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Lignin is the main component of plant cell walls, conferring upon lignocellulosic biomass both excellent
mechanical and barrier properties. At the same time, the considerable number of unsaturated groups and
conjugated structures present in lignin render it a promising candidate for applications in the optical
domain. In recent years, the development of the optical properties of lignin and lignin-derived optical
materials has paved the way for a novel avenue of lignin valorization. This review is concerned with the
mechanisms of lignin-derived optical materials, with particular emphasis on the physical and chemical
structures that are linked to their optical performance, including UV absorption, photothermal conversion,
and photoluminescence. Additionally, the potential applications of these materials in energy storage, bio-
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imaging, structural materials, and photonic crystal are also presented, demonstrating the unique optical
properties of lignin. Finally, the challenges and future directions of lignin as an optical material are pre-
sented, with the objective of developing lignin into a polymer biobased raw material that can serve
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1. Introduction

In the vast and intricate natural world, lignin is akin to a
magical light-manipulating wizard that absorbs and scatters
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ultraviolet light, thus providing plants with natural UV protec-
tion and improving their survival and adaptability."”* The
study of the optical properties of lignin, derived from the
natural properties of lignin, has become an important direc-
tion for the development of new materials. The lignin utilized
in current research is derived from industrial sources, specifi-
cally from byproducts of the pulp and biorefinery industries.’
Notably, the color of lignin undergoes a notable change from
colorless to brownish-black during the extraction process.*
This interesting optical phenomenon has attracted the atten-
tion of researchers.”” In light of the accelerated advancement
of chemical theory and biological technology, the underlying
principle of light manipulation is gradually being revealed to
reside in its physical and chemical structures.®’

Lignin is a natural polymer that possesses a large number
of unsaturated groups and conjugated structures. These pro-
perties enable it to exhibit optical phenomena such as light
absorption,’® emission,"* and fluorescence.'"® Currently,
lignin is mainly obtained through industrial processes such as
pulping and biorefining. Following the application of acids,
alkalis, high temperatures, and other disruptive separation
techniques, natural lignin undergoes degradation and conden-
sation, resulting in the formation of a multitude of chromo-
phores (carbon-carbon double bond conjugated aromatic
rings and quinone methyl and quinone groups) and homo-
chromatic groups (phenolic hydroxyl groups).'* Despite the
darker coloration of technical lignins, they also present a
greater range of possibilities for their optical properties.
Nevertheless, lignin is extracted by a multitude of methods,
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which results in a diverse range of structural compositions
and a lack of stability in performance, thereby hindering the
standardization and high-value applications of technical
lignin. The inherent potential of technical lignin can be
unleashed through physical and chemical structure modu-
lation, thus promoting its application in the production of
photothermal, photovoltaic, and bio-optical materials, and
other high-value-added products.’>>® Kraft lignin, in particu-
lar Indulin kraft lignin, is distinguished by its high concen-
tration of guaiacyl units. The methoxy and phenolic groups
present in the guaiacyl units serve to enhance the ability of the
latter to absorb UV light. Soda P1000 lignin contains a sub-
stantial proportion of p-coumarate units. The conjugated
double bonds and phenolic structures present in the p-couma-
rate units facilitate enhanced absorption of UV light and emis-
sion of visible light, thereby augmenting the fluorescence pro-
perties of the material. Alcell lignin, produced at a pilot plant
scale without the addition of a catalyst, exhibits a notable
degree of condensation.”® The elevated condensation level
increases the rigidity of the lignin polymer, thereby enhancing
its stability under UV excitation and reducing non-radiative
decay rates, which may potentially result in an elevated fluo-
rescence quantum yield.** Compared with conventional
optical materials, lignin embodies good environmental friend-
liness and sustainability due to its unique aromatic structure
and renewability, thus highlighting its competitiveness in the
development of green optical materials.

In recent years, lignin has undergone rapid development in
terms of its physicochemical structures, with the acquisition,
transformation, and utilization of sunlight, laying a solid foun-
dation for the study of lignin as an optical material. In terms
of application, the potential of lignin in the field of optical
materials has become increasingly apparent with the in-depth
study of its optical properties. Lignin exhibits excellent light
absorption and fluorescence properties, as well as realizes the
tunability of light emission through structural modulation,
which makes it show broad application prospects in the fields
of solar cells, optical sensors, and fluorescent markers. This
review provides a comprehensive overview of the properties
and applications of lignin and its composites as natural, sus-
tainable optical materials. In this review, we highlight the
relationship between the lignin structure and optical pro-
perties, including an exploration of the fundamentals of UV
absorption, photothermal conversion, and photoluminescence
characteristics. The relationship between the molecular struc-
ture and optical properties of lignin is analyzed in depth,
which is crucial for its application as an optical material.
Furthermore, in light of recent advances in lignin in the
optical field, we provide a comprehensive summary of the
applications of high-performance sustainable lignin-derived
materials, including materials such as photothermal, photo-
electric, and organic fluorescent materials, providing pathways
for lignin valorization (Fig. 1). Finally, we delve into the chal-
lenges and future directions for lignin as an optical material,
enabling this natural “wizard” to shine anew in modern
technology.
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Fig. 1 Optical properties of lignin and its application in the field of
functional materials.

2. Optical properties of lignin

In order to gain a comprehensive understanding of the struc-
ture and function of lignin, researchers have conducted a large
number of detailed structural characterization studies of
lignin. Many remarkable features of the structure, composition
and chemical bonding of lignin have been revealed by solution
and solid-state NMR,** gas chromatography,* liquid chrom-
atography,®® UV-visible absorption spectroscopy,®® Fourier
transform infrared spectroscopy,®® Raman spectroscopy,’’
scanning  electron  microscopy/transmission  electron
microscopy,*® and other techniques. In addition, the low con-
jugated structures of lignin have relatively few double bonds
and a close arrangement of aromatic rings. Medium-conju-
gated lignins exhibit intermediate levels of aromatic ring lin-
kages and m-electron delocalization, which enhances their
absorption of UV and visible light while also enhancing their
emission and fluorescence properties. Strongly conjugated
lignin structures are distinguished by extensive n-electron delo-
calization between multiple aromatic rings, and the extensive
conjugation leads to significant light absorption, strong fluo-
rescence, and enhanced photoprotective properties (Fig. 2).*"

2.1. Ultraviolet absorption

Lignin, as a natural aromatic polymer, contains a large
number of benzene rings, double bonds and carbonyl struc-
tures in its macromolecular structure, which gives lignin good
UV-absorbing properties.***' These properties are mainly
attributed to the abundance of functional groups in lignin,
including phenolic, ketone, and quinone structures and other
chromophores.*>**™** Some common chromophores found in

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic diagram of several typical modes of conjugation
within the lignin molecule.

View Article Online

Tutorial Review

lignin are shown in Fig. 3A.*> Previous studies have shown that
free and etherified phenolic hydroxyl groups in the lignin
structure exhibit absorption near 280-290 nm, while double
bonds and/or carbonyl groups conjugated to phenyl groups
exhibit absorption between 300-400 nm.*®*” Ultraviolet light
entering the surface of the Earth is composed primarily of UVA
(320-400 nm) and a minor component of UVB (290-320 nm).**
Therefore, the UV resistance of lignin may be significantly
influenced by the double bond and/or the linkage structure
formed by the carbonyl group and the phenyl group. In
addition, it has been reported that the syringyl (S) phenolic
group contains a greater quantity of functional methoxy than
the guaiacyl (G) and para-hydroxyphenyl (H) phenolic groups.
It has been established that lignified plants are protected
against both microbial attack and damage by UV radiation. It
can be concluded that plants with a higher lignin content
exhibit superior UV resistance.” Consequently, lignin has
been widely used in the manufacture of UV-protective
materials.”*>?

2.2. Photothermal

Photothermal conversion materials are capable of effectively
converting light energy into heat energy, representing an
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Fig. 3 Linkage between the structure of lignin and its optical properties. (A) Schematic of common chromophores in lignin.*> (B) Schematic repre-
sentation of the mechanism for enhancing the photothermal effect of acetylated lignin.®® (C) Schematic representation of model compounds with
large effects on lignin fluorescence.®*~%¢ (D) Schematic representation of the intramicellar aggregation-enhanced emission of lignin.®” (E) Schematic
diagram of the lignin color generation mechanism and the color reduction mechanism.®® (F) Schematic representation of the preparation of photo-

nic crystals from lignin.®®
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effective approach for utilizing light energy. Common photo-
thermal materials, including graphene,**  carbon
nanotubes,®>® and carbon quantum dots,>’”®* have been
widely used in photothermal conversion systems.’® Organic
conjugated materials have several advantages, including high
tunability in design, light weight, flexibility, and malleability.
Lignin is a complex aromatic biopolymer with a large number
of aromatic rings and conjugated functional groups in its
molecular structure. These conjugated structures can effec-
tively promote the electron transition from low-energy orbitals
to high-energy states and release energy through non-radiative
leaps, thus achieving efficient photothermal conversion.”®”*
The n-n conjugated stacking and strong intermolecular inter-
actions play a pivotal role in the photo-thermal conversion of
lignin. Upon photoexcitation, the - conjugated structure of
lignin facilitates the electron jump from the ground state to
the excited state. The excited state electrons are released in a
nonradiative form when they jump back to the ground state,
resulting in a high photo-thermal conversion efficiency. Lei
et al. proposed a mechanism by which the electron-absorbing
groups enhance the photo-thermal effect of lignin. This
mechanism involves the introduction of electron-absorbing
groups such as acetyl, which constructs electron donor-accep-
tor structures in the lignin molecule, leading to the narrowing
of the band gap and the enhancement of the light absorption
of acetylated lignin. The reduction of the acetylated lignin
results in the reduction of hydrogen bonding, the weakening
of intermolecular interactions, and the enhancement of mole-
cular motions, which promotes non-radiative attenuation and
ultimately improves the efficiency of photothermal conversion
(Fig. 3B).%°

2.3. Photoluminescence

Photoluminescence is the process of light energy absorption,
energy transfer, and emission. When ultraviolet, infrared, or
near-infrared light strikes lignin, electrons in the lignin mole-
cule are excited. Upon returning to the ground state, these
electrons release energy in the form of photons. Researchers
employed a model object study to investigate lignin fluoro-
phores by comparing the fluorescence properties of model
objects with a single benzene ring and multiple conjugated
structures. Lang et al. conducted a study on the aggregation-
induced luminescence effects of phenylacrylic acid and stil-
bene-based modelers.®’ Castellan et al. examined the fluo-
rescence properties of the modelers in solid films and discov-
ered that the fluorescence emission wavelengths of these
modelers were longer in the solid state than in the solution
state.®® Tylli et al. identified fluorophores by linear weighted
fitting.*® Albinsson et al. investigated the effect of cis-trans iso-
merization on the fluorescence. The trans structure exhibited
strong fluorescence, whereas the cis structure did not show any
fluorescence at room temperature.”> Additionally, Gardrat
et al. explored the effect of etherification of phenolic hydroxyl
on the fluorescence. The replacement of the phenolic hydroxyl
with methyl or phenylmethyl substituents resulted in a signifi-
cant decrease in fluorescence quantum efficiency.®* Lihdetie
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et al. found that the conjugated 5-5 bond had significant fluo-
rescence emission.®® Radoti¢ et al. analyzed the fluorescence
spectra of dehydrogenated oligomers of coniferyl alcohols by
using the reverse convolution technique (Fig. 3C).°® These
studies advance the understanding of the fluorescence pro-
perties of lignin.

2.4. Aggregation-induced emission

In recent years, novel luminescent materials with aggregation-
induced/enhanced emission properties have received increas-
ing attention due to their potential applications in the fields of
optoelectronic materials, chemical sensors and biomedical
probes.”>”® Aggregation-induced luminescence is a phenom-
enon whereby a specific molecule exhibits low or no fluo-
rescence when in a monomeric form, but its fluorescence pro-
perties are significantly enhanced when forming aggregates.”’
Xue et al. demonstrated that the aggregation state of lignin
could be controlled by increasing the proportion of non-good
solvents in mixed solvents, and that the intensity of fluo-
rescence emission increased significantly upon aggregation
enhancement. In addition, electrostatic interaction studies
showed that sulfonated alkaline lignin exhibited a comparable
fluorescence enhancement effect in the presence of cetyltri-
methylammonium bromide, whereas alkaline lignin showed
aggregation fluorescence quenching (Fig. 3D).%” Yan et al
investigated the concentration-dependent aggregation beha-
viors of lignin sulfonate and alkaline lignin, respectively, and
found that the aggregation resulted in a red-shift. The fluo-
rescence excitation spectra exhibited a shift due to the
J-aggregation effect,’®*®® which was further verified by Ma
et al.®" Overall, the aggregation behavior of lignin significantly
affects its fluorescence properties, and the aggregation-
induced luminescence and J-aggregation behaviors play a key
role in the fluorescence enhancement.®” These findings con-
tribute to the in-depth understanding and application of the
fluorescence properties of lignin.

2.5. Color reduction

Lignin is nearly colorless in wood, but alkaline lignin that is
separated from pulping black liquor has a strong black color.*
Of all the lignin color-generating or color-enhancing groups,
the quinone-type structure produces the most severe effects.®>
As illustrated in Fig. 3E, lignin contains methoxyl groups,
which are readily converted into phenolic hydroxyl groups
during pulping or other lignin separation processes. These
hydroxyl groups are subsequently transformed into quinone-
type structures, ultimately leading to the darker color
expression of technical lignin. It has been demonstrated that
the color change of lignin can be slowed down by sulfonation
with hydroxyl group closure, because the closure of hydroxyl
groups prevents the transformation of the phenolic hydroxyl
groups into the quinone-type structure.’® The color-reducing
modification of technical lignin can facilitate the expansion of
the application areas and significantly enhance its utilization
value. Alkaline H,0, treatment removes or leads to selective
reaction with the chromophore structure while retaining the

This journal is © The Royal Society of Chemistry 2024
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lignin native structure.®® The combination of H,0, and UV
light also removes the chromophores. The application of H,0,
to the wood surface and subsequent irradiation with UV light
to remove the light-absorbing chromophores lead to a
reduction in the use of chemicals.?* In addition, the formation
of nanoparticles with a uniform spherical shape, in which
hydrophobic chromophores are located in the inner core, has
been observed in lignin modified by organic isocyanate in an
ethanol-water mixed solvent system. During solvent-controlled
encapsulation, the organic isocyanate and hydroxyl groups
reacted during solvent-controlled encapsulation, contributing
to the decolorization of the lignin derivatives by converting the
phenolic hydroxyl groups to quinone structures.®

2.6. Structure color

Many colors in nature are not formed directly from pigments,
but originate from the scattering and diffraction of light by
specific material structures.®*>®” In recent studies, the appli-
cation of lignin colloidal spheres provides a sustainable and
biocompatible way to mimic this natural phenomenon. By pre-
cisely controlling the self-assembly of these monodisperse par-
ticles from lignin, ordered microstructures can be formed,
which in turn produce rich color effects. Wang et al. prepared
monodisperse lignin colloidal spheres by a solvent/nonsolvent
self-assembly method, and the structural color could be tuned
by precisely controlling the sphere size.?® Liu et al. investigated
the importance of the centrifugation process for the size classi-
fication of lignin nanoparticles and its effect on the photonic
crystal structure. The centrifugation process enables the short-
range ordering of lignin colloidal spheres in solution to form
photonic crystals by adjusting the speed and time for effective
particle size classification based on the hydrodynamic dia-
meters of the lignin nanoparticles. The ordered structure is
essential for realizing and regulating the structural color
(Fig. 3F).®® The development of lignin-based structural colors
is still in its early stages and further understanding of their
formation and properties is essential. This progress represents
a significant step forward in paving the way for value-added
lignin-derived optical materials.

3. Application of lignin-derived
optical materials
3.1. Energy storage materials

Lignin absorbs light via its aromatic rings, converting it into
chemical energy. This process is crucial for phototransduction,
photo-sensing, and photoprotection. At the molecular and
micro-nano scales, lignin’s photostorage efficiency is
enhanced by its nanoscale structure, functional groups, and
interactions with other materials. These properties make
lignin a promising material for sustainable photostorage appli-
cations such as photothermal and photoelectric conversion.
Photothermal materials. Photothermal materials provide an
efficient means of directly utilizing solar energy. In this
context, lignin, as a photothermal material, exhibits strong

This journal is © The Royal Society of Chemistry 2024
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light absorption capabilities, excellent thermal conductivity,
and remarkable flexibility and adaptability. Consequently, it
has a wide range of applications in areas such as self-repairing,
shape memory, energy storage and solar steam power gene-
ration (Fig. 4A). Yang demonstrated a sustainable porous
scaffold consisting of periodate oxidized wood (POW) as a
support material with in situ retained lignin as a light-absorb-
ing dopant. The stacking ability of the lignin molecules gives
the materials enhanced light absorption, high photothermal
conversion efficiency (~86.7%) and high latent heat (151 ] g7)
for higher maximum energy storage.”” However, the photother-
mal conversion efficiency of primitive lignin is limited, and
the interfacial heat conduction between lignin and polymers is
weak. Furthermore, the lack of an efficient thermal energy con-
version management system during the photothermal conver-
sion process results in a large amount of heat dissipation and
heat loss.”” To address this issue, Tu et al. proposed a ligand-
assisted sunflower photothermal conversion technology, which
utilizes polyethylene propylene diene monomer rubber and
lignin as the photothermal conversion medium. This approach
involves the optimization of photothermal conversion, inter-
facial heat transfer and a macroscopic photothermal driving
process through ligand bonding. The lignin-containing
material exhibits rapid light-induced heating, reaching a temp-
erature of 180 °C in 20 s and then gradually stabilizing at
199 °C through the coordination of Zn>** (Fig. 4B).”° Zhou et al.
reported a demethylation method to increase the photother-
mal conversion temperature of lignin for solar-driven atmos-
pheric water harvesting. The surface temperature of demethyl-
ated lignin reached 67.2 °C after 10 min of exposure to stan-
dard sunlight. This high photothermal performance is mainly
attributed to the increased phenolic hydroxyl content, which
enhances the n-n conjugated structure of the lignin aromatic
ring.”? Yang et al. synthesised a lignin with a high polypheno-
lic hydroxyl content through phenolic modification and pre-
pared a polyphenolic lignin-based vitrimer. The surface temp-
erature of this vitrimer can reach 229 °C in 25 s under 808 nm
infrared light irradiation at 1.00 W cm™>. Based on this per-
formance, the lignin-based vitrimer can be recycled and remo-
delled under infrared light irradiation.* Li employed the con-
jugated structure in lignin to facilitate the electron jump from
low-energy orbitals to high-energy states, thereby enabling the
preparation of smart elastomer composites with diverse func-
tionalities. These composites exhibit a good light-triggered
shape memory effect and excellent light-controlled self-repair
performance (up to 98.2% efficiency) (Fig. 4C).”" Jin et al. pre-
pared enzymatically hydrolyzed lignin-derived shape memory
polymers by taking advantage of the rigid benzene ring struc-
ture and excellent photothermal properties of lignin. When
subjected to simulated solar irradiation (2000 W m™2), enzy-
matically hydrolyzed lignin-derived shape memory polymers
with a lignin content of 50 wt% exhibited surface temperatures
as high as 105 °C and achieved shape memory within 20 s
(Fig. 4D).%

Seawater desalination technology has garnered widespread
attention.”>®” Lignin has emerged as an optimal substrate

Green Chem., 2024, 26, 9281-9294 | 9285
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samples.®®

material for solar interfacial evaporation systems due to its
porosity, hydrophilicity, high strength-to-weight ratio, and
thermal insulation properties. Jeon et al. employed lignin
nanoparticles and cellulose nanofibers as bio-renewable
photoabsorbents and hydrophilic carriers, respectively, to
develop a highly efficient interfacial heating system.’® Jiang
et al. prepared a lignin-based hydrogel with a three-dimen-
sional mesoporous/microporous structure. The developed
lignin-based hydrogel evaporator demonstrated the ability to
operate continuously for 24 h with a stable evaporation rate of
2.25 kg m~2 h™ and good stability within the pH range of
1-14 (Fig. 4E).°® Chen et al used lignosulfonate as a raw
material to prepare a lignosulfonate-based carbon material
(CLS) through carbonization. Concurrently, they prepared lig-
nosulfonate-based porous charcoal (PCLS) with calcium car-
bonate as an activator. The two types of charcoal powders were
then utilized as light absorbers and crosslinked with poly(vinyl
alcohol) to create solar energy interfacial evaporation materials
(PVA@PCLS and PVA@CLS), exhibiting a significant increase
under 1 kW m™? irradiation.®® Similarly, Lin et al. constructed

9286 | Green Chem., 2024, 26, 9281-9294

an all-lignocellulose-based bilayer hydrogel using a cellulose-
lignin composite hydrogel as the substrate and lignin-derived
carbon as the photothermal material. The presence of lignin
increases the hydrophilicity of the hydrogel and maintains the
capillary channels of the hydrogel, which transforms water
into an intermediate state and reduces the enthalpy of evapor-
ation of water.'®® Recently, another research team fabricated a
lignin/wood-based solar evaporator using a salt-resistant, all-
wood material that can be used for a long period of time. The
lignin in the evaporator serves not only as a photothermal
material for converting light energy into heat, but also
enhances the strength of the evaporator.
Furthermore, the photothermal conversion capacity is up to

structural

91.74%."°' Lignin-based solar interfacial evaporators offer the
advantages of low production cost, low energy consumption,
and low pollution, providing a promising solution to the
environmental problem of freshwater depletion.

Photoelectric materials. In recent years, numerous studies
have been conducted with the objective of developing and
implementing lignin photoelectric conversion technologies.

This journal is © The Royal Society of Chemistry 2024
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To date, there are many ways of preparing lignin-based photo-
electric conversion materials including a 3D thermally conduc-
tive pathway,”" surface carbonization, overall carbonization,
structural design, and surface coating with photothermal
materials."®*'%* These methods have been shown to effectively
utilize natural light energy and have the potential to be
applied to solar cells, photoelectric sensors and other fields.
As a cutting-edge renewable energy technology, solar cells have
the potential to revolutionize the energy industry. Their high
conversion efficiency, stability, and cost-effectiveness are key
factors that make them a promising candidate for
industrialization.

The hole transport layer (HTL) plays a pivotal role in the
functioning of solar cells. It was found that lignin-containing
phenol structural units with hole-transport properties could be
used as a conjugated conventional polymer.'®> Wu et al.
grafted sulfonated acetone-formaldehyde onto alkaline lignin,
and prepared grafted sulfonated acetone-formaldehyde lignin
(GSL) by reaction, dialysis and drying to form water-dispersed
PEDOT:GSL. The short-circuit current density, fill factor and
open-circuit voltage enhancement of high-performance perovs-
kite solar cells were enhanced by the use of PEDOT:GSL as a
hole extract layer, resulting in an increased power conversion
efficiency from 12.6% to 14.94%.'%> In carbon-based battery
materials, lignin differs from graphite in that the polymeric
nature of lignin allows for functionally tailored modifications,
resulting in carbon materials with a variety of morphologies
and enhanced functional properties. This enables lignin
derivatives to exhibit beneficial properties throughout the
chain of the battery component development process.
Consequently, lignin is highly structurally flexible and multi-
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functional, rendering it an attractive precursor material for
carbon-based battery materials.'*®

The demand for low-temperature, solution-processable
HTLs for solar cells has led to the use of polyaniline as an
alternative HTL for a variety of electronic devices, but conven-
tional polyaniline is limited by its processability and can be in-
soluble in common organic solvents. In contrast, lignin as an
HTL has better processability and conductivity, which can
effectively make up for the lack of polyaniline in solar cells. Al-
Dainy et al. prepared a conductive polymer comprising ligno-
sulfonic acid grafted polyaniline doped camphor sulfonic acid
and applied it as an HTL to doped hydride solar cells. This
process resulted in optimized solar cell performance, as evi-
denced by the tuning of the morphology and performance
metrics of the lignosulfonic acid grafted polyaniline doped
camphor sulfonic acid films. The films exhibit high crystalli-
nity and large grain sizes (>5 pm), which effectively reduce the
number of intergranular boundaries, in turn decreasing the
rate of electron and hole complexation in the chalcogenide
layer and increasing the charge extraction efficiency and trans-
port rate.’®” Li et al. developed a PEDOT/lignosulfonate cross-
linked composite film directly using lignosulfonate, which
exhibits the features of large functionality, good uniformity,
and excellent water resistance, and a power conversion
efficiency of 12.9%, which is comparable to that of PEDOT/
PSS. Cells made of PEDOT:lignosulfonate films demonstrate
enhanced durability in N, and air under non-encapsulated
conditions (Fig. 5A)."°® Hu et al successfully prepared an
efficient isotropic electron transport interfacial layer based on
demethylsulfated lignin (DyeKL) and perylenediimide (PDIN).
This transport interfacial layer exploits both the special three-
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Fig. 5 (A) Schematic diagram of the structure of PEDOT:LS and its superior waterproofness in PSC.1°® (B) Schematic diagram of L-MS-NPs applied

to photoluminescent and haze films in DSSCs.1%°
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Table 1 Lignin modifications for use in phenolic resin

Types Applications Type  Efficiency Ref.
Alkaline lignin  Hole transport layer PSC®  14.94% 102
Lignosulfonate Hole transport layer PSC 10.8% 107
Lignosulfonate Hole transport layer PSC 12.85% 108
Kraft lignin® Electron transport layer 0SC?  16.02% 110
Kraft lignin Cathode interface layer 0OsC 15.73% 117
Lignin Counter electrodes DSSC®  9.22% 118
Enzyme lignin  Photoluminescent and DSSC  4.1% 109

haze films

“ Demethylated kraft lignin. ? Oxygen-nitrogen-sulfur codoped lignin.
°PSC represents perovskite solar cells. OSC represents organic solar
cells. ® DSSC represents dye-sensitized solar cells.

dimensional mesh structure of Dy KL and the high electrical
conductivity of PDIN, which significantly improves the electron
transfer and collection in both the cross-section and the verti-
cal cross-section, resulting in an optimal power conversion
efficiency of 16.0% for the organic solar cell with the Dy KL/
PDIN interlayer (Table 1). This is higher than that of the pris-
tine PDIN interlayer (15.4%). In addition, the phase separation
issue can be solved due to the interaction of the Dy, KL and
PDIN chemical bonds."*°

Interfacial engineering represents a crucial tool for the
development of highly stable and cost-effective solar cells,
which is due to the necessity of maintaining chemical inert-
ness between the thick ring electron acceptor and the cathode
interfacial layer in solar cells."**™'® In addition to its capacity
to synthesize HTL materials, lignin can also demonstrate its
superior performance in optimizing the interfacial properties
of solar cells. Zhang et al. successfully achieved work function
modulation at the cathode interface in solar cells using a strat-
egy of binary interfacial materials based on lignin. They also
characterized lignin-derived organic photovoltaic cells in
terms of device performance and stability mechanism. The
combination of kraft lignin and bathocuproine significantly
enhanced organic solar cell stability, benefiting from electron
transfer and hydrogen bonding between the phenol groups
and the phenanthroline on the lignin. This enables the binary
interfacial layer to achieve work function modulation, allowing
it to adapt to different active components, which is a signifi-
cant advance in organic solar cells that effectively use bio-
based materials. The introduction of lignin not only blocks the
substantial contact between bathophenanthroline and the
non-fullerene material on a spatial scale, but also attenuates
the electron-rich nature of bathophenanthroline from a chemi-
cal perspective. Consequently, the lignin-based binary inter-
face strategy can effectively inhibit its chemistry and improve
the efficiency and stability of the device''” Replacing activated
carbon in supercapacitors with lignin not only improves per-
formance but also reduces costs. The use of 3D polymers of
lignin enables the formation of hydrogels and aerogels, which
can be combined with pseudocapacitive materials and spun
into individual flexible fiber electrodes."**™**!

Carbon materials represent a promising avenue for the
development of effective counter electrodes in dye-sensitized
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solar cells (DSSCs). However, many of these materials, including
carbon nanotubes and graphene, are expensive and require intri-
cate preparation processes. Cheng et al. employed waste lignin
recovered from black liquor for the fabrication of oxygen-nitro-
gen-sulfur co-doped carbon microspheres for DSSC counter elec-
trodes vig a straightforward process of low-temperature pre-oxi-
dation and high-temperature self-activation."*® Lignin can be uti-
lized as a photosensitizer by complexing with DSSCs having
porous nanocrystalline TiO, substrates."** Wang et al. developed
a sustainable lignin-derived multifunctional dopant by exploiting
the inherent fluorescence and self-assembly properties of lignin,
and it was used in conjunction with poly(vinyl alcohol) for the
fabrication of optical films with haze, fluorescence, and room-
temperature phosphorescence. This dopant was also used to
improve the light harvesting efficiency of solar cells. The power
conversion efficiency of dye-sensitized solar cells was increased
from 3.9% to 4.1% (Fig. 5B).'” Currently, the application of
lignin as a photoanode sensitizer in photovoltaic devices is still
relatively rare and requires further research.

3.2. Bioimaging materials

In recent years, with the rapid development of nanotechnology
and materials science, carbon quantum dots, as an emerging
nanomaterial, have received widespread attention. However,
most of the commonly used methods for synthesizing carbon
quantum dots rely on toxic and expensive precursors, posing
risks to the environment and human health. Lignin can be
converted into carbon quantum dots through a series of physi-
cal and chemical methods (Fig. 6A). This synthesis method
offers several advantages, including the availability of abun-
dant raw materials, low cost and green environment.
Additionally, lignin carbon quantum dots (CQDs) exhibit
many superior properties that render them optimal for bio-
imaging applications. Pei et al. conducted a hydrothermal syn-
thesis of lignin using a deionized water/nitric acid system,
resulting in the conversion of lignin into CQDs for brain
imaging applications. It was demonstrated that the nanoscale
dimensions of lignin-derived CQDs (L-CQDs) facilitate their
penetration across the blood-brain barrier, with more than
15% of living cells exhibiting internalization of L-CQDs within
1 h of incubation time."*® Niu et al. prepared L-CQDs by mole-
cular aggregation of cellulase lignin and demonstrated their
suitability for cellular imaging under one- and two-photon
excitation. These L-CQDs were found to be able to enter HeLa
cells with high efficiency and to partially enter the nucleus.
The fluorescence intensity of L-CQDs inside the cells increased
with increasing incubation time, and the cell survival rate was
found to be more than 90% even at high concentrations.'*®
Xue et al. developed a lignosulfonate-based fluorescent pH
sensing probe, L-SRhB, which demonstrated the ability to
differentiate between normal and cancer cells. L-SRhB exhibi-
ted distinct red fluorescence in cancerous cells, whereas
normal cells exhibited minimal fluorescence. L-SRhB is also
pH-sensitive and can be used as a pH probe, exhibiting
varying fluorescence intensity and color changes at different
pH values (Fig. 6B)."”* Furthermore, Shi et al. demonstrated
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Fig. 6 Lignin serves as a sensor and contrast agent for bioimaging. (A) Schematic diagram showing the most common approaches for the synthesis
of lignin-based carbon dots for cell imaging and substance detection. (B) Fluorescence pH-sensing probe based on lignosulfonate and its application

in cancer cell bioimaging.'?* (C) Schematic diagram of AL-CQDs applied to cell imaging and intracellular ion detection.

that AL-CQDs exhibited fluorescence quenching following the
introduction of Fe**, which was primarily attributed to electro-
static adsorption, a chelation effect, and charge transfer
between AL-CQDs and Fe*" ions. These findings offer a novel
approach for the detection of metal ions in biomedical and
environmental monitoring applications (Fig. 6C)."**

3.3. Transparent structural materials

Lignin, a natural polyphenolic macromolecule, provides
enhanced adhesion and mechanical properties to plant cell
walls. However, the dark color of industrial lignin severely
limits its applications. In recent years, some researchers have
identified methods for reducing the color of lignin, including
chemical and physical means, which opens a new avenue for
lignin in high-performance structural materials. Li et al. pro-
posed a method for the removal of chromophores within the
lignin, which are responsible for light absorption, while retain-
ing the lignin structure. This innovative approach employs an
alkaline H,0, treatment to selectively remove the chromo-
phores, followed by infiltration with PMMA. The resulting
transparent wood retains 80% of its lignin and achieves a light
transmittance of 83% and a haze of 75%. With a thermal con-
ductivity of 0.23 W m K%, which is significantly lower than
that of glass (1.0 W m K'), transparent wood is an ideal
material for use in buildings. This reduces the necessity for air
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conditioning, lowers economic costs, and promotes energy con-
servation and environmental sustainability.*® Another innova-
tive method, introduced by Xia et al., uses solar-assisted chemi-
cal brushing, which involves the application of hydrogen per-
oxide to the wood surface and subsequent removal of the lignin
chromophores via UV light. Subsequently, epoxy resin is infil-
trated into the modified wood microchannels, resulting in the
formation of transparent wood with a light transmittance of
over 90% and good light-guiding properties. This method
allows for selective and precise bleaching, enabling the pro-
duction of patterned transparent wood for various decorative
and functional applications (Fig. 7A).** Shikinaka and Otsuka
developed a method for whitening lignin by adjusting the
solvent polarity and reacting the lignin with organic isocyanates
in a water-ethanol mixture, forming nanoparticles with encap-
sulated chromophores. The resulting hexyl-modified lignin
forms a transparent coating with 91% total light transmittance
and a haze value of 7.0. Furthermore, the use of dodecyl-modi-
fied lignin allows for the formation of a transparent film at
110 °C, which can be formed after cooling between glass plates.
The film can be reheated and separated for reuse (Fig. 7B).%

3.4. Photonic crystal materials

Photonic crystals are artificial microstructures consisting of
periodic arrangements of media with different refractive
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Fig. 7 Lignin in transparent wood and photonic crystals. (A) Schematic diagram of solar-assisted fabrication of lignin-based transparent wood.®* (B)
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lignin.*?”

indices. They exhibit unique optical and environmental
responsiveness and chemical stability, making them highly
valuable in the optical, biomedical, and energy fields. In
recent years, with the rapid development of lignin colloid
chemistry, the method of preparing lignin colloidal particles
with a uniform and tunable size has become more mature.
This has led to lignin gradually becoming a promising raw
material for natural polymer photonic materials. Wang and
colleagues successfully utilized monodisperse lignin colloidal
spheres as structural units to create short-range ordered struc-
tures, thereby achieving a critical transformation from dis-
ordered to ordered supramolecular structures in lignin. This
breakthrough led to the production of lignin photonic crystals
exhibiting structural color. By varying the particle size of the
lignin colloidal spheres, the structural color of the lignin
photonic crystals can be tuned across the entire visible spec-
trum. These structural colors are angle-independent and
exhibit solvent responsiveness. Consequently, the researchers
developed responsive structural color coatings using lignin
photonic crystals, applying them in smart painting, rewritable
paper, and encrypted patterns. Cytotoxicity tests demonstrated
that lignin photonic crystals are compatible with human skin,
blood vessels, the digestive system, and other tissue cells. This
suggests their potential use in implanted/wearable optical
devices, advanced cosmetics, and intelligent food packaging

9290 | Green Chem., 2024, 26, 9281-9294

(Fig. 7C)."*” This study has expanded the applications of lignin
in advanced optical materials, providing crucial theoretical
foundations and technical guidance for the development of
natural polymer-based functional materials and the high-value
utilization of biomass resources.

4. Conclusions and perspectives

In this review, we have provided a summary of the recent
research in harnessing lignin for the fabrication of optical
materials. Woody plants have developed and refined physical
and chemical structures to harvest, convert and utilize sun-
light. Remarkably, lignin provides trees with physical and
(bio-)chemical resistance, as well as a broad range of optical
properties, which have served as a great source of inspiration
for designing synthetic micro and macroscale optical
materials. The most significant advantages of lignin include
not only the unique combination of optical and mechanical
properties, but also important auxiliary properties, which are
critical for real-world applications, such as renewability, bio-
compatibility, and diverse structural and interfacial chem-
istries. Although it is possible to synthesize molecules or
materials with a specific set of optical properties, such
materials often exhibit modest feedstock availability and

This journal is © The Royal Society of Chemistry 2024
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environmental friendliness imposing severe limitations on
their sustainable scale-up industrialization and application.

As has been discussed in detail in this review, the rich
chemical functionality of lignins is yet another feature that
makes them more attractive as compared to inorganic
materials and synthetic polymers. Although most of the cur-
rently available lignins, technical lignins, come from the pulp
and biomass refining industry, where their molecular structure
is disrupted to varying degrees, it is still possible by numerous
physical and chemical modification methods to finely control
their chemical, mechanical, and optical properties and meet
the requirements set by the specific applications. Another
important benefit of lignin is its good mechanical properties.
By modulating the ratio and composition of rigid—flexible frag-
ments, the strength, elasticity and flexibility of lignin-derived
materials can be regulated, which is crucial for the durability
of optical systems/devices for practical applications.
Additionally, lignin exhibits outstanding thermal stability,
which is crucial in energy harvesting applications.

Lignin, particularly technical lignin, can effectively capture
solar energy and transform it into chemical energy. As previously
stated in the review, the light-to-heat effect of lignin materials
under sunlight conditions is approaching that of traditional in-
organic carbon materials and organic photothermal materials,
including carbon nanotubes, carbon spheres, polypyrrole, polya-
niline, etc. Furthermore, the high supply of feedstock, high
degree of accessibility, low cost, absence of the need for carboniz-
ation, and low energy consumption are not characteristics that
can be matched by any of the aforementioned traditional photo-
thermal materials. As a result of sustained research efforts, this
abundant resource is being gradually identified as possessing a
diverse range of optical properties, including UV-blocking, photo-
luminescence, aggregation-induced luminescence, structural
color, and others. These properties have led to the identification
of unique applications in energy storage, bio-imaging, intelligent
buildings, anti-counterfeit coatings, and other dynamic fields,
with minimal dependence on petrochemical feedstocks and
minimal risk to the environment.

Despite the significant advancements that have been made
in recent years, research into the optical properties of lignin is
still in its infancy. The development of high-performance
lignin-derived optical materials with diverse functionalities
remains a fundamental challenge. Elucidation of the mole-
cular structure of lignin is essential to fully resolve and utilize
its optical properties. Nevertheless, the precise mechanisms
underlying the generation of optical properties in lignin
remain elusive, largely due to the paucity of precise and
detailed chemical and microstructural data. Consequently, the
exploration of additional optical properties of lignin is con-
strained, which in turn impedes the development of novel
lignin-derived optical materials. Therefore, it is of the utmost
importance to clarify the molecular structure of lignin and to
develop molecular detection techniques in order to improve
the chemical theory of lignin. This will lay the foundation for
the revelation of the optical and other functional properties of
lignin.

This journal is © The Royal Society of Chemistry 2024
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In addition, the performance stability of lignin-derived
optical materials is unsatisfactory. The considerable diversity
of biomass feedstocks and extraction techniques employed
results in inconsistent outcomes with regard to the properties
of lignin materials. This renders it challenging to draw com-
parisons between the findings of disparate studies. At present,
the pulp and paper or biorefinery industries continue to predo-
minantly utilise cellulose and sugar as their primary products,
whereas lignin is merely separated, discarded as waste, or
burned for energy. According to the characteristics of the raw
materials, the quality requirements of target products and
wastewater, a variety of fractionation methods, including alka-
line, acidic, organic solvent, biological, and combined
methods, can be employed. The application of different frac-
tionation methods gives rise to considerable discrepancies in
the structure and properties of the resulting lignin. For
example, the molecular weight of lignosulfonate is typically 10
times greater than that of alkaline lignin, alkaline lignin con-
tains a greater number of phenolic hydroxyl groups, and orga-
nosolv lignin contains a smaller number of heteroatoms.
These differences directly affect the optical properties of the
lignins. It is also challenging to obtain lignins with consistent
properties, even when the raw material and fractionation
method are the same. For example, the lignin content of
poplar trees increases with age, resulting in variations in the
structure and yield of lignin by-products obtained from the
same alkaline fractionation method. Therefore, in order to
ensure the consistent reproduction of the properties of lignin-
derived optical materials in large volumes, the development of
efficient, stable, and tunable fractionation techniques is essen-
tial for the standardized application of lignin materials.

Many optical materials require submicron feature sizes on
the order of the wavelength of light and, in some cases, even
finer control of the structure at the nanoscale. Lignin colloidal
particles with high resolution (down to 20 nm) were achieved
by using antisolvent, dialysis, and other micro- and nano-fabri-
cation methods, but with very limited productivity and hom-
ogeneity. Standardized production processes and quality
control are essential for the scalability and commercial viabi-
lity of the applications. The precise control of the micro- and
nano-scale structures of lignin-derived materials is both a
necessity and a challenge. The development of efficient and
stable lignin extraction and supply chain technologies is vital
for improving resource utilization efficiency and ensuring the
consistent supply and quality of lignin materials, particularly
in industrial production where cost and performance are
equally important.

In conclusion, the exploitation of the distinctive optical pro-
perties of lignin opens up a new avenue for lignin valorization.
The precise and demand-driven regulation of lignin molecular,
micro- and macro-structures, so that it exhibits unique optical
properties such as ultraviolet absorption, phosphorescence,
fluorescence, and photothermal conversion, can result in the
generation of a diverse range of novel functional materials.
With in-depth studies in chemistry, biology, physics, and
materials, lignin, an ancient natural polymer, will continue to
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be the abundant natural resource for new materials, showing
more possibilities.
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