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Lignin-Based Photothermal Materials: Bridging
Sustainability and High-Efficiency Energy Conversion
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Lingping Xiao, Hanhui Lei, Terence X. Liu,* Zhanhui Yuan,* and Run-cang Sun

Photothermal materials can effectively absorb light and convert it into heat,
providing sustainable solutions to mitigate environmental pollution and
energy shortages. Compared to traditional photothermal materials, lignin has
garnered significant attention due to its wide availability, low cost,
biocompatibility, renewability, and sustainability. Consequently, lignin-based
materials are considered ideal candidates for the development of eco-friendly
photothermal systems, aligning well with the increasing demand for
sustainable energy solutions. This review discusses the potential of
lignin-based photothermal materials, highlighting their unique molecular
structure and the photothermal properties imparted by their aromatic rings,
which facilitate effective energy conversion through non-radiative vibrational
relaxation. Discussed the latest advances in the applications of lignin
photothermal materials in photothermal drive, solar desalination, and
biomedicine. Despite the significant potential of lignin, challenges such as
structural variability, long-term stability, and scalability remain critical. This
paper integrates recent progress and proposes strategies to optimize the
photothermal performance of lignin-based materials, while emphasizing
important directions for sustainable development, thereby providing a
roadmap to fully realize the potential of lignin in next-generation green

which have led to the overexploitation of
fossil fuels, resource depletion, and ecosys-
tem degradation.'?] The production of
petroleum-based chemicals further exacer-
bates greenhouse gas emissions and en-
vironmental pollution.®! The “dual-carbon
policy” further emphasizes the urgency for
change in the energy and environmental
sectors.l*] Tackling these issues requires the
development of clean, renewable energy
sources and sustainable materials.

Among renewable energy forms, solar
energy is favored for its abundance and
cleanliness.’] Photothermal materials, a
class of functional materials capable of ef-
ficiently absorbing sunlight and convert-
ing it into thermal energy, hold signifi-
cant promise for advancing solar energy
utilization.[®! Different photothermal con-
version mechanisms allow for the classifi-
cation of photothermal materials into three
primary types: plasmonic localized heating,
non-radiative relaxation in semiconductors,

technologies.

1. Introduction

Environmental pollution and energy scarcity are urgent chal-
lenges driven by rapid population growth and industrialization,

and thermal vibrations within molecules.!”]
However, traditional photothermal mate-
rials such as metallic nanoparticles and
semiconductor materials suffer from high
costs, complex fabrication processes, and poor environmental
compatibility, significantly hindering their practical applications.
To overcome these challenges, identifying cost-effective alterna-
tive materials becomes crucial. Lignin, due to its low cost and
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Figure 1. Overview of major applications of lignin-based photothermal materials: actuation,!?° Copyright 2022, American Chemical Society seawater
desalination,["®] Copyright 2023, Wiley. photothermal therapy,!26! Copyright 2024, Elsevier sterilization,!'®] Copyright 2022, American Chemical Society.
adsorption!?] Copyright 2024, Elsevier and phase change.[?’] Copyright 2024, Elsevier.

potential for photothermal conversion, stands out as an ideal can-
didate.

Lignin, second only to cellulose as a renewable biomass re-
source, represents one of the most abundant natural polymers
globally.®l Annual lignin production from the pulping indus-
try alone reaches ~50 million tons, underscoring its significant
availability and potential for sustainable utilization.° Despite the
abundant availability of lignin resources, a substantial portion
undergoes incineration or disposal, leading to significant envi-
ronmental pollution and considerable energy waste.[1%!!] The de-
velopment of high-value applications for lignin thus represents
an urgent challenge in contemporary research. Compared to tra-
ditional photothermal materials such as gold nanoparticles and
titanium oxide, lignin offers a more economical, efficient, and
eco-friendly alternative, which enhances its appeal in scalable ap-
plications. Therefore, lignin as a photothermal material is receiv-
ing increasing attention. Chen’s research group!'?! investigated
the photothermal effect of alkali lignin nanoparticles (L-NPs) and
found that L-NPs exhibit strong absorption in the solar spectrum,
with a stable photothermal conversion efficiency of 22% under
simulated solar radiation of 100 mW c¢m~2. To further improve
the efficiency, Shao et al.['*} explored the demethylation modifi-
cation of lignin. The modified lignin exhibited a reduced molecu-
lar weight and increased phenolic hydroxyl content, resulting in
more compact z—z stacking, which increased the photothermal
efficiency of the modified lignin to 43.2%. These results indicate
that lignin holds great potential as a photothermal material.

Lignin-based photothermal materials have achieved signifi-
cant advancements across diverse fields (Figure 1). In photother-
mal actuation, researchers have harnessed the exceptional pho-
tothermal conversion performance of lignin to fabricate light-
driven actuators and successfully achieve remote control.['41]
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Lignin-based photothermal materials have been used to pre-
pare high-performance seawater desalination devices and effec-
tively enhance desalination efficiency and water quality."®! Fur-
thermore, lignin-based materials hold considerable promise in
biomedicine, with applications in tumor photothermal therapy
and controlled drug delivery, illustrating their potential to con-
tribute to targeted, minimally invasive treatments.'’-"1 Addi-
tional advances have been achieved in areas such as photother-
mal self-healing, adsorption, and phase-change systems, expand-
ing the utility of lignin in functional applications.[2*-?2] The evo-
lution and development of lignin-based photothermal materials,
as shown in Figure 2, demonstrate their emerging potential for
sustainable applications.

However, despite these advancements, the practical imple-
mentation of lignin-based photothermal materials faces several
critical challenges. The structural complexity and inherent vari-
ability of lignin contribute to inconsistencies in material proper-
ties, which complicates extraction and purification processes.?3]
Furthermore, issues related to long-term stability and scalability
must be addressed to facilitate wider adoption.

Recent years witnessed substantial progress in understanding
the chemical structure and properties of lignin, laying a solid
foundation for exploring its photothermal conversion capabili-
ties. However, systematic reviews dedicated to lignin-based pho-
tothermal research remain scarce. Guan et al.?*l investigated
the application of lignin in photothermal materials, focusing on
the relationship between the chemical structure of lignin and
its derivatives and their photothermal conversion mechanisms.
However, their exploration of lignin’s potential applications in
other fields is limited and lacks comprehensiveness.

This review offers a comprehensive analysis of lignin-based
photothermal materials, covering the underlying principles,

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. A concise timeline of photothermal materials for lignin and its derivatives. Desalination,[28] Copyright 2022, Elsevier antibacterial properties,[?°]
Copyright 2021, Royal Society of Chemistry. photothermal thermoelectric generation,'?] Copyright 2022, Elsevier waste oil adsorption,3%! Copyright 2022,
Elsevier photothermal therapy, 26! Copyright 2023, Elsevier shape memory,[' Copyright 2022, Royal Society of Chemistry. photothermal sterilization,[31]
Copyright 2022, American Chemical Society. actuator,?’] Copyright 2022, American Chemical Society. adhesives,[32] Copyright 2023, Royal Society
of Chemistry. solar-thermal-electrocatalytic,l®] Creative Commons Attribution 3.0 Unported Licence. All-day evaporators,[*3] Copyright 2023, Elsevier
hydrophobicity,[3*] Copyright 2024, Elsevier microorganism eradication,!'8] Copyright 2023, Wiley. mechanisms, 3% Copyright 2024, Royal Society of
Chemistry. gripping,!'>] Copyright 2024, Elsevier wooden evaporators,!'®] Copyright 2023, Wiley. self-healing.[2?] Copyright 2024, Wiley.

classification, enhancement strategies, and current applications.
By systematically comparing lignin with other conventional
photothermal materials, the study highlights its advantages and
limitations, providing a deeper understanding of its potential in
this field and offering valuable insights for further development
and optimization. It examines the structural characteristics of
lignin, the mechanisms governing photothermal conversion,
and the progress across various application domains while
addressing challenges and future research directions. The re-
view highlights the photothermal performance mechanisms of
lignin, emphasizing its low cost, environmental sustainability,
and efficient photothermal conversion ability. It summarizes
strategies for improving photothermal efficiency and outlines
promising applications in seawater desalination, photothermal
therapy, energy storage, and other photothermal-driven pro-
cesses. This review highlights the main challenges and future
prospects for advancing lignin-based photothermal technolo-
gies. Through a systematic synthesis and analysis of existing
studies, this review aims to furnish researchers with valuable
insights and references, promoting further development and
application of lignin-based photothermal materials. Ultimately,
this review aims to contribute to addressing energy crises and
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environmental challenges by advancing the practical application
of lignin in sustainable photothermal technologies.

2. Lignin: A Natural Aromatic Polymer

2.1. Lignin Sources

Lignocellulose as the main component of the plant cell wall,
which is responsible for the plant’s support mechanisms.3¢) As
shown in Figure 3a, Lignin, cellulose, and hemicellulose are the
most important lignocellulose components, which combine to
make wood and other plant tissues to maintain a specific struc-
ture and strength.’7-] Cellulose, a long-chain polysaccharide
composed of f-1,4-glycosidic bonded glucose units, ranks among
the most abundant organic polymers in nature. As a major struc-
tural component of wood and plant cell walls, cellulose primar-
ily imparts mechanical strength and stiffness to plants.[*!l Hemi-
cellulose, a heterogeneous polysaccharide with a structure more
complex than that of cellulose, comprises sugar units such as
xylose, pentose, hexose, and deoxyhexose in various linkages.
Functioning as a structural bridge between cellulose and lignin,
hemicellulose enhances cell wall flexibility and contributes to its

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Fundamental structure and linkages of lignin. a) The composition of lignocellulose includes three main fractions: lignin, cellulose, and
hemicellulose.l>?] Copyright 2022, Elsevier b) The three phenylpropanol monomers of lignin consist of p-coumaryl, coniferyl, and sinapyl alcohols,
as well as the corresponding p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). c) Lignin structural units and major linkages.

overall stability.[*?] Lignin, recognized as the predominant aro-
matic polymer in nature, accounts for ~30% of the organic car-
bon content in the biosphere. Lignin is a crucial component of
plant cell walls, primarily sourced from wood, the stems of herba-
ceous plants, secondary plant structures (such as bark and roots),
and agricultural residues (including straw, corn stover, and sug-
arcane bagasse).[*}] Lignin is essential for the cell wall’s tough-
ness and rigidity, supporting water transport and offering protec-
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tion against pathogens and environmental stresses.l**) However,
lignin presents notable challenges in industrial applications, par-
ticularly within the paper industry, where its presence adversely
impacts paper whiteness and strength, posing a substantial hur-
dle that must be addressed to enhance product quality. Moreover,
given its complex and heterogeneous structure, the efficient con-
version of lignin into biofuels, chemicals, and high-value materi-
als has become a prominent research focus.
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Table 1. Summary of industrial lignins obtained by different extraction methods and their properties.

Lignin type Structure M,, [10% gmol~"] Solubility Extraction method Sulphur [%] T, [°C] Refs.
Kraft lignin 15t05 Alkali; some organic Kraft process using a 1.0to0 3.0 124-174 [9,38,51,55]
(HS)H _Lignin (up to 25) solvents (DMF, pyridine mixture of NaOH and
O and DMSO) Na,S
OCHj;
OH
Soda lignin HO 1-50 Alkali Soda process using 13-16% 0 130-168 [9,51,55]
HO. Lignin (up to 150) of NaOH
OCHj3
OH
Lignosulfonate 0.8-3 Water Sulfite process using 3.5t0 8.0 ~130 [9,51,55]
NaO;S _Lignin (up to 15) hydrogen sulfite and
o sulfur dioxide
OCHj3
OH
Organosolv ﬁ 0.5-5 Wide range of organic Organosolv process using 0 90-112 [9,51,55]
lignin fe) solvents acetic acid ethanol,

o
icri3
OCH;

OH

methanol, etc. mixed with
water

2.2. Lignin Structure

Lignin represents a structurally complex and heterogeneous nat-
ural macromolecule, primarily built from three phenylpropanoid
monomers: p-coumaryl, coniferyl, and sinapyl alcohols, com-
monly known as monolignols.l**] These monolignols polymer-
ize to form the structural units p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) structural units, which integrate into the
lignin polymer to create a highly branched and intricate architec-
ture as illustrated in Figure 3b.1*-*¥] Lignin substructures encom-
pass various interunit linkages characterized by randomly con-
nected C-C bonds (such as 5-5, -5, -1, and p-p) or C-O bonds
(including, a-O-4, 4-O-5, and p-O-4) at diverse locations through
dehydration polymerization (Figure 3c).[2**] Lignin’s structural
complexity is further enriched by functional groups along its side
chains, such as methoxy, carboxyl, phenolic hydroxyl, and other
carbonyl groups, which contribute to its diverse reactivity and bio-
logical functions.**] The §-O-4 ether linkage is the predominant
interunit bond, accounting for more than 50% of lignin’s link-
ages, a feature that influences both its stability and potential for
depolymerization. Variation in the proportions of monolignols
and linkage types is determined by the lignin source, resulting
in distinct structural profiles across plant types.>° Coniferous
lignin, for instance, consists primarily of guaiacyl units bonded
through both ether and carbon-carbon linkages, endowing it with
a denser structure. In contrast, broadleaf lignin contains roughly
equal amounts of guaiacyl and syringyl units, while herbaceous
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lignin incorporates all three units of H, G, and S. This variability
in structural units also results in differences in cross-linking and
rigidity, endowing lignin with unique mechanical and chemical
properties across plant families.[*¢1]

2.3. Lignin Classification

The extraction of lignin from lignocellulose represents a
promising approach for the direct utilization of lignocellulosic
biomass.*®] However, it is worth noting that the structural
and some physicochemical properties of extracted lignin are
significantly influenced by both the extraction method employed
and the original lignocellulosic source.[?! As delineated in Table
1, the main industrial extraction methods for lignin include
kraft, soda, sulfite, and organic solvent methods.®3] The Kraft
pulping process, in particular, remains the most widely adopted
technique for lignocellulose treatment, contributing to ~85%
of global lignin production.® The traditional Kraft process
involves the dissolution of lignin in a mixture of sodium hydrox-
ide and sodium sulfide, commonly referred to as white liquor,
under high temperature and high pH conditions to facilitate
delignification.[’*3] Generally speaking, lignin derived through
the sulfate process contains a small fraction of sulfur-containing
groups (1 to 3 wt%). Thus, commercial kraft lignin is often
sulfonated to enhance its water solubility, a crucial step for
large-scale lignin utilization and its subsequent conversion into

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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high-value lignin-based products.[**>! The soda pulping process,
by contrast, is primarily employed for the treatment of non-wood
lignocellulosic materials such as grasses, bagasse, and straw.[®]
Unlike the Kraft process, no sulfur is introduced during lignin
dissolution, which offers significant potential for generating
high-value lignin derivatives due to the absence of sulfur.3831
The sulfite method is another widely used approach in the pulp
and paper industry, which mainly involves the reaction of lignin
with metal bisulfites and sulfur dioxide (calcium, magnesium,
or sodium as counter ions). Compared to the Kraft process, the
lignosulfonates extracted by this process have higher molecular
weights due to the combination of sulfonic acid groups with
the framework of lignin.I>>! The organic solvent method mainly
utilizes organic solvents as biomass delignification agents to
dissolve lignin and hemicellulose, thereby facilitating lignin
removal.l’}! The technique presents a promising alternative to
conventional pulping technologies, owing to its environmentally
friendly preparation process and high purity, free from sulfur
and ash contaminants.[>>%)

In addition to traditional pulping processes, significant
progress has been made in lignin refining technologies, includ-
ing steam explosion, acid hydrolysis, pyrolysis, ionic liquid disso-
lution, and deep eutectic solvent dissolution.[”*#] Steam explo-
sion involves the treatment of biomass with high-temperature,
high-pressure steam, followed by rapid depressurization, which
causes steam expansion and disrupts the fiber structure. This
process is efficient and cost-effective, but is typically used as a
pretreatment step in combination with other processes, and the
lignin produced tends to exhibit higher heterogeneity.5*") Hy-
drolyzed lignin, a byproduct of cellulose hydrolysis for bioethanol
production, is denser and more cross-linked than sulfate lignin,
making depolymerization more challenging.[!! Pyrolysis, con-
ducted under anoxic conditions, converts lignocellulosic biomass
into bio-oil, char, and gases (H,, CO, CO,, CH,), with lignin
mainly degrading into phenolic compounds and char. Ionic lig-
uids (ILs) show promise in ionic solvent methods, however, their
high cost limits industrial applications.[®?] Deep eutectic solvents
(DESs), composed of hydrogen-bond donor-acceptor pairs in spe-
cific ratios, offer advantages such as low cost, biodegradability,
and ease of preparation. DESs are considered an environmentally
friendly and efficient medium for lignin extraction, demonstrat-
ing high selectivity and low waste generation in lignin separation,
and can be recycled.[®]

3. Photothermal Conversion of Lignin

Solar photothermal conversion, recognized as an efficient ap-
proach for converting solar energy into thermal energy, have at-
tracted considerable interest from both the research community
and industry, particularly in light of the escalating global energy
demand and growing environmental awareness.[®%4] Lignin, as a
natural and renewable polymer material, offers a more abundant
and environmentally friendly source of raw materials compared
to traditional photothermal materials such as precious metals
and semiconductor materials, making it suitable for large-scale
applications. Additionally, the biocompatibility and biodegrad-
ability of lignin provide promising prospects for its use in fields
such as medicine and environmental protection.*®! As shown
in Table 2, compared to some traditional photothermal materi-
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Table 2. Comparative analysis of photothermal properties of lignin and traditional materials.
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Figure 4. Mechanism of photothermal properties in lignin. a) Photothermal effects stem from various mechanisms.[”] Copyright 2019, Royal Society of
Chemistry. b) UV-Vis—NIR spectra of AL, EL, and AOH.[™] Copyright 2022, Royal Society of Chemistry. c) Photothermal comparison between lignin and
long chain modified lignin.[?] Copyright 2021, American Chemical Society. d) Non-relaxation radiation mechanism of lignin.l”8] Copyright 2022, Royal
Society of Chemistry. e) Photothermal comparison between lignin and electron-withdrawing group lignin.[3%] Copyright 2022, Royal Society of Chemistry.

als, its photothermal conversion efficiency remains insufficient,
which may limit its widespread use in certain high-demand appli-
cations. Therefore, the photothermal performance of lignin will
require further optimization and modification in the future to
address these limitations.

3.1. Basic Conversion Mechanisms of Photothermal Materials

The conversion efficiency of photothermal materials is not only
affected by the light absorption coefficient of the material, but
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also closely related to the structural composition, morphology,
and surrounding environment.!%] In this section, as shown in
Figure 4a, three basic mechanisms involved in the photothermal
conversion process are briefly outlined.”] 1) Plasmonic localized
heating. Metal nanostructures including gold, silver, and plat-
inum contain a large number of highly concentrated free and po-
larizable electrons inside and these plasmonic nanoparticles can
efficiently absorb the energy of incident photons through elec-
tronic transitions under illuminating conditions.!*! Notably, lo-
calized surface plasmon resonance (LSPR) is observed when free
electrons inside the metal are appropriately illuminated, which
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can be further enhanced when the photon energies match the rel-
evant energy bands of the LSPR. The LSPR is mainly presented
in three forms: near-field enhancement, thermoelectric genera-
tion, and photo-thermal conversion, all of which contribute to
enhanced light absorption and local field amplification.[®6567] 2)
Non-radiative relaxation of semiconductors. By capturing pho-
ton energy that surpasses the bandgap, semiconductor materials
are capable of converting solar energy into thermal heat. Elec-
trons in the valence band (VB) can be excited to the conduction
band (CB), followed by the generation of excited-state electrons
and holes in the CB and VB, respectively.l®*%°] Subsequently, the
excited-state electrons and holes relax to the respective edges of
the CB and VB, and ultimately convert solar energy into heat. In
semiconductors, thermal losses will increase when charge carri-
ers that release phonons instead of photons recombine, which
leads to a localized temperature increase in the lattice.”’l The
photothermal performance loss in direct bandgap materials is
largely attributed to the release of photons by radiative recombi-
nation of excited carriers (electrons and holes). Additionally, the
reflection of light with wavelengths shorter than the band edge
will also result in lower photothermal conversion efficiency.[®¢4]
3) Thermal vibration in molecules. Carbon-based materials and
polymers also have excellent light absorption characteristics and
can generate heat through lattice vibrations. The energy differ-
ence between the ¢ and o orbitals of most single-bond carbons
(e.g., C-C, C-0, and C-H) is substantial, making it difficult to
excite.l”!] Moreover, conjugated = bonds can induce a red shift in
the absorption spectrum. When a large number of z bonds are
present, the energy level difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) decreases, resulting in a red shift in the absorp-
tion spectrum.®®! Additionally, conjugated = bonds induce a red
shift in the absorption spectrum. With an increased presence of
7 bonds, the energy gap between the HOMO and the LUMO nar-
rows, leading to a red shift in the absorption spectrum./%! Thus,
during electronic transitions, z electrons are excited from the
HOMO to the LUMO, and the excited electrons subsequently re-
turn to the HOMO energy level, releasing heat when the energy
of the incident photon matches the energy required for these elec-
tronic transitions within the organic molecule.[®7273]

3.2. Lignin Photothermal Conversion Mechanism

In industrial processes, the natural structure of lignin degrades
under acidic, alkaline, and high-temperature conditions, lead-
ing to the formation of chromophores (such as carbon-carbon
double bonds, aromatic rings, quinone methyl, and quinone
conjugates) and co-chromophores (such as phenolic hydroxyl
groups).”*l To further investigate the photothermal conversion
mechanisms of lignin, exploring the relationship between its
band gap structure and molecular interactions with photon radia-
tion is essential.’>7] The photothermal effect of lignin primarily
depends on the chemical structure and z—r interactions within
the molecular framework.!"?] The extensive aromatic ring struc-
ture in lignin promotes efficient photon absorption in the visi-
ble and near-infrared (NIR) spectrum.[*] Upon illumination, aro-
matic rings undergo photoexcitation, leading to electronic tran-
sitions that rapidly convert absorbed energy into heat, subse-
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quently releasing heat into the surrounding medium."*l There-
fore, the photothermal conversion mechanism of lignin primar-
ily involves two key processes: light absorption and non-radiative
relaxation. Due to its rich aromatic structure and the presence
of functional groups such as hydroxyl and methoxy, lighin can
effectively absorb light at specific wavelengths, typically in the ul-
traviolet and visible light ranges.[¢1419] The free electrons in these
structures can easily be excited from the 7 orbitals to the z* or-
bitals under low-energy radiation.['*¢ When the energy of inci-
dent photons matches the electronic transition of lignin, z elec-
trons are excited from the ground state to a higher energy level.['¢]
These r electrons return to the ground state through vibrational-
electronic coupling and release excess energy in the form of heat.
Furthermore, the conjugation or hyperconjugation of the = or-
bitals can alter the electronic transition between the ground and
excited states.”’] As the number of z bonds increases, the band
gap energy decreases, reducing the energy required for electrons
to transition from the low-energy state to the high-energy state.
The shift in energy levels plays a crucial role in the photothermal
conversion efficiency.[®3] Alternatively, non-radiative relaxation
represents another crucial process. Following light absorption,
lignin molecules undergo non-radiative relaxation, transitioning
from an excited state back to the ground state, thereby releasing
thermal energy into the surrounding environment.[%>78] Thermal
energy can be efficiently transferred within the material due to
the excellent thermal stability and thermal conductivity of lignin
given by the chemical structure.[”®! However, some light energy
continues to be lost through radiative transitions. Therefore, sup-
pressing radiative transitions serves as a key approach to improv-
ing photothermal conversion efficiency.

The structure of lignin plays a crucial role in determining
its photothermal conversion efficiency. Li et al.l'*! compared the
photothermal conversion efficiencies of three types of lignin: al-
kaline lignin (AL), low molecular weight alkaline lignin (AOH),
and enzymatic hydrolysis lignin (EL). As shown in Figure 4D,
UV-Vis-NIR analysis showed a characteristic benzene ring ab-
sorption peak at 356 nm for all lignin and maintained high ab-
sorbance at 808 nm (AL: 0.18, EL: 0.16, AOH: 0.11). Despite
AL having the highest absorbance at 808 nm, AOH exhibited
the best photothermal conversion efficiency (n = 53.7%), high-
lighting that molecular structure, not just light absorption, is
key to photothermal performance. The temperature rise fol-
lowed the order AOH > AL > EL, which contrasts with their
molecular weight trend (AL > EL > AOH). AOH’s higher hy-
droxyl content, intermolecular hydrogen bonding, and z—= stack-
ing enhanced non-radiative energy release, improving photother-
mal conversion. Zhao et al.’) treated lignin with demethyla-
tion, which increased the phenolic hydroxyl content in lignin,
thereby promoting intermolecular interactions, particularly z—=
stacking. The demethylation process altered the molecular struc-
ture of lignin, and after the removal of methyl groups, the ag-
gregation of lignin molecules became more compact, further
facilitating the delocalization of electrons and significantly en-
hancing its photothermal conversion ability. Therefore, these re-
sults demonstrate that the photothermal conversion efficiency
of lignin is closely linked to its light absorption capacity and is
also significantly influenced by its molecular structure. Similarly,
modifying the structure of lignin also affects its photothermal
behavior.
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Further elucidation of the photo-thermal mechanism of lignin
has been provided by other researchers. As depicted in Figure 4c,
photothermal experiments were performed to compare the in-
hibitory effect of long alkyl chain-modified lignin on molecular
m—n stacking. In addition, the photothermal effect of lignin stem-
ming from the non-radiative relaxation of 7—r stacking was veri-
fied by density functional theory calculations. The photothermal
conversion process mainly comprises two stages: light energy ab-
sorption and heat generation. The energy gap between LUMO
and HOMO of lignin materials is lower than that of other mate-
rials due to the presence of 7—r stacking structure. Excited elec-
trons can transition from the LUMO state to the HOMO state
generating heat and accompanied by a nonradiative transition
when light strikes lignin materials (Figure 4d).l”%) Lei et al.>®) pro-
posed an approach to enhance the photothermal effect of lignin
by incorporating electron-withdrawing groups, as illustrated in
Figure 4e. By introducing electron-withdrawing acetyl groups,
a donor—acceptor (D-A) structure was successfully constructed
within the lignin molecule, thereby narrowing the band gap of
the modified lignin (ACAL) and enhancing its light absorption ca-
pability. Moreover, the reduction in hydrogen bonding in ACAL,
due to decreased hydroxyl content, weakens intermolecular in-
teractions and enhances molecular mobility, which further pro-
motes the non-radiative decay of lignin and ultimately boosts
photothermal conversion.

In summary, the photothermal conversion capability of lignin
can be attributed to the vibrational activity of its aromatic rings
and other structural elements, which effectively convert light en-
ergy into thermal energy through non-radiative relaxation. Lignin
holds significant potential for photothermal conversion, offering
promising prospects for the advancement of sustainable energy
technologies.

3.3. Strategies to Enhance the Capacity of Lignin-Based Materials
for Photothermal Conversion

The presence of various reactive groups, including hydroxyl and
methoxy groups, in lignin’s chemical structure allows for chem-
ical modification to further enhance its photothermal properties
and expand its application scope.[*] Furthermore, lignin-based
photothermal materials offer a cost-effective alternative to no-
ble metal nanoparticles, significantly reducing the economic bur-
den associated with photothermal technologies. This section pro-
vides a detailed discussion of the advantages of lignin in the field
of photothermal materials and its preparation strategies. Strate-
gies for enhancing lignin’s photothermal efficiency include.
1) Nanoscale processing. processing lignin into nanoparticles
through nanotechnology can significantly increase its specific
surface area and further enhance photothermal conversion effi-
ciency. Ma et al.®*l successfully fabricated a robust and photother-
mal superhydrophobic coating using dual-size lignin micro-
nanospheres (LMNSs), which include lignin microspheres (m-
LMNSs) and nanospheres (n-LMNSs). The micro-nanospheres
settled sequentially on the substrate surface due to gravitational
forces. The photothermal effect of the coating results in a rapid
surface temperature rise from ~13 to 112 °C within 60 s under
laser irradiation, demonstrating excellent photothermal respon-
siveness. The innovative structural regulation approach greatly

Adv. Sci. 2025, 12, 2501259 2501259 (9 of 26)

www.advancedscience.com

improves the durability and photothermal performance of lignin-
based superhydrophobic coatings, confirming the method’s fea-
sibility for practical applications. 2) Chemical modification. The
light absorption ability and thermal stability of lignin can be
further improved by introducing specific light-absorbing groups
or combining with other materials with excellent photothermal
properties. Lei et al.**] modified lignin through acetylation, with
the introduction of acetyl groups forming electron D-A struc-
tures that enhanced light absorption. Under 808 nm laser irradi-
ation at 0.51 W cm~2, the photothermal conversion efficiency of
acetylated lignin (ACAL) reached 73.2%, 37% increase compared
to unmodified lignin, demonstrating that chemical modification
significantly improves the photothermal effect of lignin mate-
rials. 3) Preparation of composite materials. Combining lignin
with materials such as graphene, porous carbon materials, and
metal materials facilitates the formation of composite photother-
mal materials. Shao et al.[*®] prepared a lignin-guided solution
of copper sulfide nanoparticles. The PVA photothermal film fab-
ricated using this lignin-guided CusS stabilization solution exhib-
ited excellent solar absorption capacity (about 95%) and good uni-
form dispersion of CuS nanoparticles. The film demonstrated a
high photothermal conversion efficiency (~49.43%), providing a
novel approach for synthesizing metal nanoparticles regulated by
lignin and for utilizing lignin as a multifunctional photothermal
material in energy production and environmental remediation.

Lignin, as a photothermal material, holds significant poten-
tial due to its natural abundance, eco-friendliness, good biocom-
patibility, and ease of chemical modification. Enhancing its pho-
tothermal conversion efficiency through various strategies can
expand its applications in the photothermal field. However, the
feasibility and limitations of each approach need further con-
sideration. For instance, nanoscale processing can be expensive,
while chemical modification necessitates specific reaction condi-
tions. Therefore, it is crucial to select the most appropriate strat-
egy based on the specific context in order to maximize the prac-
tical applications of lignin.

4. Applications of the Lignin Photothermal Effect

The application fields of lignin photothermal materials are
gradually broadening driven by an increasingly sophisticated un-
derstanding of their photothermal conversion mechanisms. As
a biopolymer with high natural abundance and inherent solar-
thermal conversion properties, lignin offers a promising solution
to the growing global demand for renewable and sustainable
energy sources. For example, in the field of seawater desalina-
tion, lignin-derived photothermal materials are being explored
for the development of high-performance evaporators, thereby
significantly enhancing desalination efficiency.””! In the area of
photothermal response materials, lignin-based substances are
being utilized to create materials with precisely tunable optical
properties, presenting distinct advantages for the design of
dynamic and adaptive systems.[®?) Furthermore, the application
of lignin photothermal materials is proposed to extend into a
wide array of domains, including biomedicine, phase-change
energy storage, and other cutting-edge technologies.!'*79%3] This
review provides a comprehensive synthesis of recent advance-
ments in lignin photothermal nanomaterials, highlighting key
case studies that underscore the transformative potential of
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these materials in addressing pressing challenges across a broad
spectrum of scientific and industrial fields.

4.1. Photothermal Responsive Materials

The photothermal conversion of light-absorbing materials
leads to the fundamental mechanical deformation of thermal-
responsive devices, such as bending, twisting, rotating, and
jumping actions.”! In the design of photothermal actuators,
several factors must be carefully considered, including the de-
gree of photothermal conversion, the resulting stresses and
strains, material durability, and the response time. Research into
photothermal-responsive materials is not only critical for un-
derstanding the underlying response mechanisms of these ma-
terials but also holds significant practical implications for the
development of advanced optoelectronic devices, smart materi-
als, and other emerging technologies. Shape memory polymers
(SMPs) are a class of polymers with the unique ability to mem-
orize various shapes and recover a pre-determined form when
exposed to specific stimuli, such as heat, magnetic fields, electric
fields, moisture, or light.®*) Li et al.l®®) successfully synthesized a
lignin-copoly (ester-amine) elastomer with shape memory prop-
erties using a one-pot, two-step condensation reaction. Thermal-
responsive shape memory copolymer elastomer demonstrated
enhanced mechanical and thermal properties due to the inter-
action between lignin and other polymers. Additionally, the in-
corporation of lignin enabled the copolymer to exhibit signifi-
cant shape memory effects, allowing it to revert to its original
shape upon appropriate thermal stimulation. As research into
thermal-responsive materials advances, significant attention is
being directed toward achieving more precise and controllable
temperature-responsive behaviors, which is crucial for expand-
ing their practical applications. Lignin, as a clean and abundant
energy source, has emerged as a critical factor in advancing the
development of sustainable technologies.

Biomass lignin has been shown to be an efficient photother-
mal agent for the preparation of multifunctional smart elastomer
composites, primarily attributed to the its conjugated structure,
which effectively promotes the jump of electrons from low-
energy orbitals to high-energy states.['*?¢] Notably, NIR light ab-
sorbed by lignin is predominantly released through non-radiative
decay processes. Li et al.l" directly incorporated AL as a func-
tional agent into polyethylene elastomer (POE) through a solvent-
free melt compounding process to prepare multifunctional smart
elastomer composites. Under near-infrared light stimulation, the
elastomer composites exhibit a light-triggered shape memory ef-
fect. Figure 5a visually demonstrates the shape memory effect of
P3218. When locally heated to 90 °C by NIR radiation, the ma-
terial is first programmed from a flat permanent shape into a
temporary bent “V” shape, then quickly cooled to room tempera-
ture. The temporary “V” shape is fixed after the external force is
removed, and this temporary shape remains stable at room tem-
perature. The sample can respond to near-infrared light within
30 s, rapidly returning from the temporary “V” shape to its orig-
inal linear form. In similar study, Jin et al.”’] utilized enzymatic
hydrolysis lignin, itaconic acid, and 1,12-dodecanediol as raw ma-
terials to fabricate lignin-based light-driven shape-memory poly-
mers, without any chemical modification of the lignin. ELID30,
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a composite material from this study, demonstrated the ability
to reach temperatures above its glass transition temperature (Tg)
under solar radiation, promoting the light-induced shape mem-
ory effect. A temporary shape was programmed into the form of a
black rose, which, upon exposure to solar radiation, transitioned
significantly from a closed bud to an open flower (Figure 5b).
The restoration of each petal’s specific shape was dependent on
the angle of irradiation. Building upon the fundamental princi-
ples of photothermal shape-memory materials, the potential for
dynamic movement can be further investigated. Through care-
ful design and development, photothermal-responsive materials
exhibit sunflower-like phototropic behavior. Upon illumination,
these materials undergo shape changes and spontaneously adjust
their orientation toward the light source. Tu et al.[”®! proposed a
construction method known as the photothermal domino strat-
egy, which sequentially optimizes photothermal generation, ther-
mal conduction, and thermally driven responses through co-
ordination effects. This approach enables the development of
fast-responsive biomimetic phototropic materials with a wide
temperature-responsive range. The photothermal conversion ef-
ficiency of lignin was enhanced 2.3-fold through Zn** — z co-
ordination interactions, which reduced the energy bandgap be-
tween the HOMO and LUMO of lignin molecules and promoted
the non-radiative transition of lignin free radicals. By grafting
lignin-based coordination compounds onto an EPDM matrix,
the interface coordination bonds effectively enhanced the ther-
mal conductivity between lignin and the polymer matrix. Fur-
thermore, mechanical training promoted the alignment of poly-
mer chains at the interface, reducing entropy within the lignin—
EPDM elastomer composite and accelerating the material’s ther-
mal/photothermal reversible driving performance. The compos-
ite also exhibited a wide temperature-responsive window (30-90
°C). Similar to natural sunflowers, the lignin-EPDM elastomer
composite exhibited phototropic motion due to asymmetric de-
formation caused by the temperature difference between the ir-
radiated front and back surfaces (Figure 5c). The light-tracking
process was completed in just 2.5 s, achieving a speed that sur-
passed that of real sunflowers and previous artificial phototropic
materials. This adaptive response improves the material’s intelli-
gent responsiveness, thereby creating new opportunities for ap-
plications in autonomous adjustment, solar energy harvesting,
and related fields.

With the growing demand for environmental protection and
sustainable development, research on photothermal-responsive
materials has gradually shifted from traditional petroleum-
based raw materials to greener, more economical, and envi-
ronmentally friendly biomass-based alternatives. The produc-
tion of petroleum-based materials depends on limited fossil re-
sources and contributes to environmental pollution. In contrast,
biomass-based materials, as natural and renewable resources,
offer significant potential for reducing carbon emissions and
promoting sustainable resource utilization. With advances in
green chemistry technologies, the synthesis and application of
fully biomass-derived materials continue to make breakthroughs,
contributing positively to the promotion of the green economy
and sustainable development. Sun et al.*®l introduced a fully
biomass-derived photothermal elastomer (BPTE), which was
prepared using a simple, chemical-free method with biomass-
derived lignin, lipoic acid, and phytic acid as raw materials. The
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Figure 5. Photothermal properties and actuation of lignin-based photoresponsive elastomers. a) Shape memory effect observed under NIR light at
808 nm with a power density of 0.47 W cm~2, where the distance between the sample and light source was 10 cm.[™! Copyright 2022, Royal Society of
Chemistry. b) The shape memory and thermographic behavior of ELID30 under 3 sun radiation conditions.[”] Copyright 2022, Elsevier c) Temperature
variations on the illuminated side (front) and the shaded side (back) of P100L6Z15@600% during the 808 nm near-infrared laser tracking process
at a power density of 0.95 Wem™2.78] Copyright 2022, Royal Society of Chemistry. d) Schematic soft gripper sorting systems enabled by A,L BPTE
actuators.[®®] Copyright 2022, Wiley. e) Schematic diagram of self-folding for LP4-50.12°] Copyright 2022, American Chemical Society.
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study demonstrated that phenolic groups in AL reacted with thiol
radicals at the chain ends of PLA, effectively preventing PLA net-
work depolymerization at room temperature and enabling a dy-
namic covalent disulfide-crosslinked polymer network. By adjust-
ing the content of AL, the microstructure of the polymer network
could be tuned, resulting in high mechanical strength, excellent
ductility, rapid self-healing, hydrophobicity, anti-swelling proper-
ties, and recyclability. Additionally, the #—r conjugated structure
in AL contributes to enhancing the photothermal conversion ef-
ficiency, giving the material excellent photothermal responsive-
ness under visible and near-infrared light. For instance, Figure 5d
shows the development of a near-infrared-driven four-arm soft
actuator, a study that not only advanced the high-value utiliza-
tion of AL but also offered an effective solution to the perfor-
mance balance and sustainability challenges in the field of pho-
tothermal materials. Chen et al.[?*] provided new insights into the
development of high-performance and green lignin-based pho-
tothermal agents. Lignin-based photothermal actuator has been
developed to demonstrate rapid light-driven contraction capabili-
ties. Light-driven shrinkage of up to 18% is achieved when lignin
is blended with a polyamide elastomer derived from castor oil.
Stress-induced strain energy under load is firmly locked due to
the crystals in the polymer matrix acting as switchable segments.
The strain energy is rapidly released by the photothermal pro-
cess, resulting in a pronounced contraction. The composite ma-
terial contracts in multiple directions and exhibits dynamic bend-
ing when locally irradiated by NIR 808 nm laser. Additionally, as
shown in Figure Se, the LP4-50 is shaped into a flat box, which,
under NIR laser irradiation, returns to its 3D shape in just 20 s. It
provides important insights for the development of lignin-based
photothermal responsive materials with high potential applica-
tions.

These findings highlight the vast potential of lignin-based elas-
tomer composites for precision remote-controlled smart materi-
als, with applications spanning robotics, machines, sensors, ster-
ilization, and self-repairing devices.[®®! Such advancements not
only enhance the practical utilization of lignin but also contribute
to the sustainable development and high-value applications of
biomass-derived resources. The continued research on lignin-
based photothermal actuators and other non-contact manipula-
tion tools to realize faster response time, higher energy conver-
sion efficiency and greater mechanical robustness, ultimately ad-
vancing the development of smart autonomous systems.

4.2. Photothermal Self-Healing Materials

Under light exposure, photothermal self-healing materials repair
themselves by utilizing the heat generated. Lignin effectively ab-
sorbs light energy and converts it into heat, enhancing the self-
healing ability of the material. Its inclusion provides cost effi-
ciency, environmental friendliness, and improved thermal sta-
bility, accelerating the repair process in damaged areas and thus
extending the material’s lifespan and performance.

Recent reports indicate that the lignin within the material ab-
sorbs light, triggering the release of thermal energy, causing the
self-healing agent to melt at elevated temperatures and uniformly
flow out to fill and repair the damaged area (Figure 6a). This pro-
cess enhances the material’s lifespan and durability while reduc-
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ing reliance on traditional repair methods, thereby minimizing
resource waste. Additionally, lignin, being derived from biomass,
is environmentally friendly and aligns with sustainable develop-
ment principles. Sun et al.*?! successfully developed a novel mul-
tifunctional lignin-modified polyester elastomer (LFPEe), which
was prepared by combining 2,5-furandicarboxylic acid (FDCA)-
based polyester oligomers (PPeF) with lignin (AOH). In the de-
sign of the material, particular attention was paid to the construc-
tion of dynamic bonds, especially hydrogen bonds and covalent
carbonate ester bonds, which together form a self-healing sys-
tem. The covalent carbonate ester bonds exhibited distinct dy-
namic properties at a high temperature of 150 °C, manifested
as stress relaxation, confirming their ability to self-heal at ele-
vated temperatures (Figure 6b). This excellent combination of
photothermal functionality and dynamic covalent bonds imparts
outstanding light-triggered self-healing performance to the LF-
PEe material. Sun et al.*! designed a multifunctional elastomer
based on lignin. The polymer elastomer network is composed of
ring-opening polymerized poly(lipoic acid) (PLA), with the car-
boxyl groups of PLA forming coordination bonds and hydrogen
bonds with Fe3* and lignin. Lignin plays a crucial role in the pho-
tothermal effect, mechanical properties, and thermally induced
self-healing ability. To simulate practical damage, the elastomer
was scratched, and under NIR laser irradiation, the elastomer ex-
hibited the anticipated self-healing behavior (Figure 6c¢). Increas-
ing the temperature accelerated the flow of polymer chains, pro-
moting the formation of the polymer network near the damaged
area, thereby facilitating the self-healing process. Lignin plays a
key role in this process by absorbing NIR light and converting it
into heat, causing the temperature near the damaged area to rise
rapidly above 90.2 °C. This elevated temperature promotes poly-
mer flow and contact at the damage edges, while also assisting
iron ions in recombining with the PLA carboxyl groups. The dam-
aged elastomer was able to essentially complete the self-healing
process. Tensile tests further revealed that untreated damaged
elastomers failed rapidly under tensile stress, whereas the re-
paired samples, after NIR light and thermal treatment, exhibited
tensile properties nearly restored to their original state. Specif-
ically, the tensile strength of the self-healing elastomer recov-
ered 78.8% after 15 min of local heating, while the mechanical
strength reached 98.2% after just 5 min of near-infrared laser
irradiation. This study provides a new perspective on the high-
value utilization of lignin.

UV-responsive self-healing polymers must satisfy the re-
versibility of UV-active double bonds. When damage occurs, ex-
posure to UV light is sufficient to induce bond cleavage with-
out the need for external intervention. The material flows to
the damaged area and repairs the crack. Once the damage is
sealed, the crosslinked structure reforms under different UV
wavelengths (Figure 6d).[1%1 However, for the crosslinked state,
the T, must be higher than room temperature to ensure the ma-
terial remains stable during use. Therefore, the polymer must
be designed with reversible UV-active groups and maintain sta-
bility at room temperature. Introducing efficient photothermal
conversion agents into polymers with low-temperature molec-
ular chain flexibility could enable rapid, real-time self-healing
in various environments (e.g., low temperatures, underwater,
seawater, organic solvents). Notably, lignin is a cost-effective
and sustainable photothermal conversion agent. Its abundant
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Figure 6. Lignin-based photothermal self-healing materials. a) High-performance, light-stimulation healable, and recyclable lignin-based covalent adapt-
able networks.l'9" Copyright 2022, Wiley. b) Light-triggered self-healing phenomenon of sample, with the NIR laser power of 0.9 W cm=2.1% Copyright
2024, Wiley. c) Schematic diagram of the self-healing mechanism of PL40 elastomers.['] Copyright 2022, Elsevier d) Formation of photo-responsive poly-
mer and self-healing mechanism.['%] Copyright 2021, Royal Society of Chemistry. e) Nickel-catalyzed synthesis of self-healing polyolefin composites:

copolymerization with lignin cluster monomers and NIR-triggered healing.[?2] Copyright 2024, Wiley.

functional groups provide a foundation for the construction of
dynamic bonds. However, the incompatibility between lignin and
the polymer often results in poor photothermal efficiency and
material performance. In situ polymerization in the presence of
lignin offers a promising strategy to address this challenge. Chen
etal.??l developed a lignin cluster polymerization strategy (LCPS)
for the preparation of lignin-polyolefin composite materials
with real-time self-healing capabilities, exhibiting excellent self-
healing performance in various extreme environments. Initially,
some polar functionalized olefin comonomers coordinate with
metal-ion-modified lignin surfaces to form ion clusters. These
comonomers then copolymerize with ethylene under the cataly-
sis of a-diimine nickel, generating functionalized polyolefin com-
posites with uniformly distributed lignin. The formation of these

Adv. Sci. 2025, 12, 2501259 2501259 (13 of 26)

clusters prevents catalyst poisoning from polar comonomers or
lignin’s polar groups, promoting efficient copolymerization of
the polyolefin composite materials. The polyolefin matrix ex-
hibits excellent chemical resistance and a low Tg, enabling it
to withstand complex environments such as polar solvents, sea-
water, and low temperatures. More importantly, this strategy
ensures uniform dispersion of lignin, enhancing photothermal
conversion efficiency and thermal conductivity at the lignin-
polymer interface, thereby accelerating the self-healing process.

In summary, lignin-based photothermal self-healing mate-
rials, with their excellent photothermal conversion properties
and self-healing capabilities, demonstrate immense potential in
smart materials and self-healing systems. As research continues
to advance, the optimization of the processing techniques and
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performance of lignin-based photothermal self-healing materials
will further promote their application in fields such as electronic
devices, building materials, and wearable technology, opening up
broader application prospects and providing new solutions for
sustainable development in smart materials.

4.3. Seawater Desalination

Seawater comprises ~97% of Earth’s surface water, highlighting
the pressing need for the development of desalination technolo-
gies to alleviate freshwater scarcity.'®?! Among the array of al-
ternative energy sources, solar energy, as a clean and renewable
energy source capable of reducing reliance on conventional en-
ergy systems, simultaneously mitigating carbon emissions and
advancing the goal of carbon neutrality.(19%1%] Lignin-based pho-
tothermal materials, with their abundant availability, low cost,
and environmental sustainability, have become promising can-
didates for efficiently converting solar energy into thermal en-
ergy. In seawater desalination systems, lignin-based photother-
mal materials are typically used as heat-absorbing layers, effec-
tively concentrating and absorbing solar radiation, rapidly rais-
ing the seawater temperature to its evaporation point.'}l The
resulting steam is then captured and condensed into freshwa-
ter. This process, driven entirely by solar energy, substantially
reduces the energy consumption typically associated with tradi-
tional desalination methods, such as reverse osmosis and multi-
stage flash distillation. Furthermore, the integration of modified
lignin materials can enhance evaporation efficiency by providing
optimized vapor transport channels, thereby further improving
the overall performance and sustainability of the desalination sys-
tem.

Gu et al.l'%l developed a wood-based solar evaporator that
utilizes lignin as the photothermal material, achieving high-
performance steam generation. As shown in Figure 7a, the evap-
orator and its evaporation process are presented, while the scan-
ning electron microscope image confirms that lignin covers its
surface in the form of a thin film. The results show that the ad-
dition of lignin not only enhances the structural strength of the
evaporator, but also allows for the prevention of salt accumulation
through careful adjustment of the lignin content. The optimized
lignin-based solar evaporator exhibits exceptional desalination
capacity, dye removal performance and high stability. The full-
spectrum solar absorption rate reached ~83.6%, the photother-
mal conversion efficiency reached ~91.74%, and the evaporation
efficiency reached ~1.93 kg m=2h~'. These values are far superior
to most wood vaporizers. This research presents a new approach
for fabricating evaporators with remarkable performance using
contain lignin materials.

Lin et al.'%] introduced a novel dual-layer porous hydrogel
derived entirely from lignocellulosic biomass for efficient solar
steam generation (Figure 7b). The porous carbon material was
synthesized by pyrolysis of AL and potassium hydroxide at 800
°C, as shown in Figure 7c, resulting in a loose and uniformly
distributed porous structure that facilitates mass transfer. The
non-radiative mobility and photothermal conversion of the hy-
drogel were enhanced due to the lignin-rich aromatic ring struc-
ture. In outdoor environments, the hydrogel demonstrated ex-
cellent evaporation performance, with evaporation rates reach-
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ing 2.0-2.5 kg m~2h~! in simulated seawater (Figure 7d). These
studies present a sustainable and cost-effective solution for so-
lar steam generation, addressing both freshwater scarcity and
environmental challenges. Yue et al.®*! reported a highly effi-
cient, all-biomass solar evaporator based on polyethylene gly-
col (PEG)-coated lignin-decorated loofah sponges. This evapo-
rator achieves a rapid evaporation rate of 1.75 kg-m=>-h~! and
an efficiency of 97.6% under sunlight, offering exceptional cost-
effectiveness. Lignin materials exhibit significant photothermal
effects, attributed to the presence of abundant z—= stacking struc-
tures. The photothermal conversion process can be precisely con-
trolled by adjusting the number of conjugated structures grafted
onto lignin. Additionally, the PEG encapsulation in the evapora-
tor allows for the release of stored excess energy, enabling round-
the-clock solar desalination of seawater (Figure 7e,f). These in-
vestigations provide a sustainable, cost-efficient solution for solar
steam generation, directly addressing the critical issues of fresh-
water shortage and environmental sustainability.

Although lignin-based photothermal materials exhibit consid-
erable potential in seawater desalination, they still suffer from
various technical and application challenges, such as enhancing
material stability and durability, as well as optimizing the overall
design and efficiency of the system. Future research will focus on
optimizing the performance of lignin-based photothermal mate-
rials and developing robust strategies for their integration into
desalination systems, thereby enabling large-scale deployment.
Such efforts are expected to play a pivotal role in unlocking the
practical potential of these materials. Looking forward, lignin-
based photothermal materials hold considerable promise for ad-
dressing the global issue of freshwater scarcity, while also offer-
ing a sustainable energy solution for other industrial sectors.

4.4. Biomedical Field
4.4.1. Photothermal Therapy (PTT)

Photothermal therapy (PTT) is a minimally invasive therapeu-
tic strategy that converts light energy into localized thermal en-
ergy through photothermal conversion materials, which enables
effective treatment of tumors or other diseases.l’”"1%] The excel-
lent biocompatibility and low toxicity of lignin with inherent pho-
tothermal conversion capability provide a sustainable promise in
advancing photothermal therapy.

The excellent biocompatibility and low toxicity of lignin,
along with its inherent photothermal conversion capability, offer
promising sustainability for advancing photothermal therapy.
Lignin can serve as an effective photothermal therapeutic agent
due to its natural photothermal conversion properties. When
accumulated in tumor tissues, lignin nanoparticles can be
activated by near-infrared (NIR) irradiation, rapidly converting
light energy into thermal energy. This localized heating effect
raises the temperature within the tumor microenvironment
to cytotoxic levels, selectively targeting and eradicating cancer
cells while sparing adjacent healthy tissue.l’! In addition, the
damage to surrounding normal tissues can also be minimized
due to its high selectivity. Fan et al.l'’] utilized a lignin-assisted
approach to construct sub-10 nm supramolecular assemblies
designed for photothermal immunotherapy and enhanced
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Figure 7. Lignin-based solar evaporator. a) Image of the sample with the evaporation process and SEM image of the sample.l'8] Copyright 2023, Wiley.
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the day and night.33] Copyright 2023, Elsevier f) Evaporation rate of the sample during a simulated day and night (light: 1 h, dark: 1 h 3, cycles).[33]

Copyright 2023, Elsevier.

anti-PD-1 therapy, effectively targeting both primary and
metastatic breast tumors (Figure 8a). Lignin sulfonate (LS),
a water-soluble lignin derivative, was strategically employed
as surfactant and stabilizer, enabling its assembly with the
photosensitizer indocyanine green (ICG) and the adjuvant
aluminum to form the LS-Al-ICG nanosystem. This system
exhibited enhanced stability through multiple intermolecular
interactions, facilitating its selective accumulation within tumor
tissues and subsequent degradation within the acidic tumor
microenvironment. Under NIR laser irradiation, the LS-Al-ICG
nanosystem generates a potent photothermal effect, promoting
immunogenic cell death and effectively stimulating an antitu-
mor immune response. Furthermore, LS-based nanocomposites
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can be synthesized into various morphologies by modulating the
pH of the medium, enhancing their adaptability and expanding
their potential in targeted drug delivery and cancer therapies.
Tumor microenvironment response and spatiotemporal
targeting are emerging strategies in combination therapies,
offering the potential for enhanced antitumor efficacy while
minimizing side effects. By modulating the TME and achieving
precise targeting, therapeutic outcomes can be significantly
improved. Peng et al.l?®) developed a novel, trackable, and
specific targeting nanoplatform for CT/PTT/PDT combination
therapy, integrating both endogenous and exogenous stimuli
(Figure 8b). The system consists of IR825 combined with
N-isopropylacrylamide-modified lignin (MND-IR), which encap-
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for eliminating E. faecalis biofilm in root canals: heat map analysis and schematic diagram of temperature test points.['®] Copyright 2022, Wiley.

sulates resveratrol (RESV) (MND-IR@RESV). MND-IR@RESV
passively accumulates at the tumor site and selectively targets
the mitochondria, triggering an endogenous reactive oxygen
species (ROS) burst. Lignin modification enhances the nanoplat-
form’s tumor-targeting ability and synergizes with endogenous
stimuli. Tumor-specific accumulation can be monitored through
fluorescence imaging. Furthermore, under the influence of en-
dogenous stimuli, MND-IR@RESV induces a ROS cycle in the
tumor microenvironment, promoting further drug release and
triggering apoptosis, thereby producing a synergistic antitumor
effect. Upon NIR laser stimulation, MND-IR@RESV exhibits
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a strong photothermal effect, raising tissue temperature. This
moderate heating enhances cellular uptake, promotes selective
accumulation in the tumor, and increases cancer cell death rates.
Side effects on normal tissues are minimal, demonstrating the
promising potential of this strategy in cancer therapy, particu-
larly highlighting the crucial role of lignin in tumor targeting
and synergistic treatment. Liu et al.l'’] utilized lignin as a
sustainable nano-carrier to construct therapeutic nano-materials
for photodynamic and photothermal therapy. Specifically, the
research team grafted the photosensitizer chlorin e6 (Ce6) and
mitochondria-targeted agent triphenylphosphine to the lignin
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nano-platform, forming a therapeutic nano-material named
N-LgC. Ceb generated singlet oxygen ('0,) and degraded the
lignin’s p-O-4 aryl ether bonds under light irradiation. The
average diameter of the N-LgC nanoparticles was ~120 nm and
can be degraded into smaller fragments (5-10 nm). N-LgC exhib-
ited excellent mitochondria-targeted bioimaging capability and
proved effective for photodynamic therapy. Furthermore, N-LgC
was also used as a nano-carrier for black phosphorus quantum
dots (BPQDs) to provide synergistic fluorescence photoacoustic
image-guided photodynamic photothermal therapy for cancer
treatment (Figure 8c). Chen et al..*®! introduced a metal-phenol
network constructed using polyphenolic substances as stabilizers
and reducing agents. Among them, sulfonated lignin-palladium
(SLS-Pd) exhibits excellent oxidase-like activity and stable pho-
tothermal effect due to ultrafine-sized palladium nanoparticles
and broad NIR absorption properties. The role of sulfonated
lignin (SLS) in photothermal effects was mainly reflected in
the constructed metal-phenol network. SLS-Pd networks are
capable of generating heat under NIR light irradiation due
to broad NIR absorption and stable photothermal conversion
properties. This thermal response significantly elevates the
temperature within the irradiated area, producing a reliable
photothermal effect. The elevated temperature is believed to
enhance the oxidative enzyme-mimetic activity of the SLS-Pd
network, enabling potent antimicrobial effects, particularly
effective against biofilm-associated infections in the oral cavity
(Figure 8d).

In summary, lignin serves as a sustainable nano-carrier for the
construction of therapeutic nano-materials with photodynamic
and photothermal therapy capabilities, paving the way for inno-
vative approaches in cancer treatment and expanding the scope
of lignin’s applications in biomedical therapeutics.

4.4.2. Photothermal Sterilization

Lignin-based photothermal materials also show great potential
in addressing antibacterial resistance.[!%®! With the escalating
issue of antibiotic resistance, the development of innovative
antibacterial strategies is urgently needed. L-NPs absorb light
energy at specific wavelengths and convert it into heat, effec-
tively disrupting the microbial cell structure and leading to cell
death." This approach offers high biocompatibility, selectively
targeting microorganisms while minimizing harm to human
cells. The photothermal effect allows for precise control over heat
generation by adjusting irradiation time and light intensity, thus
enabling efficient pathogen eradication through photothermal
sterilization. Chen et al.['%] designed a synergistic photothermal
and antibacterial hydrogel by introducing silver-sodium ligno-
sulfonate nanoparticles (Ag-SLS NPs) and polypyrrole-dopamine
nanoparticles (PPy-PDA NPs) as synergistic photothermal agents
into polyethylene glycol diacrylate (PEGDA), preparing Ag-
SLS/PPy-PDA@PEGDA hydrogel. Benefiting from the ability of
Agand PPy-PDA NPs to convert NIR light into heat, the resulting
hydrogel exhibits ultra-high photothermal activity and excellent
antibacterial properties, effectively combating both Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus
aureus) bacteria. Moreover, the wound healing effect of the Ag-
SLS/PPy-PDA@PEGDA hydrogel was evaluated using a rat full-
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thickness Staphylococcus aureus infection wound model (Figure
9a). After 7 days of treatment, the experimental group showed
superior wound healing compared to the other groups, and the
hydrogel promoted epidermal regeneration (Figure 9b). This
may be due to the effective eradication of most bacteria by NIR
treatment, which reduced the inflammatory immune response
at the wound site, thereby promoting skin repair and addressing
the issue of antibiotic-free repair of infectious skin defects.

Lignin is considered an ideal carrier for the construction
of lignin-based antimicrobial materials. It has been used as
a growth template and stabilizer in the synthesis of lignin-
copper sulfide (LS-CuS) nanocomposite materials, which ex-
hibit enhanced photothermal properties and peroxidase-like ac-
tivity when activated by NIR light. Efficient bactericidal effects
has been achieved with nanocomposites through a synergistic
photothermal catalytic mechanism (Figure 9¢).[''®) When incor-
porated into polyurethane films, LS-CuS nanocomposites form
aqueous polyurethane-based (WPU) composite films that display
a pronounced photothermal effect under NIR light exposure. The
temperature of the LS-CuS@WPU film increases rapidly and can
maintain a high temperature for up to 5 min, thereby exhibit-
ing stronger antibacterial properties (Figure 9d). This study of-
fers a novel strategy for the environmentally friendly production
of lignin-based nanocomposite materials for use in antimicro-
bial coatings. Zhang et al.}"] introduced photothermal synergis-
tic antibacterial therapy as a new strategy to address antibiotic-
resistant bacterial infections, where lignin was used as a carrier
and combined with polydopamine and silver nanoparticles to
form a composite material (Figure 9¢). These composite materi-
als generate photothermal effect under NIR, effectively convert-
ing absorbed light energy into heat energy, which significantly
enhances the antimicrobial properties of the composite for ef-
ficient sterilization. Liu et al.l'%®] proposed an antibacterial film
based on sustainable resources and production methods. This
biobased nanocomposite film is composed of chitosan, LNPs,
and trace silver nanoparticles (AgNPs). The nanocomposite film
is capable of absorbing 89% of the full solar spectrum radiation
and exhibits significant photothermal-triggered antibacterial ef-
fects, with the dark color of lignin further enhancing this effect.
Under simulated sunlight exposure, the nanocomposite film sig-
nificantly reduced the survival of Escherichia coli compared to the
control group (Figure 9f). This nanocomposite material has broad
application potential in sunlight-activated antibacterial films and
coatings, meeting the growing demand for sustainable and effec-
tive antibacterial materials.

The potential of lignin-based photothermal materials in
biomedical applications, particularly in photothermal therapy
and sterilization, provides compelling evidence for their utility in
the field. Due to their natural abundance, cost-effectiveness, bio-
compatibility, and low toxicity, lignin-based materials are highly
attractive candidates for medical and healthcare applications.
Nevertheless, further improvements in the stability, targeting ef-
ficiency, and photothermal conversion efficiency of lignin remain
essential challenges for current research. As advancements in
nanotechnology and bioengineering continue to evolve, lignin
and its derivatives are poised to play an increasingly impactful
role in medical and healthcare innovations, facilitating the devel-
opment of sustainable and effective therapeutic and antibacterial
solutions.
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Figure 9. Application of lignin in photothermal sterilization. a) Schematic images of treating infected skin wound by combining Ag-SLS/PPy-
PDA@PEGDA hydrogel and NIR.[1%] Copyright 2022, Elsevier. b) Digital photographs of S. aureus infected skin wound 0 day, 1day, 7 day, and 14 day.['%°]
Copyright 2022, Elsevier. c) Schematic illustrations of the synergistic photothermal catalytic antibacterial mechanism for LS-CuS nanocomposites.!11]
Copyright 2021, American Chemical Society. d) Real-time infrared thermal images of different films under continuous NIR light irradiation (1.8 W cm~2)
for 5 min. Antimicrobial activity of different composite films against.'] Copyright 2021, American Chemical Society. €) Schematic illustrations of the
synergistic bactericidal mechanism of lignin composite materials.[*'l Copyright 2022, American Chemical Society. f) Digital images of bacterial colonies
of E. coli after different treatments; scale bar: 3 cm.['8] Copyright 2023, Elsevier.

4.5. Other Applications

Lignin photothermal materials exhibit broad applications in
pollution treatment, photothermal phase change materials,
thermoelectric conversion, photothermal deicing, and thermal
management.'279190.111] The underlying mechanism is primarily
based on lignin’s inherent ability to convert light energy into heat,
which drives the functionality of these materials. In pollution
treatment, lignin’s photothermal properties enable the degra-
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dation of pollutants upon light irradiation, facilitating an envi-
ronmentally friendly cleanup process. For photothermal phase
change materials, the photothermal conversion of lignin con-
tributes to efficient thermal energy storage by enabling phase
transitions at desired temperatures. In thermoelectric conver-
sion, the thermal energy generated by lignin can enhance en-
ergy harvesting efficiency. In the case of photothermal deicing,
lignin’s light-to-heat conversion facilitates the melting of ice
and snow, improving safety and operational efficiency in cold
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environments. Lastly, in thermal management, lignin is utilized
to regulate temperature by controlling heat distribution within
systems. These applications fully demonstrate the unique advan-
tages of lignin in harnessing photothermal energy across various
fields.

Lignin-based photothermal materials have also garnered sig-
nificant attention for their application in environmental pollu-
tion control, especially in responding to emergency environ-
mental pollution events, phase change materials, photothermal
power generation, photothermal deicing, and thermal manage-
ment. The photothermal conversion properties of lignin allow
it to quickly heat up under sunlight, promoting the adsorption
and removal of oil pollutants on its surface. Wei et al.?%] devel-
oped polylactic acid-modified lignin (PLA) particles combined
with dopamine into the fabrication of photothermal films. The
synergistic photothermal effect of PLA-modified lignin as a sup-
port scaffold and dopamine makes the photothermal films ex-
hibit excellent photothermal conversion ability. The resulting
film could effectively reduce the viscosity of crude oil under sun-
light and is used to repair crude oil spills (Figure 10a). Solar en-
ergy can be maximized under the synergistic effect of lignin com-
posites’ highly efficient photothermal effect to reduce electricity
consumption and fossil fuel use, which contributes to alleviating
freshwater shortages, removing oil pollution and further achiev-
ing carbon neutrality.

Organic phase change materials (PCMs) hold great promise
for converting thermal energy from solar radiation into pho-
tothermal energy. However, issues such as poor light absorp-
tion and liquid leakage have significantly limited their practical
application. Niu et al.l'*2] developed lignin-based phase change
nanofiber films (PCNFs) tailored for solar energy storage. In this
design, lignin serves as a photothermal agent, facilitating non-
radiative energy transfer via z—rz stacking interactions among
lignin molecules, thereby enabling efficient photothermal con-
version (Figure 10b). Furthermore, lignin’s structural integrity
reinforces the PCNFs through robust hydrogen bonding and
molecular entanglement with polymers, effectively preventing
leakage and transfer issues associated with phase-change mate-
rials (PCMs). Additionally, lignin’s function as an anionic sur-
factant promotes polymer bonding during electrospinning, fur-
ther enhancing solar energy conversion and storage capabili-
ties. In related work, Yang et al.[''*] demonstrates a sustainable
porous scaffold in which high-iodine wood (POW) serves as the
supporting material, while lignin is in situ retained as a light-
absorbing dopant (Figure 10c). The z—r stacking interactions of
lignin molecules enable efficient light energy absorption, pro-
moting rapid heat conductivity and resulting in a higher max-
imum energy storage capacity. The natural porous structure of
the POW scaffold ensures excellent shape stability, effectively ad-
dressing the issue of liquid leakage. Additionally, the retention
of lignin enhances material stability and durability, allowing the
composite to maintain good performance after multiple thermal
cycles. Lignin enhances the photothermal conversion efficiency
of the composite material and strengthens its potential as a ther-
mal energy storage material, thereby offering increased possibil-
ities for future practical applications.

Lignin-based photothermal materials have garnered signifi-
cant attention in the field of energy conversion due to their
exceptional photothermal conversion performance. In particu-
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lar, lignin shows considerable promise in photothermal power
generation applications.['?) In photothermal power generation
systems, the photothermal capabilities of lignin-based materi-
als can be converted into electricity via a thermoelectric gener-
ator (TEG). In this system, lignin photothermal materials ab-
sorb sunlight, converting it into thermal energy, which is then
transformed into electrical energy by the TEG. The TEG oper-
ates based on the principle of generating electricity from a tem-
perature difference.[''*) When the lignin photothermal material
is exposed to sunlight, its surface temperature rises, creating a
temperature gradient that drives the TEG, thereby converting
light energy into electrical energy. Zhao et al.'?l investigated
lignin-derived LNPs as a low-cost, efficient solar thermal mate-
rial for converting solar energy into electricity. The photother-
mal conversion efficiency of L-NPs is 22%, and their photother-
mal conversion capability is attributed to the inherent 7—z stack-
ing interactions of lignin molecules. Under artificial solar radi-
ation, L-NPs successfully drove a TEG (Figure 10d). This study
presents a novel strategy for the use of lignin in photothermal
materials, enabling the conversion of light energy into electri-
cal energy. Liu et al.l'®! developed a biphasic solvent system
composed of lithium chloride tetrahydrate and y-valerolactone
(GVL) to selectively separate hemicellulose and lignin from lig-
nocellulose. The isolated lignin was then fully converted into a
photothermal material and coordinated with iron ions for so-
lar thermoelectric conversion. This innovative approach facili-
tates the direct utilization of lignin-derived products in the fab-
rication of functional materials, thereby overcoming limitations
commonly encountered in conventional lignin biorefinery pro-
cesses. Further utilizing the photothermal conversion capability
of lignin to provide electricity for biomass refining, Zhao et al.l’]
explored a novel solar photothermal-electrocatalytic process in
lignin-based biomass refining, achieving the efficient conversion
of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA) (Figure 10e). After the methyl groups of lignin were re-
moved, they coordinated with Fe** to form D-Lig-Fe, exhibiting
high photothermal conversion efficiency. Under natural sunlight
and assisted by a Fresnel lens (Figure 10f), the photothermal
conversion process drove a TEG to generate electricity, which,
in turn, enabled the selective and efficient conversion of HMF
to FDCA under the action of a NiCoB catalyst. This provides
a new technological pathway for energy generation and high-
value chemical production in lignin-based biomass refining. As
research advances, lignin-based photothermal materials demon-
strate expanding potential in photothermal power generation.
These materials contribute significantly to both sustainable en-
ergy development and environmental technology, underscoring
their considerable promise.

In colder climates, ice and snow accumulation on equipment
surfaces can severely impair efficiency or cause damage.!'¢ Uti-
lizing lignin’s photothermal conversion capability, light-induced
heating can generate localized warmth on ice-covered surfaces,
rapidly melting the ice layer and enabling de-icing. Wu et al.34]
prepared from a deep eutectic solvent of sulfonamide acid and
urea, creating a multi-level roughness structure with LNPs, baux-
ite, and silica sol to form a UV-shielding protective coating on the
surface of poplar veneer. The phenolic hydroxyl groups, carbonyl
groups, and conjugated double bonds in LNPs enable excellent
UV shielding properties through z—z stacking interactions,
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allowing the modified poplar veneer to strongly absorb ultravio-
let A (UVA) radiation. The side chains of LNPs, when combined
with amines, enhance the internal conjugation effect, promoting
the photothermal effect (Figure 10g). The layered structure of the
composite material extends the light propagation path, improv-
ing the photothermal conversion efficiency. The heat generated
by the photothermal conversion of LNPs enables the modified
poplar veneer to exhibit photothermal de-icing properties. More-
over, the superhydrophobicity and durability of the composite al-
low the poplar veneer to achieve self-cleaning through hydration
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(Figure 10h), extending its service life in harsh outdoor environ-
ments. With ongoing technological advancements, the efficiency
and stability of lignin-based photothermal de-icing materials are
expected to improve further, driving widespread application in
fields such as aerospace, transportation, and energy equipment.

Lignin-based photothermal materials also show significant po-
tential in indoor temperature management. Liu et al.''”] reported
fully biobased nanocomposite films and coatings with high pho-
tothermal activity and selective UV radiation absorption. These
nanocomposites contain 20 wt% LNPs embedded in a chitosan
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matrix, effectively blocking 97% of UV radiation at a wavelength
of 400 nm while exhibiting excellent solar energy collection prop-
erties. The reflection spectrum of the nanocomposite films indi-
cates that the uniform dispersion of nanoparticles within the ma-
trix is crucial for efficient UV blocking. Furthermore, the study
demonstrated that nanocomposites containing 20 wt% LNPs
could be used as photothermal glass coatings for passive cool-
ing of indoor environments (Figure 10i). By adjusting the coating
thickness, a 20 um layer can reduce temperature rise by 58% un-
der simulated solar radiation, showing a significant cooling effect
compared to uncoated glass systems. These renewable nanocom-
posite films and coatings offer a sustainable approach to indoor
thermal management, enhancing human health and well-being
while highlighting lignin’s potential as an eco-friendly material
for energy-saving and temperature regulation applications.

Collectively, these studies highlight the diverse applications
of lignin-based photothermal materials, suggesting their versa-
tility and substantial promise in advancing sustainable, high-
performance materials for future technologies.

5. Conclusion

This review explores lignin-based photothermal materials as a
renewable resource, highlighting their considerable potential
in tackling the global energy and environmental crises. These
materials offer promising advancements in applications such
as seawater desalination, photothermal therapy, photocatalysis,
and energy storage, while simultaneously providing sustain-
able solutions to the escalating environmental challenges. Their
widespread use is poised to play a pivotal role in addressing the
urgent issues of global energy shortages and environmental pol-
lution. This review provides an in-depth examination of lignin-
based photothermal materials, detailing fundamental concepts,
classifications, design strategies, and various applications. Note-
worthy for its abundance, cost-effectiveness, and intrinsic pho-
tothermal properties, lignin holds significant promise for appli-
cations in desalination, photothermal therapy, actuation, and en-
ergy storage. Research into lignin-based photothermal materials
reveals both promising opportunities and complex challenges.
Developing green and efficient strategies to optimize these ma-
terials is essential for expanding their applicability across energy,
environmental, and biomedical domains. Emerging areas such
as photothermal catalysis and responsive smart materials are also
driving new research directions, highlighting the versatility and
adaptability of lignin-based solutions. To fully leverage the po-
tential of lignin-based photothermal materials, advancing scal-
able production techniques and fostering commercialization will
be critical. In conclusion, lignin photothermal materials stand
out for their unique blend of sustainability and functional ver-
satility, marking them as vital resources in the pursuit of sus-
tainable energy solutions and environmental management. Their
advancement represents an important step toward addressing
global challenges through innovative materials science.

6. Challenges and Future Outlook

Lignin, as a renewable biomass resource, holds immense poten-
tial as a photothermal material. Despite significant progress at
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the laboratory scale, its commercialization and large-scale pro-
duction still face several key challenges. In order to promote the
practical application of lignin-based photothermal materials, in-
depth research, and optimization in several areas are required,
particularly regarding production costs, technical bottlenecks,
and issues encountered in real-world applications.

1) Challenges in production costs and optimization of extraction
methods: Although lignin can be extracted from wood, agri-
cultural waste, and industrial by-products, the current extrac-
tion processes, particularly the kraft process, although capable
of achieving high yields, are accompanied by significant envi-
ronmental pollution, complex procedures, and high costs.

Although the extraction cost of lignin is high, its main sources
are industrial by-products such as pulp and paper waste, agri-
cultural residues (e.g., straw, rice husks), and biomass energy
by-products, providing an opportunity for waste utilization. This
recycling approach reduces extraction costs and minimizes re-
source waste, supporting the circular economy. Future research
should focus on developing low-cost, low-pollution extraction
methods, such as enzymatic hydrolysis or green solvents, to im-
prove lignin recovery efficiency and reduce environmental im-
pact. Optimizing solvent recovery to minimize resource waste is
also crucial for lowering production costs.

2) Technological bottlenecks and standardization pathways for
large-scale production: Lignin-based photothermal materials
have demonstrated excellent performance at the laboratory
scale, consistency and stability issues persist in large-scale
production. The variety of plant sources for lignin, along with
the significant differences in molecular structure, molecu-
lar weight, and functional group distribution across different
plants, complicates raw material processing and consumes
considerable time during large-scale production.

To improve the efficiency and consistency of large-scale lignin
production, technological measures must optimize its molecu-
lar structure and extraction processes. Optimizing fractionation
and separation technologies is crucial for addressing consistency
and stability issues. Fractionation can precisely separate and pu-
rify lignin based on properties like molecular weight and solubil-
ity, ensuring uniform quality and better control of physical prop-
erties across batches. Standardized pretreatment methods, such
as high-temperature hydrolysis or acid-base catalysis, help over-
come structural differences in lignin from various plant sources,
reducing variability and ensuring consistent molecular structure.
These methods also remove impurities and break down molecu-
lar aggregates, enhancing lignin’s performance in photothermal
materials.

3) Functional modification and feasibility for long-term applica-
tions: Lignin-based photothermal materials have shown excel-
lent laboratory performance but face challenges in long-term
stability and durability in practical applications. Lignin’s lim-
ited active sites and low chemical reactivity hinder its com-
patibility with other materials, restricting its long-term use.
Additionally, under high-temperature or complex conditions,
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the molecular structure may degrade, reducing photothermal
conversion efficiency.

To enhance lignin’s long-term performance, functional mod-
ifications are necessary. Increasing its crosslinking density
strengthens its chemical activity and compatibility, improv-
ing structural stability. Since lignin’s amphiphilic nature often
causes phase separation, developing a cosolvent system can im-
prove solubility and dispersion, enhancing compatibility with
other materials. Using green solvents like acetic acid or glycerol,
or a combination of polar and non-polar solvents, helps form a
uniform dispersion, improving both photothermal efficiency and
material durability. conclusion, the commercialization of lignin-
based photothermal materials faces key challenges such as high
production costs, environmental concerns, and market demand.
Overcoming these requires optimizing the industrial value chain,
integrating lignin production with photothermal material manu-
facturing, and ensuring compliance with sustainable practices.

In conclusion, the commercialization of lignin-based pho-
tothermal materials faces key challenges such as high produc-
tion costs, environmental concerns, and market demand. Over-
coming these requires optimizing the industrial value chain, in-
tegrating lignin production with photothermal material manu-
facturing, and ensuring compliance with sustainable practices.
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