenecks,
such as the design of pre-treatment techniques.*” For pre-treat-
ment the most important requirements include (1) sustainabil-
ity (with cost-effective and environmentally friendly solvents/
reagents), (2) universality (suitable for a wide range of ligno-
cellulosic biomass materials) and (3) delignification efficiency
(capable to provide the individual constituents of ligno-
cellulosic biomass with high yield and purity whilst allowing
their conversion into value-added biochemicals).

In this context, Deep eutectic solvents (DESs) have attracted
much attention for lignocellulosic pretreatment.**>! DESs are
formed by hydrogen bond (HB) complexation between (at
least) two molecules, one hydrogen-bond donor (HBD) and
one hydrogen-bond acceptor (HBA). Examples of HBAs typi-
cally used for DESs formation include many different

8196 | Green Chem., 2022, 24, 8193-8226

ammonium and phosphonium salts while alcohols, acids,
amides, etc. are representative of HBDs.>> The most often cited
rationalisation for this phenomenon is that the charge deloca-
lisation occurring through HB between halide anions with
hydrogen-donor moieties is responsible for the decrease in the
freezing point of the mixture relative to the melting points of
the individual components. Recent ab initio molecular
dynamic simulations® and neutron diffraction studies®® have
revealed the occurrence of many possible HB interactions of
different strengths among DES constituents, forming an
extended HB network similar to those found in crystalline
structures. In this regard, inelastic neutron scattering studies
have indicated that eutectic behaviour emerges when the com-
ponents mix via HBs, the strength of which is weak enough to
prevent them from settling into a co-crystal.>®> Moreover,
ternary or quaternary DESs can be formed by combination of
more than one HBA and/or more than one HBD.>*>’

DESs are particularly well-suited to fulfil most of the above-
mentioned requirements as they exhibit remarkable green fea-
tures (i.e., main DESs components are non-toxic, highly bio-
degradable and biocompatible), they succeed in the treatment
of a large number of lignocellulosic biomass materials (e.g.,
douglas fir, poplar, sorghum, corncob, walnut endocarps cells,
peach endocarp cells, wheat straw, corn straw, rice straw,
castor seed coat, oil palm empty fruit, bunch, willow, switch-

grass,  Eucalyptus  camaldulensis, Eucalyptus  globulus,

This journal is © The Royal Society of Chemistry 2022
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Cunninghamia lanceolate, Cortex albiziae, Arabidopsis thaliana
and Pinus pinaster Ait, among the most relevant) and they pro-
vided delignification efficiencies of up to 95% with purities of
the obtained lignin in the range of 76-98% with certain abun-
dance of p-O-4 linkages, the presence of which is critical for
the subsequent valorisation of lignin (e.g., p-O-4 linkages
determine the high-yield production of aromatic monomers).
Moreover, DES can be recovered after lignin fractionation and
reused in subsequent pre-treatment processes (Fig. 2).>® For
further details on this topic can be found in some excellent
reviews recently published.*®>!

Nonetheless, it is worth noting that while the fulfilment of
requirements (1) and (2) by DESs is remarkable, work must yet
be done to obtain well balance results in (3). For instance,
lower temperature, shorted time, or higher solid loading give
rise to a higher percentage of preserved f-O-4 bonds in DES
lignin.*® Moreover, DES constituents, both the HBA and the
HBD, also play a role in lignin fractionation performance. For
instance, it has been demonstrated that the relevance of the
nature and number of functional groups of the HBD id of
importance. Thus, most effective HBDs for lignin fractionation
are monocarboxylic acids. In this sort of acid-based DESs, the
stronger and the higher the molar ratio of the acid, the higher
the fractionation yield (e.g., up to 93.1% for a DES composed
of lactic acid, LA, and choline chloride, ChCl, mixed in a
LA: ChCl molar ratio of 15:1).°® Hydroxyl groups in HBDs
have proved less effective than carboxylic acids for lignin frac-
tionation.®" In either case, the increase of the number of func-
tional groups exerted a detrimental effect on delignification. It
seems that the eventual HBA participation in a more extended
HB network weakens its ability to compete with intra-mole-
cular bonding in the lignin moieties of biomass.®* Particularly
interesting among this hydroxyl-based DESs are those formed
with phenolic compounds given their capability to form new
strong n-7m stacking interactions and HBs with lignin moi-
eties.”® It is also worth noting that the ability of DESs with
amine/amide-based for lignin fractionation. In this case, it is

\

Zn” !
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¢
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hypothesized that the presence of amine/amide groups in
HBDs endows the DES with strong basicity that facilitates
lignin fractionation by loosening various chemical bonds of
LCC and contributes to selective dissolution through the
deprotonation of phenolic moieties in lignin. Finally, although
less studied, HBAs can also play a significant role in the per-
formance of lignin fractionation by the contribution of the
halide anions to the breakage of p-O-4' bonds thus preventing
lignin condensation.®*

However, it is worth noting that, as mentioned above,
stabilisation of p-O-4 linkages are critical for the subsequent
valorisation of lignin and this stabilization generally occurs at
the expense of lignin fractionation yield and purity. Thus, the
challenge for DES-based lignocellulosic pretreatments is the
achievement of not only high lignin fractionation yield and
purity but also with good preservation of p-O-4 linkages. In
this regard, this review focuses on recent and promising
research emphasising what we believe should be the future
directions to explore. Among others, we think, most intriguing
attempts are lately involving the use of aqueous dilutions of
DESs.>® The nature of aqueous dilutions of DESs (e.g.,
reline, a DES formed by complexation between choline chlor-
ide and urea mixed in a 1:2 molar ratio) was first studied in
detail in 2009.°° That work described how, in a highly diluted
regime, the original HB complexes of DES were broken and, as
most of the DES components are soluble in water, the system
became a simple aqueous solution of the individual DES com-
ponents. Interestingly, the scenario in a less diluted regime is
quite the opposite with the HB complexes of DES solvating
H,0 molecules. Actually, neutron scattering measurements
have revealed how H,O molecules are interstitially accommo-
dated within the DES-based HB network.”® This accommo-
dation not only happens for H,O but also for other solvents
with HB capabilities (e.g., methanol, benzyl alcohol, DMSO,
etc.) as indicated the deviation from ideality observed in excess
properties such as molar volume (VF), viscosity (%) or com-
pressibility (Afs).”*7* Interestingly, all these liquid binary mix-

DES separation and purification

~ ‘

Lignin mixture Recovered lignin
(filtrate)

Cellulose residue Enzymatic hydrolysis

Fig. 2 Schematic representation of the DESs pre-treatment process. Reprinted with permission from ref. 58. Copyright 2022, Elsevier.
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tures exhibited viscosities that are below that of the original
DES, which is indeed of relevance for practical applications.

This reduction in viscosity is obviously of help for the effec-
tiveness of aqueous dilutions of DESs no matter the mecha-
nism (e.g., hydrotropic or co-solvency, Fig. 2) behind lignin
solubilisation. The hydrotropic mechanism is particularly
effective for DESs composed of HBDs and HBAs capable to act
as hydrotropes.”> More intriguing is the co-solvency mecha-
nism.”® DESs following the co-solvency mechanism are all
formed by water-soluble and/or water-miscible compounds
(e.g., ethylene glycol, formic acid, propionic acid, lactic acid as
HBDs and tetrapropylammonium chloride and choline chlor-
ide as HBAs). In these cases, the amount of H,O is by no
means trivial, changing its role from co-solvent to anti-solvent
when it surpasses a certain content. Whether there is a corre-
lation between amount of H,O providing the best results of
lignin dissolution and that in which DES aqueous solutions
exhibit the largest deviations from ideality may bring some
light to better understand the rationale behind lignin solubil-
isation in DES aqueous solutions.

Moreover, this co-solvency mechanism for lignin dis-
solution resembles that described for the lyocell process, in
which N-methylmorpholine-N-oxide (NMMO) in its monohy-
drate form is used for cellulose dissolution. It is widely
accepted that NMMO dissolve cellulose by their capability to
form HBs (e.g., NMMO-cellulose-HBs) with cellulosic units,
replaces the intermolecular and intramolecular HBs between
p-glucose units and thus breaks the complex HB network of
cellulose.”””® H,0 is a serious competitor for NMMO to form
HBs with cellulose (e.g., H,O-cellulose-HBs). Thus, the
1INMMO: 1H,0 mixture works well because there are still
sufficient NMMO-cellulose-HBs (more so than H,O-cellulose-
HBs) and the viscosity of the solution is lower than without
H,0. Recent works have demonstrated how the addition of co-
solvents with HB capabilities can help cellulose dissolution by
further decreasing the viscosity while preserving the favoured
balance between NMMO-cellulose-HBs and H,O-cellulose-
HBs.”®%° Based on this, the use of environmentally friendly co-
solvents with HB capabilities that can replace H,O totally or
partially which may offer interesting sustainable perspectives
for future processes in the valorisation of lignin for high value
energy applications.

2. Lignin for energy applications —
batteries

Lignin has been identified as an excellent precursor for the
synthesis of various active carbon-based materials for energy
storage devices. However, to date, their inherently poor electri-
cal conductivity has largely hindered their direct use as elec-
trode materials in energy storage and conversion devices.
Therefore, various synthetic methods and structural transform-
ation strategies have been pursued to enhance their conduc-
tivity, electrochemical and thermomechanical properties. The
most common strategy for converting lignin to battery active
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carbon materials is by pyrolysis at high temperatures
(600-1100 °C) using chemical activation agents (e.g., KOH,
K,CO; and ZnCO;).8'"®® The combination of these synthesis
steps effectively converts the large polyaromatic macro-
molecules of lignin into an active carbon that is suitable for
battery applications. This introduces several key features that
bequeath the carbon derivative with advanced properties such
as a hierarchical nano-micro pore system (Fig. 3a), high con-
ductivity and mechanical robustness which benefit fast kine-
tics, high stability and high charge storage capacity. Like
graphite, lignin derived carbons have been widely explored in
various energy storage applications, including metal ion (Li",
Na®, K%, etc), metal oxygen and redox flow batteries.*'
However, unlike graphite, the polymeric nature of lignin
allows for functionally tailored modifications, including
surface functionalisation and molecular grafting prior to car-
bonisation and heteroatom doping, leading to carbon
materials with various morphologies and enhanced functional
properties. This enables lignin-derivatives to exhibit beneficial
properties spanning the whole chain of the battery component
development (i.e., anode, cathode, binder, separator and elec-
trolyte). Therefore, the high structural flexibility of lignin to
exhibit various functions makes it a highly attractive precursor
material for carbon-based battery materials.

2.1. Lignin derived anode materials

2.1.1. Li-ion batteries anodes. Here, the potential of lignin
derived anode materials for Li-ion batteries (LIB) is high-
lighted and contrasted with that of graphite, the conventional
anode material deployed in commercial LIBs. Graphite pos-
sesses good electrochemical properties as an anode material
such as long cycle life, low average voltage without inducing Li
plating, as well as low irreversible capacity, small volumetric
change during lithiation, high coulombic efficiency (CE), good
thermal stability, good electronic conductivity and high struc-
tural stability. However, the major disadvantage of pure graph-
ite-based Li-ion anodes is that they have reached their theore-
tical limit in terms of their practical specific capacity, making
it highly critical now to develop higher capacity electrode
materials to further boost energy density. Furthermore, natural
graphite is a limited resource and is on the US and EU’s list of
critical raw materials. While synthetic graphite can be pro-
duced readily, it is more expensive than natural graphite and
its synthesis is energy intensive and requires unsustainable
precursors from the fossil fuel industry.®* As such, more sus-
tainable carbon-based Li-ion anode materials with higher
energy densities are urgently required.

Carbon based materials of various morphologies and struc-
tures have been widely used as anode materials in different
battery chemistries and have been modulated to meet different
requirements. Porous and fibrous carbons are the most
researched electrode materials and are typically obtained from
organic chemical compounds with high cost and negative
environmental impacts. Lignin on the other hand is eco-
friendly and a naturally abundant precursor for low-cost pro-
duction of hierarchically porous carbon and nano fibre-based
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Fig. 3 (a) Synthesis route to hierarchical porous carbon anode from lignin. Adapted with permission from ref. 96. Copyright 2020, Royal Society of

Chemistry (b) SEM image showing hie

rarchical porosity of lignin-derived carbon anode. Adapted with permission from ref. 85. Copyright 2015,

Elsevier (c) TEM image showing hierarchical porosity of lignin-derived carbon nano fibre anode. (d) Anode cycling performance of lignin/PLA derived

CNFs at C/2. Adapted with permission fi

This journal is © The Royal Society of Chemistry 2022

rom ref. 86. Copyright 2019, Wiley-VCH.

Green Chem., 2022, 24, 8193-8226 | 8199


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02724k

Open Access Article. Published on 12 October 2022. Downloaded on 3/28/2026 12:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

electrode materials. The porosity enhances the surface area for
rapid mass transport of ionic species. For example, Lu’s
group® developed a hierarchical porous carbon via the pyrol-
ysis of a lignin/KOH mixture at 700 °C for use as an anode in
LIBs (Fig. 3b). The introduction of 3D network of pores within
the carbon framework enhances the surface area (907 m* g™ )
for efficient diffusion of ions, leading to a better charge
storage capacity (386 mA h g™') at 200 mA g™ " after 560 cycles
compared to the carbon without pores (77.1 m*> g~*, 124 mA h
g~ ). The significance of pore structures, high surface area and
networking was demonstrated by Culebras et al.®® in which a
homogenized blend of lignin and polylactic acid (PLA) was
electrospun and subsequently carbonized at 900 °C into fine
porous carbon nano fibres (CNFs) (Fig. 3c). The lignin/PLA
(50:50%) based CNFs exhibited a surface area of 670 m”> g™*
which enhances the ion transport and cycling stability as a LIB
anode, delivering a capacity of 611 mA h g™ after 500 cycles
(Fig. 3d), which is almost twice the theoretical capacity of
graphite (372 mA h g~"). While the capacity of lignin derived
carbons is higher than graphite, they still exhibit low initial
coulombic efficiency (CE) and the use of organic polymer
blends and chemical activation agents at high temperatures
tend to weaken the environmental benefits. Moreover, the
demand for high energy density batteries particularly for elec-
tric mobility applications cannot be satisfied with only lignin
derived carbon materials. However, the capacity of carbon
anodes can be improved by incorporating high capacity
materials such as Si (theoretical capacity: 3579 mA h g™') into
the carbonized lignin matrix.*”"®° It is important to note that
while Si exhibits high capacity characteristics, the application
of anodes based solely on bulk Si or micron sized particles is
limited by the huge volumetric change (>300%) during cycling
which can lead to pulverisation of the material and delamina-
tion from the current collector with irreversible capacity
losses.’® "> Therefore, composite anodes of Si/carbon are criti-
cal for the next generation of high performance LIBs as the
stability and energy density can be significantly boosted.

Such composite electrode concepts have been demonstrated
by Niu and coworkers®” where the lignin-derived carbon net-
works cross-linked the Si nanoparticles and delivered a stable
capacity of ~2670 mA h g" at 300 mA g™ after 100 cycles with
the CE increasing from 62 to >99%. Although the capacity is
largely owed to the Si, the lignin derivative played the key role of
enhancing mechanical stability, boosting the conductivity while
also contributing to the capacity. While lignin anodes exhibit
high promise as next-generation electrodes to replace graphite
in LIBs, the study is largely limited to half-cells. To advance the
development of lignin-based anodes in practical batteries, their
characterisation and detailed analysis in full cell configurations
should be explored. In a full cell, the actual working voltage
range of the anodes can be reduced, which may lead to a
decrease in capacity especially when the voltage profile has a
sloping region. This will affect the overall battery energy density,
but it is hard to distinguish the contribution of each electrode
since the signal is a contribution of both cathode and anode.
Such studies are lacking to date. This is particularly crucial for

8200 | Green Chem., 2022, 24, 8193-8226

View Article Online

Green Chemistry

composites anodes such as Si/lignin electrodes which hold high
promise as high energy density battery components for electric
vehicle and robotic applications.

For lignin-derived anodes, in most cases thy display electro-
chemical cycling stability for over 100 cycles, it is essential to
investigate the contributing factors and the mechanism indu-
cing the longer cycling capacity decay that is unique to lignin.
It is also essential to investigate the influence of safety issues
such as rate of formation and potential impact of delamina-
tion effects, and the mechanical and thermal tolerance charac-
teristics on the long-term battery performance and stability.

2.1.2. Negative electrodes in Na" and K batteries. It has
been over three decades since LIBs were first introduced in the
market. Owing to their high energy density, they have become
ubiquitous for mobile applications. With the increasing
demand for LIBs, concerns have been raised about the scarcity
of the necessary resources, pointing to the need to diversify
battery chemistries. With that in mind, Na-ion batteries (SIB)
have come back to the spotlight, joined by K-ion batteries
(KIB), especially for stationary applications. In comparison to
LIBs, SIBs and KIBs rely on more abundant and widespread
elements (Na and K, for example), more sustainable precursors
and materials, leading to lower cost and potentially safer
technologies.””° Despite their similar chemistries, there are
significant differences between them and many challenges to
be overcome to commercialize SIBs and KIBs. Although graph-
ite is the state-of-the-art negative material in LIBs, it is not suit-
able for Na' intercalation. The low thermodynamic stability of
Na-graphite intercalation compounds leads to low capacities'*
unless co-intercalation phenomena occurs via combination
with ether-based electrolytes.'® % On the other hand, hard
carbons (HC) are electrochemically active in standard carbon-
ate-based electrolytes'®® as their disordered structure promotes
wider interlayer spaces between the graphene sheets which
allows for reversible intercalation of Na*. Furthermore, Na*
can be accommodated in micropores present in hard carbon
which adds to the gravimetric capacity of the anode.'®” Hard
carbons can be obtained from biomass, especially from lignin
with its high carbon content. Moreover, the aromatic backbone
of lignin can provide structural rigidity and lead to more ther-
mally stable materials.'®® The precise Na* storage mechanism
in hard carbons is still under debate, but it is broadly known
that it consists of three main processes: intercalation between
graphene layers; adsorption on layer surfaces; and pore
filling.'®® The combination of these processes leads to typical
galvanostatic charge/discharge profiles with a sloping region
between 1.0 and 0.12 V and a plateau region below 0.12 V vs.
Na/Na'. The presence of terminal H bonded to the carbon
backbone, heteroatoms such as O and N and defects can affect
the curvature of the graphene layers, widening the interlayer
d-spacing and enabling the intercalation of Na' ions.
Simultaneously, defects act as sites for the adsorption, enhan-
cing the Na” storage capacity of hard carbon.''® The wide
variety of storage processes means the performance of lignin-
derived hard carbons is dependent on a range of properties
which include the material’s crystalline composition, graphene

This journal is © The Royal Society of Chemistry 2022
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interlayer spacing, porosity, particle morphology and surface
composition. This section aims to show some of the effort
towards the tuning of those properties in producing lignin-
derived HC.

Dou et al. compared the performance of HC derived from
pectin, hemicellulose and lignin in Na-ion batteries."'* The
lignin-derived material presented the highest capacity (298 mA
h ¢! at 20 mA g') and highest initial coulombic efficiency
(68%) among the three. Despite having the lowest BET surface
area (only 30 cm”® g™, in comparison to 223 cm” g~ for the
hemicellulose-derived HC), their lignin-derived hard carbon
showed higher mesoporosity. The pore size, combined with
the presence of graphitic carbon and the higher purity of the
material explain its better performance. A low-temperature
pre-oxidation step was found to have an important effect on
the produced HC performance by increasing the interlayer dis-
tance of the carbon sheets''? and stabilizing the structure to
prevent it from rearranging the graphene layers during the
high-temperature carbonisation.'™® Using a phenolic resin pre-
cursor, the pre-oxidation step promoted better cycling stability,
but did not improve the capacity of the materials signifi-
cantly."™ Ghimbeu et al. noticed an abrupt capacity fade after
30 cycles in a lignin-sulfonate-derived HC, caused by the pres-
ence of impurities (mainly Na, K and S from the lignin extrac-
tion process).""® Including an aqueous washing step in their
synthesis promoted a higher capacity and better cycle stability.
Other works include washing steps with acids to remove the
impurities from lignin precursors."""'*'° peuvot et al. tested
different temperatures to carbonize stabilized lignin fibres.'*°
fibre diameter, surface area and the cycling performance of
the produced materials varied depending on the carbonisation
temperature (from 800 °C and 1700 °C), with 1200 °C found to
be the optimum temperature in their study. Many works inves-
tigate the effect of carbonisation temperature, with the best
results between 1200 °C and 1400 °C (see Table 2)."*' Doping
HC with anions can improve their performance, inducing the
presence of defects and increasing the number of active sites.
Several methods can be used to dope HC from lignin. For
instance, Fan et al,'**'* used a hydrothermal method to
produce a mixture of lignin and 3-aminophenol. After carbon-
isation, the N-doped carbons presented more defects, larger
interlayer d-spacing, lower charge transfer resistance and
higher porosity, leading to a 2.7-time increase in capacity at
50 mA g~' (115 mA h g7 to 315 mA h g7')."** The adsorption
of Na' on defects can take place at a wide range of potentials,
thus contributing to the capacity at the sloping region. In this
case, the sloping region capacity increased from 62 mA h g™*
(non-doped material) to 104 mA h g™' (N-doped material) at
100 mA g . In this case, high reversibility was achieved,
however it should be noted if the binding energy of Na* to the
defects is too high, as in the case of B doping,'** adsorption is
not reversible. Other sources of N can be used, such as mela-
mine and urea."®® The methods and modifications that can be
applied to lignin precursors are countless and much research
is still necessary to reach a full understanding of their impact
on the performance of the produced carbons.

This journal is © The Royal Society of Chemistry 2022
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Biomass-derived hard carbons have also been applied as
potassium-ion battery (KIB) anodes.’*®™"*> The K" storage
mechanism is based on adsorption of ions onto the surface of
graphene sheets and the intercalation of ions in graphitic
regions'®? similar to the Na-ion case. In KIBs, the mechanism
originates a galvanostatic charge/discharge profile character-
ized by two different regions: a high-inclination slope at
higher potentials (from 1.2 to 0.4 V vs. K/K') and a low-incli-
nation slope below <0.4 V. Despite the low first cycle coulom-
bic efficiency (<50%), recent progress led to lignin-derived HC
with capacities as high as 355 mA h g™" at low current rates."*'
Wu et al. compared lignin with different molecular weights,
reaching 300 mA h g™" at 50 mA g~ for their medium weight
precursor (9660 g mol™!). Liu et al.™®* produced a HC from
maple leaves and further treated it with concentrated HNO;
for chemical activation and doping with N and O. Their
product exhibited good cyclability, with a capacity of 141.9 mA
hg™ at 1 A g™ in the 1000™ cycle. The development of similar
hard carbons from lignin and other bio sources could be a key
to boost K-ion technology to a competitive standard.

Despite the numerous examples of high capacity and good
cyclability of carbons from lignin as anodes in metal-ion bat-
teries, proper control of carbon structure and porosity is still a
challenge. Different bio sources can be used to obtain lignin
as a hard carbon precursor.’*® The characteristics of the pre-
cursor lignin depend both on its source and on the separation/
extraction process. Composition, amount of impurities, mole-
cular weight, polydispersity and solubility are some of the
characteristics that can change drastically with the extraction
method."®® On their turn, they will affect the carbons’ mor-
phology, porous structure, surface composition and hence the
final performance in a battery. Unfortunately, a thorough
characterization of the precursor lignin is not always shown in
the literature, making it hard to draw trends correlating lignin
features with the derived carbon properties. Adding to the het-
erogeneity of lignin precursors is the variety of possible modifi-
cation steps and the carbonization process itself, rendering a
multitude of variables to be considered in the transformation
of lignin into metal-ion battery anodes. Working with so many
variables, although a challenge, is also encouraging due the
great potential to achieve better materials.

SIBs, similar to LIBs, can also work with alloying anodes,
where a reversible reaction takes place by alloying and de-alloy-
ing Na in the negative electrode instead of adsorption and
intercalation of Na'. Despite the high capacities delivered by
alloying, it is accompanied by drastic volume changes that can
degrade the electrode in just a few cycles. To achieve good
cyclability with a Sn anode (91% of capacity retention after
1000 cycles) Wang et al. employed lignin as a precursor to
form Sn/C particles."*® Similar approaches could be investi-
gated to enable different alloying metal anodes for high energy
density SIBs and KIBs in the future.

2.2. Lignin derived cathode materials

2.2.1. Li-S batteries cathodes. Li-S batteries (LSBs) are
notable for their much higher specific energy (450 W h kg™)

Green Chem., 2022, 24, 8193-8226 | 8201


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02724k

Open Access Article. Published on 12 October 2022. Downloaded on 3/28/2026 12:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review
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Surface area Capacity
Source Pre-treatment Carbonisation (m”g™) Electrode Electrolyte ICE (mAhg™) Ref.
Oak sawdust 1. H,SO, N, 100 mL 208 10% AB 1MNaClo, 68% 297 (50mAg™) 118
min~" EC/PC/DMC
(9:9:2)
2. KOH 1300 °C (6 h) 20% PVDF 116 (2.5 A¢7Y
3. HCI 10 °C min ™"
Peanut shell H;PO, (80 wt%) Ar 30 10% C45 1MNaClOo,  68% 298(20mAg™) 111
1100 °C (1 h) 10% CMC EC/PC 77(2Ag™Y)
(3-electrode)
1°C min~"
Cocoa pod husk 1M HCl 60 °C 24 h N, 100 mL 118 (47%  10% AB 1MNaClo, 87% 317 (50mAg™) 119
min~" mesopores)
1300 °C 20% PVDF  EC/PC/DMC 134 (250 mA g 4)
(9:9:2)
5°C min™"
Phenolic resin + No pre-treatment Ar 2.3 5% Na 1 M NaPF¢ 88% 373 (30 mAg™) 137
lignin (30:70) alginate 250 (300 mA g™")
1400 °C (2 h) EC/DMC (1:1)
Alkali lignin Pre-oxidation: air 200 °C  Ar 31 5% CB 1 M NaClO, 81.4% 285 (50 mA g™) 112
(24 h)
5°C min™! 1350 °C (2 h) 5% Na PC 175 (250 mA g ™)
alginate
2°C min™ 1 M NaPF, 86% 331 (50 mA g™h)
DEGDME
307 (250 mA g™")
Pitch Pre-oxidation: air 300 °C  Ar n/a 5% Na 1M NaPF, ED/ 88.6% 301 (30 mAg™) 113
(3h) alginate DMC (1:1)
1400 °C (2 h) ~250 (150 mA g™ )
Kraft lignin Stabilisation N, 0.3 Lmin™" 94 Free standing 0.6 M NaPF, 89% 310 (30 mAg™") 120
electrode DEGDME
Air10Lmin™' 250°C 1200 °C
(30 min) (20 min)
0.5 °C min™" 5°C min™"
Lignin + epoxy resin  Air Ar n/a 5% Na 0.8 M NaPF, 82% 316 (30 mAg™) 138
(1:1wt) alginate EC/DME (1:1)
150 °C (24 h) 1400 °C (1 h) 161 (300 mA g4
2 °C min™"
Lignin Hydrothermal process + N, 727 (COy) 10% CB 1 M NaClO, 85% ~325(50mAg ") 122
3-aminophenol (11 wt%) EC/DEC (1:1) ~150 (250 mA g™ )
250 °C (12 h)
1100°C (2h) 151 (N) 2% CMC
3% SBR
Lignin Hydrothermal treatment Ar 94 15% CB 1 M NaClO, n/a ~210 (200 mA g™") 131
with GO and ethylene EC/DEC (1:1)
glycol 180 °C (20 h)
750 °C (2 h) 10% PVDF
Lignin sulfonate Spray dried; Ar 500 °C Ar 12 10% AB 1 M NaClO, 88.3% 339 (0.1C) 139
(3h) EC/DEC (1:1)
1.2 M HCI 1300 °C (2 h) 5% CMC 187 (1C)
5% SBR
Phenolic resin Air Ar 47 5% Super P 1 M NaPFs EC/ 76.4% ~315(20mAg ") 114
DEC (1:1) +
5% FEC
300 °C (3 h) 1300 °C (4 h) 5% PVDF ~75 (200 mA g™1)
Alkali lignin + PVA  Electrospinning with Ar 93 Free-standing 1 M NaClO, 65% 137 (50 mAg™) 140
KOH (5 wt%) EC/DMC (1:1)
+ 5 wt% FEC
600 °C (1 h) 87 (300 mA g ™)
Corn stalk Purification (acetone); N, 400°C(1h) 5.3 10% super P 1 M NaClO, 82% 297 (25 mAg™) 141
composite with EC/DEC (1:1)
amphiphilic
carbonaceous material
H,/Ar 1300 °C 10% PVDF ~160 (200 mA g™
(3h)
Lignin Washing with KOH N, 100 mL 48 10% AB 1MNaClOo,  69% ~270 (50 mAg™') 117
(20 wt%) and HC1 (1 M) min™" EC/PC/DMC
(9:9:2)
1300 °C (6 h) 20% PVDF ~175 (250 mA g7Y)
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Surface area Capacity
Source Pre-treatment Carbonisation (m”g™) Electrode Electrolyte ICE (mAhg™) Ref.
Lignin sulphonates ~ Ar Ar 5.6 (Ny) 10% carbon 1 M NaClO, 79% 270 (25 mA g ) 115
Sp EC/DMC
600 °C (1 h) 1200°C (1h)  377(CO,)  10% CMC
Water washing 5°C min™"
Scrap wood Washing with 1 M H,SO, Ar 20 mL 30 10% CMC 1 M NaPF, 86% 270 (30 mAg™) 116
min~" EM/DEC (1:1)
1000 °C (6 h)
13 °C min ™"
Pitch + lignin — Ar 1.3 5% Na 0.6 M NaPFg 82% 254 (0.1C) 142
alginate EC/DMC (1:1)
1400 °C (2 h)
Lignin Washing with HCI + N, 16 10% Super P 1 M NaClO, 74% 325 (25mAg) 143
formaldehyde EC/DEC (1:1) 140 (250 mA g ™)
5% FEC
2 °C min™" 10% PVDF
400 °C (1 h)
5°C min™"
1300 °C (1 h)
Lignin + PAN (5:5)  Air N, 26.6 Free standing 1 M NaClO, 70.5% 296 (20 mA g~ ") 80 144
EC/DEC (1:1) (1Ag™)
400 °C (1 h) 1300 °C (0.5 h)
Lignin from corn Extraction with acetone N, 14 10% Super P 1 M NaClO, 79%  ~300 (50) 145
stalks (purification) EC/DEC (1:1)
+20% (NH,),HPO, (1) 400 °C (1 h) 10% PVDF ~160 (50)
(2) 1300 °C
(2h)
Alkali lignin derived Formation of composite N, 449.7 10% CB 1 M NacClO, 50% 190 (50 mA g ™) 146
AZO polymer with SiO,, later removed EC/DMC (1:1)
with HF
5°C min~" 10% CMC 161 (200 mA g™")
700 °C (4 h)
Cocklebur fruit Soaking in NH;-H,O 1100°C(3h) 64 10% super P 1 M NaOTf 69% 253 (50) 121
DEGDME
10% PVDF 106 (1Ag™)
Lignin + — Ar 18.4 10% GVXC-72 1 M NaClO, 81% 310.4 (25 mA gfl) 123
3-aminophenol EC/DEC (1:1)
formaldehyde resin 1100 °C (2 h) 5% CMC 125 (200 mA g ™)
(3:7)
Alkaline lignin + Formation of composite N, n/a 10% Ketjen 1M NaPFq EC/ 26% 247 (30 mA g™) 125
melamine + urea black DEC (1:1)
(1:1:5) 5°C min™" 10% CB 167.1 (300 mA g™ )
400 °C (2 h) 10% PTFE
800 °C (4 h)
Enzymatic lignin Water washing Ar 4 1 M NaPFg 74.4% 303 mA g™ 147
DEGDME (100 mAg™)
5°C min~" ~260 (400 mA g7)

1600 °C (2 h)

than LIBs (~260 W h kg ') and are broadly researched
worldwide.**®1%® However, S, as a cathode material exhibits
low conductivity (requiring conducting additives) and a large
volume expansion during cycling that is detrimental to battery
life.">'"'>® The gradual leakage of active material due to the
polysulfide “shuttle” effect further leads to capacity decay and
short cycle life."*® Lignin derived carbons can have a signifi-
cant impact on the performance when applied as hosts/con-
ductive additives for S-cathodes in LSBs. The S can be effec-
tively impregnated within the conductive matrix of porous
carbon to enhance the cycling stability. Conductive porous
carbon scaffolds not only increase the surface area to boost
sulphur loading compared to non-porous hosts but signifi-
cantly enhance the electrical conductivity and limit polysulfide

This journal is © The Royal Society of Chemistry 2022

diffusion during cycling. Shen et al.,">* for example, developed
a lignin based porous carbon with a high surface area
(1211.6 m> g™') and oxygen-containing surface functional
groups that enabled high S-loading (50 wt%), leading to
increased capacity (1330.7 mA h g™') and high initial CE
(81.3%). However, the capacity retention was 62.6% after only
100 cycles, suggesting that the polysulfide diffusion was not
adequately suppressed, thus, further strategies are needed to
enhance the electrode performance. By doping N into a lignin-
derived porous carbon nanosphere matrix, Liu et al'>’
achieved a suppressed polysulfide shuttling effect, allowing
the anode to achieve a long life of over 1000 cycles at 1.0 C
with a capacity decay of only 0.041% per cycle. The task of
future research should be more focused on developing lignin
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materials with the capacity to effectively host S and suppress
the shuttling effect. This requires rational nanoengineering
and efficient synthesis techniques tailored at addressing the
huge volumetric expansion issues rather than focusing only on
porous architectures and continuous S-loading. Another key
challenge hindering the viable commercial deployment of
LSBs is polysulfide dissolution in the electrolyte which often
leads to poor reversibility and long-term cycling performance
limitations. Selective material coating approaches have been
proposed to resolve this issue in other S-hosting materials but
rarely are investigated for with lignin-based cathodes. Most
reports focused on the high surface area of lignin derived elec-
trodes in LSBs and LIBs. This however often leads to low initial
CE due to collapse of the micropores in the carbon framework.
Therefore, the pore-inducing carbonization process should be
regulated to tune the pore distribution and surface area for
optimum S-loading while also enhancing the conductivity to
improve the cell performance characteristics such as CE and
rate capability.

2.2.2. Metal-air batteries cathodes. The high theoretical
capacity, low cost and relative high safety of metal-air batteries
such as Li-O, batteries (LOBs, 3500 W h kg™!) and Zn-air bat-
teries (ZABs, 1353 W h kg™, excluding oxygen) make them
attractive energy storage devices.'’®'>” However, the practical
energy density of LOBs is limited by the inherent insulating
properties of the lithium peroxide (Li,O,) generated during
cycling. An alkaline lignin-derived porous carbon cathode with
a high surface area (1961 m* g”') and abundant defect sites
for LOBs delivered superior capacity (7.2 mA h em™2) and a
long cycle life of over 300 cycles'® compared to commercial
carbon materials such as Super P and KB."*'° Li et al.'®
designed a high surface area (782 m* g™") lignin-derived Fe, N,
P, S co-doped porous carbon composite cathode for ZABs that
achieved an open-circuit voltage of 1.49 V and a discharge
capacity of 729.2 mA h g™'. These reports further reveal the
potential of lignin as a precursor material for a broad range of
battery cathodes. The insulating properties of Li,O, remains a
challenge in LOB regardless of the cathode design, thus, strat-
egies to overcome this problem remain unresolved and must
be pursued in future studies. Formulating an electrolyte with
the desirable properties (high stability/low decomposition,
non-toxicity, low volatility, wide electrochemical window stabi-
lity, and a high rate of oxygen solubility) also remains a big
barrier in metal-air batteries (MABs). These need to be
addressed with a focus on tailoring the chemical structure and
surface reactivity of the cathodes to minimise these issues
without sacrificing the capacity. Carbon materials are typically
unstable above 3.5 V which exacerbates the side reactions
problem and remains a critical issue to be addressed. It would
be useful to address these barriers on several fronts such as
through nanoengineering and functionalisation with second-
ary materials, and to explore side reaction and passivation
layer inhibitors. Future studies on electrolyte chemistries
specifically tailored for enhanced redox reactivity/stability,
high oxygen solubility, high ionic conductivity, and reduced
rate of passivation layer formation compatible with the lignin-
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based cathodes for high energy density delivery is highly rec-
ommended. The typical operation of MABs in an open system
can also lead to parasitic reactions due to electrode contami-
nation from atmospheric moisture and gases (e.g., CO,, N,
organic vapours, etc.) which can undermine the advances
made on the cathode and electrolyte development. This
should be tackled from the packing engineering level to limit
atmospheric interference without inhibiting oxygen flow, and
at the electrode and electrolyte level using inhibitors or selec-
tive adsorbents.

2.3. Lignin based binders

The primary role of binders (typically 2-5 wt% of the electrode)
is to ensure an excellent mechanical adhesion and stability of
the electrode active materials by maintaining uniformity and
intimate contact between active material constituents, conduc-
tive additives and the current collector (electrode coating).
These features render binders critical to battery safety, cycle
life and capacity retention. Traditional binders such as polyvi-
nylidene fluoride (PVDF) require expensive and toxic organic
solvents (e.g., N-methyl-2-pyrrolidinone and acetonitrile),
necessitating demands for greener, sustainable and less expen-
sive alternatives.’"'®"'®* In this regard, binders that are dis-
persible in water (e.g., poly(tetrafluoroethylene, tapioca starch
and carboxymethyl cellulose) have been developed
recently.®"'®"'%* Lignin is a good binder material as it satisfies
all the above binder requirements in addition to eco-friendli-
ness, abundance and good thermal stability. In particular, the
ample functional groups of lignin make it easy for surface
modification and functional tailoring of its properties.
Moreover, its highly cross-linked structure is suitable for
achieving mechanically robust adhesion while the polar func-
tional groups render it hydrophilic, making it processable in
aqueous solvents which is suitable for green battery pro-
duction. Cheng’s group'® for example demonstrated that
lignin could act as a binder for Si NPs and be subsequently
converted at 400-800 °C into a conductive ligament. This
allowed for designing a mechanically robust Si/carbon compo-
site electrode free of traditional binders with enhanced electro-
chemical stability for over 250 cycles compared to a PVDF
binder. Luo et al.*®* also developed a water-soluble binder con-
sisting of sodium polyacrylate grafted lignin for micro silicon
anodes via free radical graft copolymerisation and alkaline
hydrolysis. The anode exhibited high performance stability
against the high volumetric changes of Si for over 100 cycles
compared to that using a CMC binder. Lignin binders with
additional capabilities for specific functions have also been
explored for LSBs, including a sodium lignosulfonate salts-
based binder containing negatively charged sulfonate groups
that are beneficial for suppression of lithium polysulfide
diffusion, thus, allowing stable cycling performance for 100
cycles at 0.2 C. The rich phenolic groups in lignin have also
been exploited as a free radical scavenger in LiNiysMn; 50,
cathode based high voltage LIB which suppressed the free
radical chain reaction, allowing for the generation of a compa-
tible multi-dimensional interphase between the electrolyte
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and electrode. This enabled the electrode to maintain high
stability with high capacity retention (94.1%) after 1000 cycles
compared to that of a PVDF (46.2%).'%® Although the study of
lignin based binders is still at the infancy stage, a critical issue
to be resolved is that by thermally converting the lignin binder
into an active carbon ligament within the electrode, the robust-
ness may be severely diminished during the charge/discharge
due to repeated expansion/contraction and structural changes,
however minimal, which can compromise the mechanical
functions of the binder in the electrode and lead to capacity
decay and poor cell performance. The use of unconverted
lignin extracts as binders could also pose the challenge of low
conductivity and dead mass in addition to increased parasitic
reactions by the surface functional groups or the added struc-
ture-improving polymers and lead to rapid -electrolyte
decomposition and consumption which are undesirable in
practical batteries. Therefore, detailed electrochemical studies
of the lignin binder redox behaviour and stability mechanism
with respect to the electrode structure and cycling character-
istics is needed. Furthermore, all conventional binders do not
always function adequately with all kinds of electrode
materials in different cell types, thus, it will be useful to under-
take rigorous electrochemical screening to identify the most
suitable combinations and cycling conditions for their appli-
cation in various battery systems.

2.4. Integration of lignin in electrolytes and separators

The leakage, gas evolution, flammability and toxicity of the
organic liquid electrolytes are serious safety concerns in the
operation of batteries. Such issues are limited to a large extinct
in gel polymer electrolytes (GPEs) although hazardous polymers
are still used."®® The demand for “green batteries” requires the
exploration of natural biodegradable polymers for GPEs. While
lignin as a natural material cannot be used in batteries as an
electrolyte, its porous derivates (composite, films, membranes,
nanofiber mats, etc.) can be utilized for preparing durable, flex-
ible, and resilient GPEs. These lignin-derived porous structures
serve as mechanical supports that can absorb a particular acti-
vating agent (liquid electrolytes) and serve as electrolytes in
rechargeable batteries. Water-soluble lignin has been
thoroughly mixed with poly(N-vinylimidazole)-co-poly(poly
(ethylene glycol) methyl ether methacrylate) copolymer (weight
ratio of 2: 1) for three days to develop a lignin-based thin film.
An organic liquid electrolyte was used for activating the lignin-
based film before its use as a Li-ion battery electrode. This syn-
thesized GPE suppressed Li dendrite formation in a Li metal
anode and maintained adequate ionic conductivity (6.3 x 10™* S
cm™ ). Moreover, this arrangement resulted in a stable perform-
ance (~150 mA h g") for over 450 cycles at 1C in a Li/LiFePO,
cell.’®® The acidity of fumed silica in the GPE was reduced by
blending with lignin to develop a GPE for rechargeable aqueous
Zn/LiMn,0, batteries, that exhibited improved stability of
electrochemical properties.'®® The acidity of fumed silica in the
GPE was reduced by blending with lignin to develop a GPE for
rechargeable aqueous Zn/LiMn,O, batteries, that exhibited
improved stability of electrochemical properties.
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Lignin also exhibits potential for use in the development of
solid polymer electrolytes (SPEs). Liu et al. successfully devel-
oped lignin derivatives for use as a SPE in Li-metal batteries.
Softwood kraft lignin was dissolved in organic solvent (di-
methylformamide (DMF)) and its chemical structure was modi-
fied into abundant alkene group via esterification reactions
with N,N’ dicyclohexylcarbodiimide, and 4-(dimethylamino)pyri-
dine. Lignin-based SPE was formed by graft-copolymerisation of
poly(ethylene glycol)(PEG) with lignin-alkene via a photoredox
thiolene reaction (i.e., grafting and crosslinking reaction pro-
cedures). Newly synthesized lignin-graft-PEG combines the
mechanical and thermal properties of lignin with the flexibility
and superior ionic conductivity of PEG."®” The solid electrolytes
served as a binder and an ion conductor with the capability of
suppressing dendrite formation. While all these findings show
high promise for lignin, the requirement of synthetic polymer
blends dilutes the eco-friendliness and performance of the
lignin-based battery component. Nonetheless the results in the
literature to date show that lignin is a promising material for
battery electrolyte development.

Meanwhile, the safety of rechargeable batteries hinges on
the separator, which is typically a polymeric membrane that
must be chemically and electrochemically stable and compati-
ble with the electrolyte and electrode materials and mechani-
cally robust enough to endure any stress that occurs during
battery assembly.'®® Similar to binders, the structure and pro-
perties of the separator significantly affect the energy and power
density, safety and cycle life of the battery. Traditional separa-
tors are made of polyolefins (polypropylene, polyethylene,
polyisobutylene and polymethylpentene) with semi-crystalline
structures.'® The polyethylene backbone is often grafted with
micro-porous poly(methyl methacrylate) or siloxane to improve
performance. Lignin based separators combine high perform-
ance with abundance and environmental benignity. For
example, the introduction of lignin in organic polymers such as
poly(vinyl alcohol) or polyacrylonitrile (PAN) in separators
resulted in improved porosity, high electrolyte wettability,
improved thermal stability and enhanced ion transport. Zhao
et al. employed electrospinning of lignin/polyacrylonitrile solu-
tion to prepare a composite fibre-based nonwoven separator.
Various amounts of lignin were dispersed in organic aqueous
mixtures (PAN-DMF) under continuous mechanical stirring to
prepare lignin/PAN solutions. The synthesized separator
resulted a remarkably stable cell performance of a Li/LiFePO,
cell with a capacity of ~148.9 mA h g™ after 50 cycles at 0.2 °C
for the lignin-PAN (3:7 wt/wt) compared to commercial
Celgard-2400 (=132 mA h g™!) at the same rate.'”® While these
preliminary studies show high promise for lignin derived GPE
and solid-state electrolytes, their performance is still limited
and far from meeting practical application requirements. Thus,
further improvements are needed to enhance the conductivity
and compatibility with other cell components. The literatures
surveyed suggest that most studies are conducted at room temp-
erature. This should be expanded to at least the —20 °C to 60 °C
range with further analysis of the impact of structural properties
on the viscosity, decomposition and conductivity. The separator
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also needs to be designed with an adequate balance of the
required properties such as conductivity, wettability, and poro-
sity, and sufficiently thin with excellent mechanical robustness.
Thus, it is recommended to improve the mechanical and electri-
cal properties of both separator and electrolyte to a level equi-
valent and/or exceeding the state of the art to become practically
viable. This will also require advanced characterization tools for
operando and in situ analysis in both half and full cell testing
and analysis under practical conditions.

2.5. Redox flow batteries

Research to date has shown that lignin, a cheap, abundant and
renewable material, can be applied to all of the main com-
ponents of a redox-flow battery (RFB). Carbon fibres produced
by electrospinning of lignin have been employed as electrodes in
a vanadium RFB. Unlike in metal-ion batteries where the elec-
trode material is electrochemically active, electrodes in redox-
flow systems simply have the purpose of supplying active sites
for the redox reaction of electroactive species in the electrolytes.
Most electrode materials in these systems are carbon cloths,
felts, or papers from non-renewable sources,'”! so producing
carbon from biomass such as lignin is a positive step towards
sustainable redox-flow batteries. Ribadeneyra et al produced
carbon fibres from electrospinning a lignin solution.'”* After a
two-step carbonisation, the high surface area electrodes showed
inferior performance to carbon paper in a full cell, but good
activity in a vanadium RFB half-cell. The successful use of the
electrospun carbon fibres from lignin could be a matter of opti-
mizing electrode processing and more research is necessary.'”*

The beneficial properties of lignin have also been exploited
in the development of RFB ion exchange membranes. To sep-
arate the anolyte and catholyte in vanadium RFBs, lignin com-
posite membranes with a sulfonated poly(ether ether
ketone)'”? or Nafion polymers'”* were designed by Ye and co-
workers. The latter composite membrane presented better per-
formance with higher coulombic efficiency and capacity reten-
tion (97.4% and 52.8%, respectively) than the pure Nafion
membranes (90% and 34.8%, respectively). Besides the prom-
ising application of lignin in RFB electrodes and membranes,
the biopolymer has also been investigated as source material
for redox-active organic molecules in RFBs. Commonly used
active species include expensive metals such as vanadium and
chromium, but organic molecules could be a viable option.
Mukhopadhyay et al. used lignosulfonate directly derived from
lignin as anolyte,"”> showing that lignin is not only a viable
material to produce electrode materials and separators, but
also electrolytes. Redox flow batteries are a promising techno-
logy gaining space in the market, but the use of lignin as a pre-
cursor or directly as a component is still incipient.

3. Lignin for energy applications —
supercapacitors

Commercial electrical double layer capacitors (EDLCs), also
known as supercapacitors, store charge using two symmetrical
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porous activated carbon electrodes in an organic electrolyte.
The electrode makes up 28% of the cost of commercial super-
capacitors, with 39% of that attributed to the cost of activated
carbon (10-20 EUR kg™') and 59% to the cost of the current
collector (foil).'”® Thus, there is significant scope to replace
the activated carbon with carbon materials synthesised from
lignin, due to lignin’s high carbon content (~60%) and lower
cost. The 3D polymeric nature of lignin also provides unique
advantages over traditional activated carbon to enhance per-
formance and reduce costs. It can be templated, form hydro-
gels and aerogels, combined with pseudocapacitive materials
and spun into free-standing flexible fibre electrodes.’””*** The
most common methods used to produce lignin-based carbon
electrodes for supercapacitor applications are shown in Fig. 4.
The free-standing electrodes have the potential to remove the
need for a current collector, simplifying the cell and further

reducing environmental and commercial costs for
supercapacitors.
3.1. Activated carbon lignin electrodes for EDLCs

Activated carbons are highly porous materials with a high
specific surface area (SSA, >1500 m” g~ '), reasonable electrical
conductivity (0.39 cm™" for Norit Super 30 and 0.74 S cm™" for
Kansai Maxsorb),'®® and low cost compared to other super-
capacitor materials (e.g., graphene RuO,). The high SSA of
these materials is critical for energy storage in EDLCs, as
capacitance is governed by the degree of surface area electro-
statically interacting with the electrolyte. Early efforts to gene-
rate activated carbon from lignin started in the 1970s for
adsorption applications,'®* but it was not until the 2010s when
lignin based supercapacitors appeared.'®® These initial adsorp-
tion studies demonstrated that temperature, residence time,
activation agent and ratio, as well as the type of lignin all influ-
ence the properties of the final activated carbon product.'®*
Applying this knowledge to supercapacitors, Jianhui et al
demonstrated that the capacitance of KOH activated lignin
(900 °C, 1.5 h) could be improved from 196.1 to 267.8 F g~*
(0.05 A ¢!, 6 M KOH/LiOH, 1 V window) by adjusting the
KOH : lignin ratio from 1:1 to 3:1. This was attributed to the
increase in SSA from 718 to 1506 m”> g ".

The different physicochemical properties of various lignin
derivatives resulting from their diverse extraction and growing
conditions is a major issue for commercializing lignin. Li et al.
examined the EDLC performance of activated carbon from
extracted lignin from pine (softwood) and poplar (hardwood).
The pine lignin exhibited a specific capacitance of 48.3 F g™,
while poplar lignin was 86.7 F g7 (0.5 A g', 1 M H,S0,, 0.6 V
window). The higher performance of poplar lignin was attribu-
ted to its higher SSA (621 vs. 314 m” g™") after activation result-
ing from the difference in G and S units between the pine
(softwood, only G units) and popular (hardwood, G and S
units). It should be noted that the activation temperature in
this study (700 °C) is lower than what is commonly used for
KOH activation (800-900 °C) and may have resulted in their
lower performance. Similarly, Du et al. compared the storage
capacity of carbon derivated from hardwood (poplar), soft-
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wood (pine) and grass (corn stover). Poplar based carbon had
an increased surface area of 1062.5 m” g¢”* and specific capaci-
tance of 349.2 F ¢' (0.1 A g, 6 M KOH, 1 V window). Du
attributed the increased performances to the increased
amount of S units and larger molecular weight."'%°

Pursuing the highest surface area was the goal of many
studies to increase the capacitance of lignin-based super-
capacitors. Yu et al. demonstrated that incorporating a pre-
pyrolysis step (600 °C, 1 h, N,) before activation (3:1 KOH,
800 °C, 2 h, N,) increased the gravimetric capacitance from
218 F g~ to 312 F ¢7' (0.05 A g™, 6 M KOH, 1 V window)."®’
This was attributed to the increase in the Viyjicro/Viotal ratio
from 22% to 66%. Hydrothermal carbonisation can also be
used as a pre-carbonisation step (Fig. 5a)."*®'®® Guo et al
hydrothermally carbonized enzymatic hydrolysis lignin at
180 °C in 5% wt H,SO, for 18 hours before activating the resul-
tant carbon product with KOH at different ratios (800 °C, 3 h,
N,)."®° They achieved a specific capacitance of 420 F g™' in 6 M
KOH (0.1 A g™, 1 Vwindow) and 218 F ¢ " in neat EMIM TFSI
(1 Ag™, 2.5 V window). The high performance of their carbon
was attributed to the combination of micro (0.66 cm® g™') and
mesoporosity (0.10 cm® g™') formed in the two-step process
and not just the high SSA (1660 m> g™'). Thus, to achieve the
highest surface areas and pore distributions, most studies

This journal is © The Royal Society of Chemistry 2022

have adopted a two-step activation method with a pre-carbonis-
ation step.'®7'%?

One of the issues with activated carbon production is the
use of highly corrosive (e.g., KOH,'®>'87199199 NaQH, *>*°
H3PO, *°") or toxic (ZnCl, *°?) activation agents for enhancing
the surface area and porosity in lignin. Fortunately, efforts are
being made to shift towards greener activation agents and
methods. For example, Schneidermann et al. demonstrated
that ball milling lignin with K,CO; and urea before thermal
treatment at 800 °C achieved a SSA of 3041 m” g~'. This
material had a specific capacitance of 177, 147, 192 F g " in 1
M Li,SO,, 1 M TEA-BF, and EMIM-BF, at 0.1 A g .
Alternatively, Jeon et al. applied a different approach examin-
ing the self-activation of lignin by thermal treatment without
activation agent. A SSA of 1092 m? g~ was achieved on a puri-
fied Kraft lignin attaining a capacitance of 91 F g~ (0.5 A g7,
1 M H,S0,, 1 Vwindow). Liu et al. achieved higher capacitance
values by freeze drying alkali lignin before the carbonisation
step, negating the need for an activation agent. The resultant
carbon had a SSA of 854.7 m” ¢”" and a specific capacitance of
281 F g™ ' (0.5A g', 1 M H,S0,, 1 V window). These studies
reveal that greener activated carbons can be created with
lignin using more sustainable activation agents or agent-free
methods.
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Increasing the surface area of activated carbons has been
the main method of enhancing EDLC performance. Recently,
it has become evident that pore size and carbon nanostructure
are more crucial in increasing specific capacitance than raw
surface area. This can be seen when comparing the results in
the previous examples where the relationship between SSA and
performance is not linear."®>'®'% Ag it is difficult to tailor
activated carbons towards specific porous structures, research-
ers have attempted to create tailored carbon materials with
specific nanostructures to enhance the energy density of
lignin-based supercapacitors.

8208 | Green Chem., 2022, 24, 8193-8226

3.2. Templated porous carbon materials from lignin

Template methods using soft or hard templates (porogens)
allow the creation of highly tailorable pore size distributions
in carbon materials. Hard templating consists of impregnating
inorganic compounds into the lignin structure, such as
Mg0,*” Zn0,>** silica,>*>*°® and zeolites,>*”*°® which are
removed after thermal treatment to leave pores in the carbon
matrix. For instance, Tain et al. used sodium lignosulfate and
tetraethyl orthosilicate as a silica template to create a meso-
porous sulphur doped carbon structure. The silica template

This journal is © The Royal Society of Chemistry 2022
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was removed with 40% HF, resulting in a SSA of 1054 m”> g™
and an average pore diameter of 6.69 nm. This material
achieved a capacitance of 241 F g™ (1 Ag™%, 6 M KOH, 1 V
window).”*® The use of toxic or corrosive compounds (e.g.,
HF?°%2%) is a problem in hard templating and undermines
the environmental benefit of using lignin. To address this, Fu
et al. combined sodium lignosulfonate, Zn(NO;),-6H,0,
Na,C,0, and ethanol to form a self-assembled lignin/ZnC,0,
composite. This composite was carbonized at 650 °C creating a
lignin/ZnO hybrid with porosity formed by removing the nano-
sized ZnO template with 1 M HCI. The removal of ZnO created
a mesoporous material (12.9% Vinicro/87.1% Vineso) With a
specific capacitance of 274 F g~ at 0.5 A g~' and 200 F g~* at
20 A g in 6 M KOH (1 V window). Although they avoided
using toxic or corrosive activation agents to create porosity, the
removal of ZnO with HCI is likely to create aqueous ZnCl,,
which is toxic to aquatic and plant life.>*°>*2

Soft templating methods using polymers and surfactants
solve the template removal issue as the template is consumed
during the thermal treatment step. For example, Herou et al.
demonstrated the green synthesis of mesoporous carbon from
organosolv lignin using phloroglucinol, glyoxal and F127 surfac-
tant. The phloroglucinol and the lignin self-assembled around
F127 micelles with the glyoxal acting as a cross-linker to form
an evaporation-induced self-assembled structure. Subsequent
carbonisation at 900 °C resulted in a mesoporous structure with
a SSA of 763 m* g~ " and a specific capacitance of 90 F g™ (0.1 A
g~', 6 M KOH, 1.2 V window)."”® Unfortunately, the low SSA of
soft templated carbons tend to hinder their performance in
supercapacitors, which has been addressed by combining tem-
plating methods with either pre-treatment or post-treatment
methods. Sima et al. performed a pre-treatment on lignin using
a choline chloride/formic acid based deep eutectic salt before
soft templating with F127 (Fig. 5b).>"* The deep eutectic salt
treatment created an ordered mesoporous carbon, increased the
SSA by 56% to 1195 m> g~ and more than doubled the pore
volume (0.7 em® g™'). This improved the specific capacitance
from ~72 F g (0.2 A g™, 6 M KOH, 1.0 V) in the untreated
sample to 197.32 F g* (0.2 A g%, 6 M KOH, 1.0 V) for the pre-
treated material. Post treatment of templated carbons typically
involves employing activation agents to increase the micropor-
osity in the generally mesoporous structure created from tem-
plating. For instance, Saha et al. combined hard wood Kraft
lignin with Pluronic F127 and carbonized at 1000 °C to create a
mesoporous carbon.”** This material exhibited a SSA of 185 m?
g, resulting in a specific capacitance of 77.1 Fg' (1 mVs™, 6
M KOH, 0.8 V window). To improve the performance, the tem-
plated carbon was activated with CO, or KOH. This increased
the specific capacitance to 91.7 F g~ for CO, activation and
102.3 F g~ for KOH. Finally, a few studies also state a template-
free method of creating porous carbon by utilizing a slurry of
KOH/lignin before thermal treatment.'*>*'*>*'® However, this is
more akin to the traditional activation method and still requires
a post washing step to remove any residual materials.

Templating methods allow a high level of control over the
porosity in carbon materials, allowing the formation of hereti-

This journal is © The Royal Society of Chemistry 2022
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cal porous carbons matched to the electrolyte. However, these
materials tend to be powdered requiring them to be mixed
with binders (PTFE), conductive agents (carbon black) and
attached to a current collector/foil to form an electrode. These
extra components increase the size of the device and are a
source of resistive interfaces between the active material and
the current collector. Replacing powdered materials with elec-
trically conductive free-standing electrodes provides the oppor-
tunity to omit these components, reducing the complexity and
increasing the volumetric capacity.

3.3. Flexible free-standing electrically conductive electrodes

Development of lignin based flexible free-standing electrodes is
the next step in electrode design for supercapacitors. These elec-
trodes are commonly synthesised from electrospinning,>'®2*!
melt spinning,****>*** wet spinning,”***** gel spinning,*° cen-
trifugal spinning,*” or dry spinning®*® the lignin into flexible
carbon fibre mats (Fig. 6). In all these techniques, the precursor
polymer is initially formed into fibres, followed by thermal treat-
ment at high temperature (>600 °C) under inert atmospheres (N,
Ar). An additional stabilisation step is typically included between
spinning and carbonisation to convert the lignin polymer into a
thermoset polymer. During this stage, the fibres are heated at a
very slow rate (<1 °C min™") under an oxidative atmosphere until
they reach 200 to 300 °C, where they are kept for several hours.
Stabilisation is critical as it prevents morphological changes in
the fibres when carbonized at high temperatures. Schlee et al.
investigated the impact of stabilisation conditions on electrospun
softwood and hardwood Kraft lignin.*?® Stabilizing at 190 °C
created almost no structural changes in the lignin fibres, result-
ing in the hardwood Kraft lignin melting under carbonisation at
800 °C. At 250 °C, both types of lignin stabilized without fusing
with increases in stabilisation temperature leading to higher SSA
(918 m* g~" at 340 °C). However, this also led to increased mass
loss during stabilisation. At 250 °C, 79.1% of the hardwood Kraft
lignin remained after stabilisation which dropped to 36.5% after
stabilisation at 340 °C. The hardwood Kraft lignin achieved a
maximum specific capacitance of 164 F ¢™* (0.1 A g™!, 6 M KOH,
1.2 V) when stabilized at 310 °C, whereas the softwood Kraft
lignin achieved 150 F g™ (0.1 A g™, 6 M KOH, 1.2 V) when stabil-
ized at 340 °C. The differences here were associated with the
different side-chain linkages, functional groups and molar mass
of the softwood and hardwood Kraft lignins, which in turn influ-
ence the stabilisation and final porosity of the carbon fibres.

It is possible to spin pure lignin solutions into carbon
fibres,”*® but the low molecular weight of lignin makes this
difficult. Thus, lignin is typically mixed with polymers, such as
polyacrylonitrile ~ (PAN),?'72202317233  polyethylene ~ Oxide
(PEO),"””78234 and polyvinyl alcohol (PVA),>****” to increase the
spinnability and enhance the properties of the fibres. Wang
et al. created binder-free electrodes by electrospinning PAN and
enzymatic hydrolysis lignin at different ratios.>*® The precursor
mats were stabilized in air at 250 °C (1 °C min™") and carbonized
at 800 °C (10 °C min~") under N,. They found that a ratio of
40:60 PAN to lignin lead to the highest SSA (675 m* g'), which
resulted in a specific capacitance of 216.8 Fg™* (1 Ag™", 6 M
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KOH, 1 V window). However, an issue with lignin spun fibres is
beading,>**> where small beads of solution are deposited along
the fibre length due to viscoelasticity of the lignin solution. Fang
et al. addressed this by incorporating surfactants (0.2-1.2%) into
the spun solution, which eliminated the beads and enhanced
the orientation of the fibre microstructures. This in turn
increased the specific capacitance from 66.3 to 80.7 F g™ (1 A
g™, 6 M KOH, 1 V window). Additionally, the sporadic nature of

8210 | Green Chem., 2022, 24, 8193-8226

d with permission from ref. 239. Copyright 2020, Wiely.

carbon fibres forming under spinning techniques also leads to
large voids between the fibres, reducing their volumetric energy
density. Herou et al. addressed this issue by compacting organo-
solv electrospun lignin fibres with uniaxial compression, redu-
cing the inner-fibre pore size from 1-5 pm to 0.2-0.5 pm. This
environmentally friendly and straightforward step, applied prior
to carbonisation, improved the volumetric capacitance from 20
to 130 F em™ (0.1 A g7', 6 M KOH, 1.2 V window) outstripping

This journal is © The Royal Society of Chemistry 2022
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the performance of most commercial and lab-scale porous
carbons from bioresources (50-100 F ecm ™, 1-3 W h L™, using
10 mg cm™?). Even higher capacitances have also been achieved
with spun lignin fibres (316 F ¢™', 1 A g%, 6 M KOH, 1 V
window) although these were not free-standing electrodes.>**

Park et al. took the concept of incorporating lignin into
supercapacitors one step further by creating the electrolyte and
electrode from lignin as shown in Fig. 5¢.>'” The electrodes
were formed from electrospun Alkali lignin/PAN solutions that
were stabilized at 250 °C before being carbonized at 900 °C.
The electrolyte was a flexible hydrogel, created by adding Alkali
lignin (33% w/v) to 3.3 M KOH and 1.2 mmol lig,in, poly(ethyl-
ene glycol) digycidyl ether. This unique combination resulted
in a flexible supercapacitor with a specific capacitance of
129.23 F g”* (0.5 A g%, 1 V window), which was higher than
when using a PVA/KOH gel electrolyte without lignin added
(104.09 F g7"). The increase in performance for the lignin
hydrogel electrolyte was attributed to its higher conductivity
than the PVA/KOH electrolyte.

The use of fossil derived polymers (e.g., PAN, PEO, PVA,**?
PMMA, PVP) in lignin carbon fibres remains a large problem
for their sustainability. Inspired by trees, Cao et al. investigated
the covalent bonding of lignin to cellulose acetate to simulate
the linkage between cellulose and lignin in trees to create
carbon fibres. The lignin and cellulose acetate were covalently
bonded to lignin by introducing epichlorohydrin as a connect-
ing agent. The fibres were thermally stabilized (0.4 °C min™*,
220 °C) and then carbonized at 600 °C under N,. These fibres
achieved a maximum SSA of 1061.7 m* g™, pore volume of
0.57 cm® g7 and specific capacitance of 320.3 Fg™' (1Ag™', 6
M KOH, 1 V window). When 10% epichlorohydrin was used.

Table 3 Overview of lignin-derived carbon materials for supercapacitors
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Plant proteins can also be used to replace the fossil derived
polymers. Yang et al. blended lignin with different hordein/
zein ratios to create electrospun carbon fibres.”*® A ratio of 50/
50 lignin to protein was found to be stable under carbonis-
ation at 900 °C, forming a self-standing flexible carbon fibre
mat that were subsequently activated with CO, at 850 °C.
These fibres delivered a specific capacitance of 360 F g™* (1 A
g~', 6 M KOH, 1 V window). Interestingly, neither study used
the carbon fibre mats as is, choosing to mix them with binders
(polyvinylidene fluoride or polytetrafluoroethylene) and
carbon black, suggesting that the electrode was not conductive
enough or not stable as a free-standing mat. Regardless, these
studies have demonstrated that it is possible to create carbon
fibres without fossil fuel derived polymers and represent the
next stage in green, renewable carbon fibres for super-
capacitors. Table 3 summarizes the latest studies in the field
of lignin-derived carbon materials for supercapacitors.

4. Lignin based thermoelectric
materials

Generating electricity from low-grade waste heat (from sources
below 100 °C) is a key enabler to reduce greenhouse gas emis-
sions. Sources of low-grade heat (<100 °C) are ubiquitous in
many industrial processes, electronics data centres and bio-
logical processes (metabolism). Significantly, 70% of all energy
generated daily is lost as waste heat. Therefore, the conversion
of waste heat into useful energy using the thermoelectric effect
represents a huge opportunity to decrease carbon footprint of
our society. Traditionally, inorganic compounds such as:

Specific
surface Specific capacitance  Energy density

Electrolytes Material area (m*g™")  Cycling stability (Fg™ (W hkg™) Ref.

6 M KOH LHC-3K 1660 99% after 5000 cycles at 5 A g™ 420at0.1Ag™" 10 at 50 W kg™* 189
284at 100 Ag™"

6 M KOH PLC-650-2 1069 93.5% after 10 000 cycles at 5 Ag™" 365at0.5A¢"" 9.75at 6157.9 Wkg™' 241
260at20 Ag™"

6 M KOH 3D-7-2K 1504 99.7% after 5000 cycles at 5 A g™* 324at0.5Ag" 17.9 at 458 W kg ™' 242
249 at 50 Ag™"

6 MKOHand  L-700 1269 91.6% after 10 000 cycles at 5 Ag™" 300.5at 0.5 A g™ 8.5at 100 W kg™* 243

EMIM BF,

6 M KOH NSC-700 1199 95.0% after 3000 cycles at 10 A g™ 240.6at1Ag™" 27.2 at 10 kW kg ™" 244

1M H,S0, 3HPC/WO; 1305 86.6% after 10 000 cyclesat 10Ag™"  432at0.5A g™ 34.3 at 237 W kg™" 245
214at20A g™ "

6 M KOH AILCFN-3 736.14 84.7% after 3000 cycles 10 mAcm™  278.9at0.14 Ag™" 30.8 at 800 W kg™* 246
149.6 at 13.6 Ag™"

6 M KOH ARS/PGLS-1 1727.7 99.7% after 2000 cycles at 2 A g™" 469.5at 0.5A g™" 9.45 at 100.06 W kg™" 247
200.2 at 10.0 Ag™"

PVA/H,S0, gel  sLIG-O/S14 181.37 81.3% after 8000 cycles at 50 mVs™'  53.2 mFcm > at 0.45 mW h cm™ 248
0.08 mA cm™> at 1.6 mW cm >

3.3 M KOH ECNF 1176.0 99% after 10 000 cyclesat 5 A g™" 129.23 at 0.5 A g™" 4.49 at 252 W kg™" 217

6 M KOH E-CNFs 2313 94.5% after 5000 cycles at 1 Ag™" 320at1Ag™" 17.92 at 800 W kg™* 249
200.4at 20 Ag™"

1 M Na,SO, LCNFs-MSSL-  1254.5 90.6% at 10 A g™ 533.7at0.5A¢g " 69.7 at 780 W kg™* 250

180-3:7
1M H,S0, LCNFs/PPy 872.60 77% after 1000 cycles at 4 Ag™" 213.7at1Ag™" — 251

This journal is © The Royal Society of Chemistry 2022
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Bi,Te;, PbTe and SiGe have dominated the manufacturing of
energy harvesting devices. However, serious drawbacks such
as: toxicity, scarcity of raw materials and high cost have
limited their application and pushed research to newer
alternative materials which are highly abundant, low cost and
non-toxic. Thus, there is no current technology capable to
satisfy the efficiency and sustainability requirements for low-
grade heat conversion. A thermoelectric generator consists in
n-type and p-type semiconductors that are connected electri-
cally in series and thermally in parallel, when heat is apply
through the thermoelectric junction a current flow is gener-
ated due to the Seebeck effect (voltage generated due to a
thermal gradient). Thermoelectric efficiency is measured by
the dimensionless figure of merit ZT:

_ S26T
Tk

zZT (1)
where S, T, o and « are the Seebeck coefficient, absolute temp-
erature, electrical conductivity and thermal conductivity
respectively. The power factor is calculated as follows:

PF = S%c

(2)

and is used to compare the thermoelectric efficiency of
samples with similar thermal conductivities.>>*">>*

Looking at this scenario, lignin has an enormous potential
for a promising sustainable source to produce thermoelectric
materials due to its ideal molecular structure to produce carbon
nanostructures with semiconducting properties. This is an emer-
ging field of application for lignin and there are not many

900°C

(a)

Fig. 7
Copyright 2019, Elsevier.
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studies published until now. One study published by the
University of Limerick®>® showed enormous potential of lignin
as precursor for carbon nanostructures with TE properties. Fig. 7
shows carbon nano fibres (CNFs) from lignin/PAN blends pro-
duced by electrospinning and their TE properties as a function
of lignin content and processing conductions. The addition of
lignin (up to 70%) reduces the diameter of CNFs from 450 nm
to 250 nm, increases sample flexibility and promotes inter-fibre
fusion. The results showed the possibility of a conversion of
p-type to n-type semiconducting behaviour through doping with
hydrazine vapour which allows the production of TEGs utilising
both types of semiconductors based on lignin. CNFs depicted a
maximum p-type power factor of 9.27 yW cm™" K> for CNFs car-
bonised at 900 °C with 70% lignin which is a 34.5-fold increase
to the CNFs with 0% lignin. For the hydrazine treated samples,
the results showed a maximum n-type power factor of 10.2 yW
cm ™' K2 for the CNFs produced in the same way.

Other strategy to use lignin as part of thermoelectric
materials is lignin can be used as dopant for carbon-based
nanostructures due to its aromatic chemical structure that can
tailor thermoelectric properties of multi-walled carbon nano-
tubes (MWCNTs).”®® This study shows how lignin can be
valorised as a doping agent for TE devices resulting in out-
standing performance levels outperforming fossil equivalents.
The addition of lignin to Carbon Nanotube Yarns (CNTYs)
improves their TE performance by one order of magnitude,
showing for the first time that lignin can influence the trans-
port properties of TE materials such as carbon nanotubes. In
this case lignin increases electrical conductivity and Seebeck

——900°C
X 900°C H

Conductivity (S c

0% 30% 50% 70%
Lignin Content in Precursor

Seebeck Coefficient (nV K-')

= 00°C
1 = 1100°C

0% 30% 50% T0%
Lignin Content in Precursor

(@) SEM images, (b) electrical conductivity and (c) Seebeck coefficient of lignin derived CNFs. Adapted with permission from ref. 256.
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coefficients simultaneously (Fig. 8), which is considered the
“Holy Grail” of TE materials. In addition, these materials show
the possibility to manufacture TE generators with an outstand-
ing power of 3.5 pW representing one of the highest values
reported in literature for fully organic TE generators.

Another way to use lignin for thermal energy harvesting is
the use of lignin as a photothermal material which can be
combined with conventional TEGs to produce energy due to
the temperature gradient generated due to light absorption of
lignin.*** This study demonstrated that lignin nanoparticles
(L-NPs) can carry out photothermal conversion, which was
attributed to n-x stacking of lignin molecules L-NPs showed a
stable photothermal effect (22%). L-NPs were deposited on top
of the TEGs as heat source generating around 0.12 V under
irradiation of 100 mW cm™>. Other studies have shown this
strategy for photoresponsive actuator devices where lignin is
blended with castor oil-derived polyamide elastomers to
develop the photoactive part.>®>

This particular valorisation route has not many limitations in
terms of lignin structure, morphology and source. In principle,

(@)
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Microstructure
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n-n interaction
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the presence of hydroxyl groups in the vast majority of lignins,
facilitates the functionalisation for a targeted doping in organic
based thermoelectric materials. In addition, for the case of
carbon-based semiconducting nanostructures derived from
lignin, these hydroxyls groups can be used for crosslinking points
to improve the carbon phase (better electric transport properties)
generated by the aromatic ring condensation during the carbonis-
ation process. Therefore, different types of lignin can be easily
adapted to meet the requirements in the thermoelectric field.

5. Lignin for energy applications —
biofuels

Finding alternative energy sources from renewable feedstocks
is also a highly pursued objective. Lignin valorisation in this
field is an interesting option due to its high energy density,
related to its structure and the presence of aromatic units, out-
putting numerous patents (70 patents filed with the World
Intellectual Property Organization for the last 3 years). Lignin
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Fig. 8 SEM images of (a) pristine CNTY and (b) CNTY/lignin nanocomposite doped with 34 wt% lignin; schematic diagrams of (c) densified MWCNT
fibre microstructure by incorporating lignin, (e) charge carrier filtering mechanism by introducing lignin; thermoelectric properties of CNTY/lignin
nanocomposites with varying dopant levels: (d) electrical conductivity, (f) Seebeck coefficient and power factor. Adapted with permission from ref.

260. Copyright 2020, Wiley.
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based biofuels could be classified as (i) solid lignin-derived
chars (ii) liquid biofuels and (iii) hydrogen. Lignin conversion
to fuels is mainly addressed either through depolymerization
or gasification approaches. In particular, lignin derived liquid
fuels could be accessed via depolymerization, hydrogenation
and chemical upgrading steps. Besides, synthetic alcohols and
Fischer-Tropsch liquid fuels could be obtained from syngas
through gasification strategies.

Nowadays, most approaches for lignin utilisation are
focused on its combustion, with a low energy efficiency.
Hence, integrated schemes, involving depolymerisation
towards aromatics and the further gasification of the remain-
ing solids offer promising options which could potentially give
rise to liquid, solid and gaseous fuels (Fig. 9). Several strategies
have been developed to accomplish the catalytic hydrodeoxy-
genation of lignin and its derivatives, towards hydrocarbon
(cyclohexanes and arenes depending on the catalytic approach)
liquid fuels. Such hydrocarbons may also be catalytically trans-
formed into syngas and hydrogen. For example, pure hydrogen
may be obtained by conversion of syngas via water-shift reac-
tion and subsequent gas separation.>®*?%

However, due to (i) the inherent complexity of the lignin
structure with the presence of a wide distribution of bond
types, including C-C and C-O of different strengths as men-
tioned earlier in this review, (ii) the heterogeneity of the lignin
derived products from depolymerisation and (iii) the trend of
the obtained low-weight compounds for recondensation reac-
tions and catalysts poisoning, lignin conversion into fuels still
represents a challenging research field.

A myriad of studies have been focused on the depolymerisa-
tion of lignin and further hydrodeoxygenation into hydro-
carbons, passing by thermo-, photo-, electro and bio-catalytic
routes, all of which consider lignin properties, reactivity and
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catalysts features.”®***>2%% Regarding bio-catalytic approaches,
inspired by nature, enzymatic systems such as peroxidases and
laccases has been investigated for lignin depolymerisation
under mild conditions leading to the production of aromatics
with low-molecular weight. Nonetheless, the employment of
such biomimetic strategies also requires the reduction of the
use of enzyme cofactors, whose price could affect the cost-
efficiency of the overall process. Also, the natural recalcitrance
of lignin hinders the efficiency of biomimetic degradation by
providing an hydrophobic surface limiting the biotic and
abiotic stresses.”®® Thermal strategies, through pyrolysis or its
combination with hydrodeoxygenation catalysis towards fuels
have also widely explored to overcome these challenges.

Even if not a trivial task, some recent studies have
attempted to investigate the influence of lignin properties on
the performance and quality of biofuels. For instance,
Rodriguez-Soalleiro and co-workers have gotten insights into
the influence of the physico-chemical features of lignin from
different biomass wastes on the quality of biofuel pellets,
noting that higher chlorine and ash contents have a detrimen-
tal effect not only on the heating value and energy perform-
ance but also on the environmental impact. Besides the
relationship biomass composition-pellets quality, some corre-
lations were also performed between the microstructure and
distribution of lignin in the pellets and their efficiency.>’® The
origin of the recalcitrance to enzymatic catalysis are believed
to be partially linked to the S/G ratio of the biopolymer
through carbon-carbon bonding between the lignin units.>*®

The design of efficient catalytic systems, considering metal
entities and supports, has attained the attention of the scienti-
fic community, looking to overcome handicaps related to the
material deactivation for coke formation or metal sintering. In
this regard, transition metals have been widely investigated,
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Fig. 9 Schematic representation of the processes involved in the upgrading of lignin to fuels.

8214 | Green Chem., 2022, 24, 8193-8226

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02724k

Open Access Article. Published on 12 October 2022. Downloaded on 3/28/2026 12:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

either in one-pot or two-steps approaches involving lignin
hydrogenolysis and hydrodeoxygenation reactions. For
instance, lignin derived from corn wastes have been treated
employing Ru nanoparticles supported over alumina and HY
zeolite for the preparation of hydrocarbons, which could be
employed as jet fuels. In particular, acid sites of HY zeolite
played a crucial role on the depolymerisation of lignin via
ether bond cleavage, while the Ru/Al,O; catalyst promoted the
HDO conversion into hydrocarbons. Following the aforemen-
tioned strategies, hydrocarbons were obtained with ca. 22%
yield, from which alkylcyclohexanes represent a 90%.>”" Based
on such results, a bifunctional catalyst was designed by sup-
porting ruthenium nanoparticles on HY zeolite. Interestingly,
the combination of noble metal nanoparticles and acid zeolite
supports exhibited a synergistic effect on the HDO reaction of
softwood derived lignin, leading to slightly higher yields of
hydrocarbons (26-32 wt%).>”> Furthermore, similar catalytic
systems, for instance based on Ru/Nb,Os and Ru/Nb,Os sup-
ported on silica, have been used for the hydrodeoxygenation
reaction of birch-derived lignin for the production of hydro-
carbons (C7-C9), achieving yields up to ca. 36% with high
selectivity (71%) towards arene derivatives.””*> Besides the
aforementioned ruthenium systems, Ni-based catalytic
materials on silica/alumina supports have been also reported
for the production of hydrocarbons (C3-C17) from cellulolytic
enzyme lignin.>®® Moreover, bimetallic materials, based for
instance on Ni-Mo or Co-Mo supported on alumina, have
been used considering as well the needs to remove hetero-
atoms, such as sulphur and nitrogen. In this sense, the
desired goal is to move toward non-noble metal-based
materials to ensure the cost-efficiency of the protocol.

Furthermore, an interesting approach for lignin conversion
into fuels has been recently proposed by mechanochemical
methods, which could boost the sustainability of the process
by decreasing the use of solvents and additional reagents, as
well as reducing the required time.”’* In this regard, a wet
milling oxidative strategy for lignin depolymerisation was pro-
posed by Yao et al. employing KOH and toluene.””® Such
mechanochemical process was compared with the results of
Baeyer-Villiger oxidation using porphyrin as catalytic specie,
displaying improved results. Moreover, a synergistic effect was
found by combining mechanochemistry and porphyrin oxi-
dation strategies for lignin depolymersation.>’® In addition,
solvent-less mechanochemical approaches have been also used
for the oxidative cleavage of lignin or lignin f-O-4 model com-
pounds with HO-TEMPO/KBr/oxone, leading to quinones and
phenolic derivatives. Outstandingly, such strategy was trans-
lated to gram-scale, opening new possibilities for the indus-
trial application of solvent-less mechanochemistry for lignin
depolymerisation.>””

Furthermore, mimicking photosynthesis process in nature,
photocatalytic strategies for lignin conversion into fuels,
through C-O and C-C cleavage,®”®*”° is a promising possibility
to move towards more environmentally friendly and economi-
cally efficient approaches, especially considering the possi-
bility to use sun-type light irradiation.>®*>** Indeed, B-O-4
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cleavage in lignin could be attempted through photocatalytic
reductive (initiated by electrons or reducing agents), oxidative
(initiated by holes or oxidant agents) or redox neutral (initiated
by hole or oxidative species, together with electrons) routes,
employing metal oxides, metal sulfides, quantum dots (QDs),
organometallic complexes and carbon-based materials such as
graphitic carbonitride.”®*>%

In addition, electrocatalytic and photo-assisted electro-
catalytic routes have been investigated for the degradation of
lignin for instance via lignin-enhanced water electrolysis or for
the production of hydrogen. Regarding water electrolysis, the
oxidation of lignin, among other molecules or even the direct
use of biomass wastes, has been investigated as an economi-
cally feasible option to replace anodic oxidation, leading also
to the generation of hydrogen at low potentials. As well, elec-
trocatalysis have been employed for the conversion of lignin
into valuable chemicals (such as vanillin, phenol and guaiacol)
and fuels.?%°

Environmental and economic viability of lignin transform-
ation into fuels is also an area which requires a lot of attention
in order to ensure the competitiveness of such biorefinery
scheme. In this direction, some studies have been performed
by Life Cycle Assessment (LCA) analysis of the pyrolytic trans-
formation of lignin into two types of biofuels depending on
the sulphur content.>®”

6. Environmental and cost impact of
lignin-based materials and products

The environmental and economic impact of the production of
lignin can be quantified using tools such as life cycle assess-
ment (LCA) and techno-economic analysis (TEA). The
implementation of an LCA is governed by the ISO 14040-2006
and 14044-2006.%%® This assessment takes in consideration a
product’s life cycle in full (cradle-to-grave) or to its intended
primary user (cradle-to-gate) to evaluate its environmental
impact. Various factors are modelled, such as global warming
potential (GWP, in CO, . per kg of product); acidification (in
H,S0,¢q. per kg of product), Human Toxicity; ozone depletion
etc. An LCA is typically conducted in four phases, the goal and
scope definition phase; the inventory analysis phase; the
impact assessment phase and the interpretation phase. It is
widely used to estimate the environmental impact or benefit of
an existing or new technology. Since the interest on lignin as
an alternative to fossil-fuels based technologies has gained
considerable attention recently, lignin-only LCA studies have
emerged, which are either focused on lignin extraction®*°>%°
or lignin-based products (asphalt,>**>* adhesives,
resins,’®® fine chemicals,*°°311312731 carhon fibres®'”
fuels.?87167320 Lignin as a product from biorefineries is a new
concept, therefore most of the LCA conducted are based on
either well quantified extraction processes such as Kraft or
based on experimental lab scale data which has been extrapo-
lated. In the latest case, the LCA allows to evaluate the environ-
mental impact of an upscaled biorefinery.>*> Ran in parallel to
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an LCA, a TEA includes process design, simulation, calculation
of capital and operating cost along with installation cost of
equipment for commercial scaled biorefinery.>*! The output of
a TEA is minimal selling price (MSP), revenue and profitability.
They are expressed in a similar functional unit as the LCA
results. Here we focus on the LCA and TEA performed on
lignin processes and materials relevant to energy applications.

6.1. Challenges encountered carrying out LCA on lignin

While a very useful tool to quantify the environmental impact
of a product life cycle, LCA has its limitations,*** which appear
at all level of the process. LCA where lignin is the end product
typically uses 1 kg lignin as the functional unit.>*>*°%*?* The
country where the product is manufactured affects the
outcome of an LCA. For example, the carbon footprint of elec-
tricity is significantly lower where renewable or nuclear energy
sources are used. The impact on lignin production is illus-
trated in ref. 292 where the lignin produced in Sweden has a
global warming potential GWP three times lower than that of a
global lignin (1.68 vs. 5.5 kgCO, 4. per kg lignin). The lifetime
of the product affects how the LCA is conducted. Lignin is a
wood-based product. Due to the CO, sequestration potential of
wood, the definition of the system boundaries can be
shifted.>***?° It takes between 20 and 80 years for softwood
trees to absorb its equivalent in CO,.>*' Therefore, most LCA’s
are conducted over a period of 100 years to assume carbon
neutrality.*** While plausible when looking at lignin-based
products for buildings, this assumption becomes problematic
for carbon materials from lignin. A battery pack has a lifetime
of 2-5 years. Incineration at the end of life would provoke a
release of CO, unaccounted for in the LCA. Therefore, a wood-
based product with a lifetime less than 100 years would need
to account on the amount of CO, 4. released by the incinera-
tion of the wood used in the product manufacture (between
1.95 t0 2.08 CO; ¢q. kg PeT kg of wood, dependant on the plant
species and age®>®).

The lignin-only LCA studies are notoriously difficult to
conduct, as well outlined by Moretti et al.*** At the inventory
phase, the approximation made on the data used (upscale
simulated data based on lab scale processes,**>*?*2 second-
ary data from literature®*") can impact the results. Most recent
LCA conducted on lignin use data provided by biorefineries,
leading to more reliable results.**® Due to the nature of a bior-
efinery, lignin is the product of a multi-output process:*** the
allocation of the environmental impact between lignin and its
co-products (such as cellulose, electricity, ethanol) from biore-
fineries is of most importance to quantify the
GWP.?00316326:327 The 1SO 14044:2006 guidelines provides a
hierarchy to deal with multi-product systems such as biorefi-
neries, with three levels: subdivision, system expansion and
allocation.?®® This subdivision system, which uses data with
higher level of details, is rendered difficult by the integration
of the biorefinery systems.****2* System expansion modifies
the system boundaries to include all the production of all func-
tions. For a biorefinery, this means quantifying the impact of
the whole process and not lignin extraction alone.*$%2%429
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The allocation method uses physical parameters (mass,
energy, economic values, efc.) to measure the impact of a
product. For example, if a biorefinery outputs 100 kg of
product, including 41 kg of lignin, lignin will be allocated 41%
of the GWP. This method is used by close to a third of the LCA
published before 2021.>** However, it doesn’t allocate an
impact to heat or electricity, which are mass-free.*** Similarly,
energy allocation (13% of the studies®**) uses energy value to
allocate the GWP, which excluded CO,. Economic allocation
(16% of the studies®**) uses the value of one product to evalu-
ate its GWP. As lignin is typically a by-product, its value is low
(0.3 euro per kg), leading to a low GWP by economic allo-
cation. While its value has been low, it could increase due to
the overall energy cost increase, therefore increasing lignin
environmental impact. Obydenkova et al allocated the
environmental impacts between the three products of a ligno-
cellulosic biorefinery producing ethanol, lignin oligomers and
electricity using a subdivision matrix approach. Depending on
the allocation method, they quantified the GWP of the lignin
oligomers between 6.8 and 31.6 kgCO,.q per GJ.***
Hermansen et al. ran different allocation scenarios on the
lignin produced from a Kraft mill. The results varied between
0.18 to 0.64 kg CO, 4. per kg lignin. As mentioned before, the
disparity between the functional units renders results difficult
to compare. While LCA is a powerful tool, its completion
necessitates a well-defined methodology and clearly stated
assumptions.***

6.2. LCA of lignin and lignin-based products

The kraft process has been investigated for LCA in several
studies,?8929%:301,323,329 Bernjer focuses on how the extraction
of lignin from black liquor positively impacts the overall pro-
duction output by de-bottlenecking the recovery boiler. He
also considers the carbon sequestration from the feedstock,
almost cancelling the on-site carbon emissions.>*® These
assumptions allow for a GWP of 0.57 kg CO, q. per kg lignin.
However, they assume that the lignin produced has a 100 years
lifetime. It is to be noted that the Bernier study is used as sec-
ondary data in subsequent articles. Another reference study
from Culbertson estimated GWP of a softwood kraft pulp mill
between 0.55-0.60 kg CO,,cq. per kg lignin. The de-bottleneck-
ing of the recovery boiler allowed for a 5% increase in the
efficiency of the pulp extraction process. As an environmental
impact, the acidification was not systematically evaluated.
Moretti’s studies on Asphalt produced from Kraft mills
assigned between 7 to 10% of the whole environmental impact
to acidification (vs. 20 to 54% to GWP).*°**°" According to
Culbertson, between 58%-68% of the acidification is due to
the use of natural gas. Bernier evaluated the acidification value
to be 5.3 x 107° kg SO, ¢, per kg Kraft lignin, due to the H,SO,
wash of the black liquor.”*®

The impact of the organosolv process was estimated in ref.
293, 329 and 330. Arias et al.**® estimated the impact of the
organosolv process twice as high as that of the Kraft process
during the production of a bioadhesive. However, two path-
ways are taken in consideration for the lignin chemical modifi-
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cation and bio-adhesive production, rendering the comparison
between kraft and Organosolv GWP difficult. Yadav et al.**°
compared the organosolv process on a spruce bark using
ethanol or bio-ethanol, at lab scale. The bio-ethanol process
has a GWP of 1.54 kg CO,.q per kg lignin against 2.24 kg
CO,,¢q. per kg lignin for ethanol. The ethanol and the electri-
city have the highest impacts on the production (respectively
55% and 30%). The cost of production was estimated between
€1.38-2.2 per kg lignin.

Teh et al.**> compared the impact between alkali and orga-
nosolv process for the formation of nanoparticles of lignin
from birch chip wood. The study uses extrapolated upscale
data from lab scale. The alkali process has an impact 4-5
times lower than that of the organosolv treatment. The
authors assigned this significant increase to the use of electri-
city. No TEA was performed.

The lignin-rich oil obtained from reductive catalytic frac-
tionation was accounted for 57% of a biorefinery capital costs,
with a MSP of 1.12 USD per kg and a GWP of 0.079 kg CO; .
per kg. In this study, the carbon sink of the growing feedstock
(hybrid poplar) is accounted for, which offsets the overall GWP
of the lignin fraction close to neutral.”® No TEA was
performed.

DES pretreatment (choline chloride - oxalic acid dihydrate)
to form lignin-containing nanocellulose has an impact that is
2.5 times that of Sulfuric acid hydrolysis. The largest contri-
bution was from the DES chemicals, between 52-63% for
GWP.>*!

Kulas et a recently ran an LCA on kraft lignin as a
product of a modified black liquor process. The data used was
extrapolated from the lab scale work published and patented
by Thies et al.?® In this process, ethanol at 115 °C and 6.2 bar
allow for a liquid-liquid solvent recovery from black liquor.
The lignin solution is then dried off to recover lignin. The low
boiling point of ethanol (78.4 °C) reduces the energy consump-
tion of ethanol. The GWP of the lignin was evaluated at 4.0 kg
CO, cq. per kg lignin, assuming carbon neutrality from lignin.
The MSP was estimated at 0.45 USD per kg lignin, cheaper
than carbon fibre precursor PAN (2 USD per kg). Furthermore,
Kulas performed an LCA on potential production of carbon
fibres and activated carbon using an allocation by both mass
and economical values, obtained from literature. The GWP of
lignin-based carbon fibres was estimated at 20-22 kg CO,q.
per kg of CF and the activated carbon at 5-12 kg CO, q. per kg.
The cost of a kg of carbon fibre was estimated at USD 21.78
(depending on grade with higher grades much more expen-
sive), generating a profit of USD 9.76 per kg. For a production
based on a production of 6260 tonnes of CF per year for the
US, the profit made is of USD 61 million yearly.

The LCA ran for biofuels are different in the terms of
product lifetime, usually very short (days-months). The carbon
neutrality assumption cannot be made. The studies all refer to
the U.S. renewable fuel standard (RFS) which sets a 60%
reduction on the greenhouse gas emissions (76% CO,, 16%
methane, 6% nitrous oxide, HFC) for cellulosic biofuels.’*’
The results vary whereas the biorefinery produces its own elec-
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tricity or not.>®” The functional unit is of 1 MJ. Obydenkova
uses cornstover as feedstock to an ethanol-lignin biorefinery,
from lab scale data. The lignin-derived automotive fuel
minimal cost is between 14.4-18.1 USD per GJ, where the
cheapest fuel is produced using natural gas as the energy
source. The GHG emission targets are only met for lignin-
derived automotive fuel for a biorefinery when all the impact
is allocated to ethanol production.?®” Bartling et al. identified
12 biofuels that reaches the GHG emission targets. However,
lignin is considered only as energy cogeneration in this
study.?*° The LCA on bio-jet fuel from poplar biomass was per-
formed by Budsberg et al.*"® This study uses lignin as a source
of H, using hog fuel as the alternative energy source.

The pursuit of LCA for the production and use of lignin
shows that lignin is a suitable alternative to fossil sources. It is
clear that, when it comes to lignin and its products, LCA data
should be analysed with a degree of caution as the method-
ologies employed have a strong impact on results. Also,
current literature lacks assessments carried out on energy
applications, outside of the biofuel field. This is mainly due to
the emergence of this field and therefore the lack of available
data. There is an obvious gap here for future studies.

7. Outlook

Lignin extraction necessitates non-destructive, upscalable
extraction processes that preserve the ether bonds and pheno-
lic groups. The emergence of economically viable biorefineries
is a welcome step for the use of lignin for energy applications.
However many stumbling blocks remain, for example, the
depolymerisation processes for the production of biofuels are
yet to be fully upscaled. For batteries improvements in per-
formance of lignin-based electrodes in full cell batteries
should be the ultimate ambition.

For energy storage in general (batteries and super-
capacitors), optimisation of electrode architecture is extremely
important for maximized electrochemical performance with
emerging emphasis on interconnected pore networks, surface
area, lignin CNF design features (diameter, length and
network rigidity), density/areal loading, and the adoption of
cost effective production strategies suitable for scalability such
as 3D patterning technologies. These designs need to allow for
electrode swelling particularly when combined with high-
capacity Li alloying materials like Si which is hugely affected
by volumetric expansion (Si > 300%), leading to a long term
cycling capacity drop, reduced rate capability, and increased
safety concerns. Such issues should be addressed at the
capacity enhancing material level (e.g., Si, In, oxides, etc.) by
adopting design strategies that will prevent segregation, pulver-
isation, and cracking. At the electrode level a balanced distri-
bution of voids/pores, network rigidity, and density of active
elements must be judiciously controlled to regulate swelling
and capacity fading during long term cycling. However, this
may require a reasonable trade-off between the electrode fea-
tures, such as robust structures, energy density/capacity, side
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reactions, and full cell performance. Consequently, a
rational design of composite or more complex electrodes could
offer more choices for enhancing the performance of lignin-
based electrodes that may become suitable for practical
batteries.

To practically deploy lignin electrodes in high-energy
density batteries, it is also crucial to investigate the electro-
chemical behaviour relative to the electrode structure, includ-
ing the swelling characteristics both in half-cell and full-cell
configurations, but this is currently lacking in the literature.
The specific impact of non-lignin containing cell components
such as conventional electrolytes, binders, and conductive
additives on the performance of the lignin-derived electrodes
is rarely investigated and should be a focus of future research.
We believe that a comprehensive design of lignin-based cells
with the specific goal of achieving high energy density, based
on high capacity lignin-derived composite anode/cathodes will
lay a strong foundation toward the realization of higher-energy
batteries than graphite. Despite the significant research pro-
gress in developing lignin-based anodes and cathodes, it is
still not exactly clear how the specific type of lignin and their
functionalized structures or carbonization processes impact
the final anode features and performance of various battery
types besides the porosity and CNF networking features com-
monly observed. Therefore, advanced nanoscale characteriz-
ation techniques for detailed study and in-depth understand-
ing of the structure-property relationship are required to
reliably determine the electrochemical mechanisms, particu-
larly for composite structures (e.g., carbon/Si anodes).
Operando characterization, in situ studies, and theoretical ana-
lysis are also strongly recommended for detailed studies and
in-depth understanding of the behaviour of lignin based cell
components with respect to ion transport and structural
behaviour during the charge/discharge processes. The culmi-
nation of these studies could reliably predict and provide
clearer understanding of the dynamic electrode kinetics
during cycling, thereby providing a better understanding of
the redox chemistry, failure dynamics, and the charge storage
mechanisms, thus, clearing the path to allow for the efficient
design and development of lignin-based materials in practical
batteries.

While promising, the valorisation of lignin into a sustain-
able and economical biofuel necessitates fully developed depo-
lymerisation pathways. The complexity of the lignin structure
and its natural recalcitrance to degradation limits the effective-
ness of the depolymerisation process. The variety of aromatics
outputted from the depolymerisation triggers need for
complex separation processes. Thermoelectric future direc-
tions will focus on how to develop hybrid carbon-based nano-
structures derived from lignin in combination with other in-
organic materials to improve their thermoelectric perform-
ance. While this field is still very much in its infancy the emer-
ging potential is clear to see.

In terms of LCA and technoeconomic analysis while lignin
is typically abundant and a low-cost material (often considered
waste), future study on the development and deployment of
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lignin electrodes in energy storage devices should include
practical cost benefits analysis particularly the energy-to-price
ratio. While most researchers heavily emphasized its cost and
environmental benefits, the combined processing/treatment
and transformation steps of pristine lignin into an active
carbon electrode material and integration of secondary
materials could be relatively costly. Moreover, the use of
chemical activation processes and combination with toxic
polymeric materials (also requiring further process steps)
make the environmental benignity of the electrode materials
and “green battery” claims debatable. Also, by blending lignin
with such polymer materials in the various cell components
(anode, cathode, electrolyte, binder and separator), it is mis-
leading as commonly captured in most literatures to refer to
the final composite material as a lignin derivative as the sec-
ondary materials do not contain lignin.

8. Concluding remarks

Lignin is a unique polymer within biomass. It presents a one
of a kind aromatic structure and a high carbon content. Above
all, its production does not compete with food supply chains
and its valorisation allows for use of an ever increasing
amount of waste. As a result of the active interest of research
bodies and industries into candidates to replace oil-based
materials, lignin is being extensively investigated for use in
functional materials. In particular, the development of lignin-
based materials for energy applications has shown enormous
promise. Lignin is finding application in a remarkable array of
different battery components including electrode materials,
separators and electrolytes. Research into lignin-derived
carbon materials, especially hard carbons, is rapidly gaining
interest in particular for applications beyond lithium ion
where larger ions can be accommodated by intercalation
between graphitic layers where lignin derived carbons outper-
form conventional graphite anodes. Clearly, exploitation of
lignin as a material for components has enormous potential to
lower overall battery cost and contribute to the development of
safer and more sustainable energy storage devices. Control of
the unique porous carbon architectures derived from lignin
also offers advantages in supercapacitors and thermoelectric
devices where lignin derived materials have produced devices
with beyond state of the art seebeck coefficients and power
factors. In particular, for the thermoelectric field, lignin could
have an enormous potential not only as carbon precursors for
electronic semiconductors but also as platform for ionic ther-
moelectric materials which have recently emerged as a plaus-
ible alternative to classical thermoelectric devices.

However, progress in all these applications can only be sus-
tained by the continuous supply of a high-quality lignin, as its
properties are strongly dependent on source and extraction
method. This calls for the development of versatile processing
routes and the provision of industrial scale biorefineries, to
possibly produce predefined lignin chemical structures with
the aid of artificial intelligence and machine learning. This
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may help in the elucidation of structure/property/function
relationships of lignin precursors and the tailoring of their car-
bonised products for next generation energy applications.
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