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To meet the growing demand for chemicals and energy while minimizing environmental impact, it is
necessary to employ sustainable resources instead of fossil fuel feedstock and develop green processes to
upgrade the chemical industry. Lignin, as the only abundant natural aromatic structured biomass, has been
identified as a promising feedstock for producing monomeric aromatics through the depolymerisation
process. However, the robust structure of lignin, coupled with the limitations of conventional catalytic
methods, presents significant challenges for converting lignin into aromatic monomers. Recently,
photocatalysis has emerged as a remarkable platform for versatile lignin transformation and has achieved
some significant progress. The unique photogenerated reactive species as well as the mild reaction
conditions enable the selective cleavage of targeted interunit bonds in lignin while preserving the aromatic
structures and functional groups for further processing. In this review, we aimed to provide an overview of
the state-of-the-art advances in key photocatalytic processes applied for the conversion of lignin using
various photocatalysts. This review focuses on the latest investigations into lignin conversion mechanisms,
emphasizing selective C-O and C-C bond cleavage. Additionally, we discuss catalyst modification strategies
and key factors influencing the lignin conversion process based on significant recent publications.
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DOI: 10.1039/d4cy01187b Furthermore, we elucidate future perspectives and challenges for the photocatalytic conversion of lignin
into valuable products. Hopefully, this mini review will inspire future work on the photocatalytic lignin

rsc.li/catalysis conversion process to achieve lignin valorisation and a sustainable supply of aromatic chemicals.

“structural glue” and “protective barrier,” binding cellulose
and hemicellulose together while safeguarding plant tissues

1. Introduction

1.1. Background

As global awareness of climate change and the depletion of
fossil resources intensifies, the transformation of the
traditional chemical industry, which remains predominantly
reliant on fossil fuel feedstocks, has emerged as a critical
societal challenge in the 21st century. In this context,
lignocellulosic biomass, the most abundant renewable carbon
source, has gained considerable attention as a promising
alternative to unsustainable fossil fuel feedstocks for
producing chemical products."™ Among the three primary
components of lignocellulose, lignin serves as both the

“ Advanced Materials Research Center, Petrochemical Research Institute,

PetroChina Company Limited, Beijing 102206, P.R. China

b School of Engineering, The University of Edinburgh, Edinburgh, EH9 3], UK.
E-mail: x.fan@ed. ac.uk

‘ Refining, Chemical & New Materials Company, PetroChina Company Limited,
Beijing, 100007, P.R. China

“School of Materials Science and Engineering, Lanzhou University of Technology,
Lanzhou 730050, P.R. China

t Electronic supplementary information (ESI) available. See DOI: http://doi.org/
10.1039/d4cy01187b

962 | Catal Sci. Technol,, 2025, 15, 962-987

from external environmental damage.>® Lignin, typically
comprising over 15 wt% of lignocellulose, represents the only
polymer bioresource with aromatic structure available in
substantial quantities.” The current lignocellulose biorefinery
industry primarily emphasizes the utilization of carbohydrates
(cellulose and hemicellulose) from lignocellulosic biomass as
sustainable feedstocks to produce high-value non-aromatic
chemicals. Annually, over 70 million tons of lignin are
generated from the paper manufacturing and biorefinery
sectors, with yields anticipated to increase as an increasing
number of biorefineries are being commissioned.
Nevertheless, lignin is often regarded as waste or is utilized
as a low-quality fuel, which is a significant resource wastage
and leading to potential environmental pollution issues."”
Although the exact structures of lignin may vary with the
origins (e.g., the types of plants) and the environmental
factors during plant growth, it is widely recognized that
lignin is a highly functionalised, amorphous biopolymer
composed of aromatic units with diverse functional groups
(methoxyl, hydroxyl and carbonyl groups). As shown in Fig. 1,
the aromatic monomer wunits in lignin are typically

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Representative structure models of lignin and typical linkages (this is a simplified model for illustrating the types of monolignols in lignin

structure, it is not the accurate structural formula of lignin).

interconnected by C-C bonds (referred to as condensed
linkages) and C-O bonds (also known as ether linkages).
Among these interunit linkages, C-O linkages, particularly
Cg-O linkages, are the predominant type in lignin and
typically account for over 50% of all interunit bonds between
aromatic monomers.>®'*™"* Therefore, the conversion of
lignin into aromatic monomeric products through the
cleavage of Cg-O linkages has been extensively studied and is
regarded as a promising strategy for lignin valorisation.
However, it is important to note that the structure of lignin
biomass can be altered by various isolation methods, which
may lead to the formation of more recalcitrant C-C bonds
during lignin degradation and repolymerization processes.
For instance, kraft lignin, produced from the papermaking
industry under harsh alkaline conditions during the
delignification stage, typically contains a significant amount
of C-C bonds rather than C-O bonds."* The fragmentation of
C-C bonds should also be systematically investigated to fully
utilise lignin bioresources. Due to the complex structure and
recalcitrant nature of natural lignin, it is challenging to
monitor and understand the reaction chemistry and
mechanism of the lignin conversion process. In this case,
some aromatic dimers consisting of two aromatic monomers
connected by specific C-O or C-C bonds, resembling the
interunit chemical bonds in lignin, are widely employed as
reactants to mimic the chemical properties and reactive
behaviours of the corresponding chemical bonds in lignin.

This journal is © The Royal Society of Chemistry 2025

Therefore, the experiments could be simplified and enable
more detailed investigations of reaction mechanisms based
on the defined structures of lignin model compounds. The
typical lignin model compounds employed in the literature
are listed in Table S2 in the ESI} For example, 2-phenoxy-1-
phenylethanol, which contains a Cg-O linkage and a hydroxyl
group, is a typical and representative lignin model compound
that has been frequently used as the reactant to study the
selective cleavage of the Cg-O bond and C,-Cg bond in
numerous studies.'”* In addition to converting lignin into
aromatic monomers, the reforming of lignin for hydrogen
production also represents another viable strategy for lignin
valorisation.>* >

However, the conversion of lignin into valuable chemicals
remains a considerable challenge due to its inherent
recalcitrance  and  complex  structure.***?**”  Two
conventional thermocatalytic strategies have been developed
for converting lignin into chemical products. The first
involves the gasification and pyrolysis of lignin biomass to
produce syngas (e.g., H, and CO) or other small molecules.
The second strategy focuses on the extensive cleavage of
bonds in lignin to produce simple aromatic compounds such
as benzene, toluene, and xylene. As shown in Fig. 2, various
conventional lignin processing approaches were briefly
summarised with the corresponding reaction conditions. In
general, lignin processing methods involving acids and
bases, as well as oxidative and reductive reagents, can
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Fig. 2 A brief summary of conventional lignin conversion processes
and the corresponding required reaction conditions.?®

typically be conducted at relatively lower temperatures,
whereas processes such as pyrolysis and gasification require
significantly higher operating temperatures.”® Among them,
lignin oxidation is generally performed at lower
temperatures, yielding fine or platform chemicals such as
aromatic alcohols, aldehydes, and acids. The reductive hydro-
processing is typically carried out at temperatures ranging
from 100 to 350 °C and requiring additional hydrogen donors
to produce simple aromatic compounds such as toluene,
benzene, phenol, etc. Monomeric aromatic compounds can
also be  obtained through  acid/base  catalysed
depolymerization of lignin, which selectively cleaves C-O or
C-C linkages between lignin units. However, conventional
thermocatalytic processes often demand excessive chemical
reagents (e.g., acids or bases for hydrolysis) and operate
under harsh reaction conditions (e.g., high temperature,
pressure, and additional hydrogen). These conditions result
in significant energy and resource consumption and
frequently cause side reactions that generate unwanted by-
products, degrading the valuable aromatic moieties and
functional groups in lignin (e.g., the simultaneous cracking
of aliphatic ether bonds and saturation of arene rings)."*>%%°

Since the aromatic monomeric units in lignin are
predominantly linked by C-O and C-C bonds, recent efforts
in lignin conversion have concentrated on selectively cleaving
these bonds under relatively mild conditions. This strategy
allows for the preservation of the natural functionalized
aromatic structures, enabling the production of value-added
aromatic compounds.®'"** Inspired by the photosynthesis of
natural plants, photocatalysis, which is also driven by the
abundant and green energy from the sun, has been deemed
as a promising approach to solve many environmental

problems. Compared to traditional energy-intensive
thermochemical catalysis, photocatalysis powered by
sustainable solar energy can simultaneously facilitate
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oxidation and reduction processes by generating unique
photo-induced charge carriers that interact with reactive
species under mild conditions. This capability allows for
precise control over reaction selectivity through the cleavage
of specific interunit chemical bonds, and in turn leads to a
high selectivity for desirable products.”**' Given these
unique features, photocatalysis is regarded as one of the
most promising approaches for lignin valorisation, and
recently some progress has been achieved regarding the
conversion of lignin into value-added outcomes. The
photocatalytic conversion of lignin into aromatic monomers,
which simultaneously performs oxidation and reduction for
selectively cleaving the C-O or C-C interunit linkages in
lignin, represents a very promising method that can
effectively utilise the unique natural aromatic structures of
lignin. Different from the typical products (e.g:, defunctionalised
aromatics or over-hydrogenated alkanes) generated from the
traditional thermocatalytic lignin depolymerisation,
photocatalytic lignin conversion can yield a broader range of
value-added products, including aromatic ketones, aromatic
aldehydes, and phenols. However, akin to numerous other
photocatalytic processes, the suboptimal reaction efficiency
poses a critical challenge that must be addressed. The
limited systematic investigations in this area and the
inadequate  understanding of  photochemical reaction
mechanisms represent significant barriers to the design of
efficient photocatalysts and the establishment of effective
photocatalytic processes for lignin conversion via selective
interunit linkage fragmentation.

This review primarily focuses on the literature concerning
the photocatalytic conversion of lignin into value-added
aromatic monomers via the selective cleavage of interunit
C-0O and C-C bonds between the aromatic units of lignin.
The reaction mechanism for the selective scission of C-O and
C-C bonds, the formation of intermediate radicals, the roles
of photogenerated charged carriers and radicals are
systematically discussed and analysed. In addition, the
photocatalysts employed in the lignin conversion process are
categorically reviewed. Although the photocatalytic lignin
valorisation is still far from being realised at an industrial
scale, this study provides some valuable insights to support
the development of efficient and reliable photocatalytic
systems for lignin valorisation and contribute to expanding
the applications of photocatalysis.

1.2. The principle of photocatalysis and its advantages in
lignin conversion

The concept of ‘photocatalysis’ was initially proposed based
on the experiments involving dye degradation and reduction
of metal ions catalysed by metal oxides under external
illumination.®*>*  Before  Fujishima and  Honda's
groundbreaking report in 1972 on photocatalytic hydrogen
production from water splitting, driven by titanium dioxide
(TiO,) under UV irradiation, the research on photocatalysis
remained in its embryonic stage and attracted limited

This journal is © The Royal Society of Chemistry 2025
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attention.** > Subsequently, heterogeneous photocatalysis
garnered widespread interest, and its capabilities in CO,
reduction, pollution abatement, fine chemical synthesis, fuel
production, and other applications were gradually
demonstrated and explored.’®*” Furthermore, numerous
semiconductor materials beyond metal oxides, such as metal
sulphides and carbon nitrides, have been extensively
investigated for their photocatalytic properties. In recent
decades, the development of photocatalysis has been
significantly accelerated by intensive efforts from researchers
worldwide, demonstrating its immense potential in the fields
of environmental and energy science.

Unlike metal crystal conductors, semiconductors have
discontinuous energy bands. Specifically, the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are separated by a
region of forbidden electronic states, commonly referred to
as the bandgap of semiconductors. Herein, the highest
electron-occupied band is known as the valence band (VB),
while the lowest unoccupied band is known as the
conduction band (CB). Typically, in a photocatalytic system,
the light-harvesting centres and active catalytic sites are the
key components. In heterogeneous photocatalytic systems,
semiconductor materials generally serve as the light-
harvesting centres, while the active catalytic sites are typically
located on the surface of the semiconductor or on other
components (e.g., metal nanoparticles) integrated with
semiconductor materials. As shown in Fig. 3, the mechanism
of semiconductor photocatalysis can generally be described
in the following stages:

i) When photons from light irradiation with energy (hv)
equal to or greater than the bandgap of the semiconductor
photocatalyst are absorbed by the light-harvesting centres,
electrons in the valence band (VB) are excited and transferred
to the conduction band (CB), resulting in the formation of
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electron-hole pairs, with electrons in the CB and holes
remaining in the VB.

ii) The photogenerated electrons and holes, once
separated from the light-harvesting centres, may recombine
either within the bulk or on the surface of the catalysts,
resulting in energy dissipation. It is important to note that
the recombination of these photogenerated charges reduces
catalytic activity, ultimately leading to lower quantum
efficiency of the photocatalysts.

iii) The photoexcited electrons and holes migrate to the
catalytic sites on the surface of the catalysts, where they can
react with the adsorbed species (electron acceptors and
donors), thereby initiating the corresponding reduction and
oxidation reactions.

Based on the bandgap excitation mechanism of
photocatalysis, the photocatalytic process can be divided
into three key stages: (1) the generation of photoexcited
electron-hole pairs at the light-harvesting centres; (2) the
separation and transfer of photogenerated charges from
the light-harvesting centres to the active catalytic sites;
and (3) the adsorption and activation of reactant species
at the active catalytic sites.*®*' In general, the overall
photocatalytic performance is primarily determined by
the influential factors arising from the processes in the
above stages.

At first, the light absorption capability of the light-
harvesting centres and the bandgap structure of
semiconductors are fundamental aspects of photocatalysis.
Given that the natural sunlight spectrum contains only about
5% ultraviolet (UV, 300-400 nm) light, it is crucial to develop
catalysts with optimal bandgaps that can be excited by visible
light, enabling efficient solar energy utilisation and the
generation of photoinduced electron-hole pairs.”> Herein,
the bandgap energy could be determined by the equation of
electronic absorption spectra:

Reduction
(electron acceptors)

Semiconductor
Photocatalyst

Fig. 3 The mechanism of the photocatalytic process on the surface of the semiconductor under the irradiation of light.

This journal is © The Royal Society of Chemistry 2025
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hc
E bandgap — 7

where 7 is Planck's constant, ¢ is the velocity of light and 1 is

the wavelength of light. According to the above equation, the
bandgap energy should be lower than 3.1 eV to effectively
absorb visible light. Meanwhile, the oxidising and reducing
capabilities of photocatalysts are directly related to the edges of
the valence band maximum (VBM) and conduction band
minimum (CBM), respectively. Generally, a more positive VBM
indicates a stronger oxidation potential, while a more negative
CBM reflects enhanced reduction ability.'® The semiconductors
with narrow bandgaps may exhibit good light absorption;
however, their relatively positive conduction band (CB)
potentials often result in poor thermodynamic reduction
capability, particularly for reducing adsorbed species such as
0,, H,0, and CO,. Therefore, to ensure the thermodynamic
feasibility of photocatalytic reactions, the CBM and VBM
potentials of semiconductor photocatalysts must be
purposefully designed to align with the potentials of electron
acceptors and donors involved in the photocatalytic process.
The subsequent separation and transfer of photoexcited
charges must overcome the challenge of recombination of
the photoinduced electron-hole pairs, which is considered as
one of the primary factors limiting the overall photocatalytic
performance. In fact, the majority of photogenerated charges
are lost due to recombination during the photocatalytic
process.”® From a timescale perspective, the recombination
of electron-hole pairs is a rapid process occurring within the
picosecond (ps) range, while the transfer of photogenerated
charges to the catalytic sites typically takes hundreds of
picoseconds. Moreover, the reactions between photoinduced

Energy
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charge carriers and adsorbed reactants, however, generally
require durations ranging from nanoseconds (ns) to
microseconds (us).**** Therefore, the key to achieving high
quantum efficiency lies in suppressing recombination while
promoting the separation and transport of photogenerated
charge carriers throughout the photocatalytic process.

From the perspective of reaction thermodynamics and
energy, as depicted in Fig. 4, the activation energy (E,) of
reactants in uncatalysed systems can be reduced through
interactions between the catalysts and reactants. However, high
energy inputs are still required to overcome the activation
barriers (E,, and E,3) in thermo-driven catalytic reactions. In the
case of photocatalysis, the energy barriers (E,,) can be
significantly lowered due to the activation of reactants by highly
reactive photoinduced charge carriers from the excited
photocatalysts. ~ Consequently,  the  thermodynamically
unfavourable reactions can proceed under mild conditions, and
unwanted side reactions, which typically arise under harsh
conditions, can be avoided. All these features of photocatalysis
allow it the challenges associated with
conventional thermocatalytic lignin processes, particularly in
terms of high energy consumption, low selectivity, and the need
for additional chemical reagents. The natural aromatic ring
structures with functional groups in lignin can be preserved
during the lignin decomposition process, yielding monomeric
aromatic compounds that can be further upgraded into fine
chemicals. In addition to thermocatalysis and photocatalysis,
biological methods have also been studied for lignin
conversion.”>™” These methods utilise enzymatic or microbial
systems to selectively degrade lignin and produce aromatic
compounds under mild conditions. Similar to photocatalysis,

to overcome

Photo-activation

Activated Photocatalyst

Reactants

Products

»
>

Reaction Coordinate

Fig. 4 The energy diagram illustrates the transformation of reactants to products, showing the activation energies required for each process (E,;,
Ea.o, Eaz and E,4 is the activation energy for the uncatalysed reaction, step reactions of a thermocatalytic reaction and photocatalytic reaction).
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biological methods also offer advantages including the
environmentally friendly nature and the ability to selectively
cleave specific lignin bonds without the need for high
temperatures or additional chemicals. However, due to the
complex and heterogeneous structure of lignin, biological
methods face significant challenges, including relatively low
efficiency, prolonged reaction times, and the inability to achieve
complete lignin depolymerisation. Moreover, in order to sustain
microbial activity, biological methods generally require more
restricted conditions in comparison to photocatalysis, such as
pH condition, temperature, and nutrient availability, which
further complicates the scalability and industrial application of
the biological lignin conversion approach.*

2. Photocatalytic conversion of lignin
into aromatics via selective bond
scission

In recent years, various photocatalytic systems have been
developed to convert lignin into valuable chemicals,
positioning photocatalytic approaches as a promising strategy
for lignin valorisation. Most studies focused on the field of
photocatalytic transformation of lignin to related platform
compounds, in particular to precisely cleave targeted C-O or
C-C bonds in lignin and obtaining aromatic monomers. The
photocatalytic performance of representative studies focusing
on C-O or C-C bond cleavage is summarised in Tables S3
and S4 in the ESLf

2.1. Selective C-O bond fragmentation

Since the Cg-O bond is the predominant interunit linkage in
natural lignin structures, it has been widely targeted for
cleavage in the conversion of lignin into monomeric
aromatics. The reaction pathways for selective Cg-O bond
fragmentation can generally be classified into two categories:
stepwise conversion and direct photocatalytic redox-neutral
conversion (Fig. 5). Additionally, a few studies have also
explored the photocatalytic selective cleavage of other C-O
bonds in lignin, such as C,-O bonds and 4-O-5 bonds.

View Article Online

Review

(i) Stepwise reaction strategy. The stepwise reaction
pathway was first validated through thermocatalytic lignin
conversion as an effective method for the fragmentation of
Cp-O bonds.*®* The first step of this reaction mechanism is
the oxidation of the benzylic (-O-4 alcohol to its
corresponding  ketone, followed by the subsequent
fragmentation of the Cg-O bond. As shown in Scheme 1(a),
the fundamental principle of this strategy is that the bond
dissociation energy (BDE) of the targeted C-O bond can be
significantly reduced by the pre-oxidation of C,-OH to
C,=—O, thereby facilitating the subsequent cleavage of the
Cp-O bond. For instance, in one of the most commonly used
dimeric lignin model compounds, the pre-oxidation of
2-phenoxy-1-phenylethanol to 2-phenoxyacetophenone
decreases the BDE of the Cg-O bond from 289.53 kJ mol ™ to
233.89 kJ mol™ (Scheme 1b).*°

Stephenson's group was the first to demonstrate that this
stepwise reaction strategy can also be applied to the
photocatalytic cleavage of Cg-O bonds in lignin model
compounds. In their early studies, the initial pre-oxidation
stage was carried out using non-photocatalytic methods,
including stoichiometric oxidants (e.g., [4-AcNH-TEMPO|BF,),
a palladium-catalysed aerobic oxidation system (Pd(OAc),/
DMSO catalyst system) or electrocatalytic oxidation via
hydrogen atom transfer (HAT). After the pre-oxidation, the
subsequent Cg-O bond cleavage in oxidised B-O-4 lignin
model compounds (ketones) was catalysed by various Ir-
based molecular photocatalysts (e.g., [Ir(ppy).(dtbbpy)]PFs) in
the presence of organic bases (e.g., diisopropylethylamine) as
the electron donor and hydrogen donors (e.g., formic
acid).>™* The mechanism studies indicated that the
reductive fragmentation of Cg-O bonds was driven by the
reductive  quenching cycle of Ir-based molecular
photocatalysts. Specifically, the light-excited photocatalysts
can initiate the metal-to-ligand charge transfer process,
generating the excited state [Ir]>"*. Subsequently, [Ir]*"* can
be converted to [Ir]*" with strong reductive capability after
accepting an electron from the electron donor. The benzylic
ketone or aliphatic aldehyde generated from the pre-
oxidation stage can react with [Ir]*" via a single electron
transfer (SET) process and generate radical anions, which

Stepwise Reaction Strategy

OH
(0]
o B \© Oxidation by 1™

C-O Bond Cleavage by €~

Sane o

B-O-4 Lignin Model Compound\ OH
Pathway 2 ©)\/O\©

Direct Photocatalytic Redox-Neutral Strategy

Fig. 5 Two different reaction strategies of photocatalytic C3-O bond cleavage.

This journal is © The Royal Society of Chemistry 2025
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(a) A stepwise oxidation-reduction strategy and the calculated BDE of the C-C and C-O bonds in the B-O-4 linkage before and after
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the oxidation; (b) a two-step conversion strategy of 2-phenoxy-1-phenylethanol (this scheme has been reproduced from ref. 7 and 51 with
permission from Elsevier & American Chemical Society, copyright 2021 & copyright 2016).

could be further decomposed to the corresponding
intermediate radicals through the C-O bond fragmentation.
And the target monomeric aromatic products could be
obtained following the protonation and hydrogen atom
transfer process.””>* In addition to designing the catalyst
system, Stephenson and co-workers developed a series of flow
reaction systems to facilitate the pre-oxidation and Cg-O
bond fragmentation. These systems could enhance light
absorption and mass transfer efficiency, significantly
improving the catalytic performance in the depolymerization
of dimeric B-O-4 lignin model compounds.>

The two-step Cg-O bond cleavage processes developed by
Stephenson and co-workers were proven to be able to break
the Cp-O linkages from a wide range of dimeric lignin model
compounds. However, the iridium complexes are homogeneous
photocatalysts, which have the inherent shortages in recycling
for long-term use. To overcome this problem, the iridium
complexes were immobilised onto a mesoporous cellular
silica foam (MCF) via a facile thiolene click reaction between
prefabricated thiol-functionalised mesoporous cellular silica
foams and vinyl-tagged iridium complexes.”> Compared with
the corresponding homogeneous Ir-based complex, this
elaborate Ir-MCF catalyst can be easily recycled for reuse and
exhibited similar excellent catalytic performance in the
fragmentation of Cg-O bonds in dimeric B-O-4 ketones under
visible-light irradiation due to the aerogel-like 3D porous
structure and high visible-light transparency.”®

In addition to iridium based photocatalysts in this field,
n-conjugated carbazolic copolymers (CzCP) with a finely
tuned ratio of carbazolic electron donor (D) and electron
acceptor (A) were found to efficiently cleave Cg—O bonds in
lignin model compounds.®® The redox potentials of CzCP
materials can be modulated by the tuneable D/A ratios. For
example, the pre-oxidation of C,-~OH to C,—O is driven by
CzCP100 (D:A = 0:100), which possesses the strongest
oxidative capability and operates via a direct photoinduced
single-electron transfer (SET) process. In the subsequent step,
Cg-O bond cleavage is facilitated by photoexcited CzCP33
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(D:A = 66:33), which reacts with a sacrificial electron donor
to generate highly reductive CzCP33"", enabling the reduction
of ketones formed during the pre-oxidation stage.®
Moreover, this heterogeneous catalyst could be easily
separated from the reaction system through filtration or
centrifugation and has demonstrated stable catalytic activity
during reuse, increasing the potential for employing porous
organic frameworks (POFs) as heterogeneous photocatalysts
in lignin conversion via a stepwise reaction pathway.

As the pre-oxidation of C,~OH to C,—O is a crucial step
for initiating the stepwise Cg-O bond fragmentation process,
several studies have focused on this pre-oxidation stage and
achieved significant progress. In later work by Stephenson's
group, they developed a hybrid photocatalytic redox system
that combined an Ir-based molecular photocatalyst with
Pd(OAc), to effectively drive the pre-oxidation of lignin model
compounds.’” Pd(OAc), serves as the mediator in this system,
interacting with the excited Ir photocatalyst to produce high-
valent Pd(IV) species, which then oxidize the target
reactants.”” In addition, the 4,4"-bis(diphenylamino)-
benzophenone (DPA-BP)/N-hydroxyphthalimide (NHPI)/O,
photocatalytic system was developed and demonstrated high
efficiency in the aerobic oxidation of B-O-4 lignin models.”®
The mechanistic investigation revealed that this aerobic
oxidation process followed a photoinduced proton-coupled
electron transfer (PCET) reaction pathway. Specifically,
phthalimide-N-oxyl (PINO) radicals that were converted from
NHPI by the DPA-BP photocatalyst can abstract hydrogen
from C,-H in benzylic alcohol and generate the C,-hydroxy
benzylic radical. This radical then reacts with O, to produce
a peroxyl radical, which ultimately converts to a ketone after
further reaction with NHPL.>® Moreover, based on a similar
oxidation mechanism involving reactive oxidative species
(ROS), Cao et al. employed various persulfates (e.g., (NH,),S,-
Og) as the radical initiator and CuBr, as the photocatalyst,
which can effectively facilitate the selective oxidation of C-
OH in dimeric lignin model compounds under visible light
irradiation.>® The semiconductor 8-MnO, can also generate

This journal is © The Royal Society of Chemistry 2025
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active oxygen species (0,” or 0,>7) from molecular oxygen
and oxidise C,~OH in various dimeric -O-4 alcohols under
blue light (470 nm), but it is of interest that y-CH,OH in
lignin model compounds could be retained in this reaction
process.®® Otherwise, the oxidation of three technical lignin
sources including organosolv lignin, kraft lignin, and alkali
lignin was conducted. The IR and 2D-NMR characterisation
results indicated that the 6-MnO, photocatalytic system
successfully oxidised these lignin samples and the results
from the subsequent depolymerization of the pre-oxidized
lignin further demonstrated the effectiveness of 5-MnO, *° In
addition to the investigations that focused on photocatalytic
oxidation for the first step, Fang et al. found that Pd/TiO, can
efficiently catalyse the fragmentation of Cg-O bonds in
dimeric B-O-4 ketones, generating the corresponding
aromatic ~ monomers  through  hydrogenolysis  and
hydrogenation processes.®"

However, the reaction conditions for the individual
oxidation and reduction processes are typically different; for
instance, distinct additional chemical reagents are required for
single-electron transfer (SET) and hydrogen atom transfer
(HAT) processes. As a result, the complex separation after the
first oxidation step and the subsequent transfer of reactants to
the reduction step pose significant challenges in this two-step
strategy. To address this issue, Luo et al. developed a tandem
dual-light driven photocatalytic system capable of cleaving -O-
4 bonds in lignin model compounds (e.g., 2-phenoxy-1-
phenylethanol) and producing the corresponding aromatic
monomers in a single pot.>® In this case, two catalysts (Pd-
ZnIn,S, and TiO,) with different bandgap structures co-exist in
the same reaction system, therefore, this system can
consecutively carry out the oxidation and hydrogenolysis
reactions in a single pot under different wavelengths of light
irradiation. Specifically, H-C,~OH is firstly oxidised to C,—O
by the photogenerated holes from Pd-ZnIn,S, under blue LED
light (455 nm). Subsequently, after switching to UV LED light
irradiation, the cleavage and reduction of Cg-O bonds are
driven by the photogenerated electrons from TiO,, with the
assistance of NaOAc, producing the corresponding aromatic
monomeric products.® In the hydrogenolysis process of Cp-O
bonds, it is worth pointing out the (101) crystal facet of TiO,
was identified as the most active crystal facet, and the
photoexcited Ti*" on the surface of this facet can weaken the
Cg-O bonds of the adsorbed ketone, thereby facilitating their
cleavage.®® This dual-wavelength light driven stepwise C-O
bond cleavage strategy was also realised using TiO, with
varying NiO loadings.®* In this system, the photo-redox
capability of TiO, could be rationally tuned by the NiO loading,
allowing the catalysts to respectively facilitate the
dehydrogenation and hydrogenolysis processes in the stepwise
C-0 bond cleavage reaction.

Overall, the use of the stepwise photocatalytic reaction
strategy in this field has shown some potential, but some
certain inherent limitations of the stepwise processes remain
unsolved. Specifically, the pre-oxidation and subsequent
reduction leading to C-O bond cleavage are challenging to
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carry out simultaneously, necessitating the complicated
separation and purification of pre-oxidized reactants in most
stepwise reaction pathways. Although the use of flow reactors
and the combination of different catalysts can to some extent
address this issue at the laboratory scale, these approaches
may present challenges for scale-up. Additionally, stepwise
photocatalytic processes often require additives, such as
radical initiators, scavengers for photogenerated charges, or
stoichiometric chemical reagents, further complicating the
reaction systems.

(ii) Direct photocatalytic redox-neutral strategy.
Homogeneous photocatalysts were first employed to explore
the potential for direct photocatalytic cleavage of the Cg-O
bond in f-O-4 linkages. The commonly used Ir-based
photocatalyst ([Ir(ppy).dtbpy]PFe) in the stepwise photocatalytic
approaches was combined with a hydrogen-atom-transfer
(HAT) catalyst (e.g;, methyl mercaptoacetate) to utilise the
hydroxy groups in diols as the reductive hydrogen source.®
This dual photocatalysis/HAT system can cleave various (3-O-4
lignin model compounds under blue light irradiation,
producing the corresponding monomeric ketone and phenol
without the need for external stoichiometric reductants.®® In
addition, various redox-active organic dyes were tested as
potential replacements for the expensive and toxic iridium
photocatalysts, with 4CzIPN exhibiting similar catalytic
performance to the Ir catalyst, even under more robust
conditions. Mechanistic studies revealed that the thiyl radical
could be generated through the reductive quenching process
between the light-excited photocatalyst and the HAT catalyst.
The produced thiyl radical can abstract the hydrogen atom
from the C,-H position in the B-O-4 alcohol lignin model
compounds, then forming the benzylic ketyl radical. It is worth
pointing out that this radical can be subsequently oxidised to
the corresponding ketone, which could be detected by GC
during the reaction process. Subsequently, the ketone
intermediates could be activated by the reduced photocatalyst,
generating unstable ketyl radical anions, which could be
further decomposed through Cp-O bond fragmentation.®®

Heterogeneous photocatalysts have also been employed to
depolymerize B-O-4 lignin model compounds and organosolv
lignin. Luo et al followed a similar reaction route and
developed a heterogenous zinc indium sulphide photocatalyst.
In this photocatalytic system, the reaction begins with the
oxidation of C,~OH to form ketone intermediates, and then
further cleavage of the Cg-O bond in lignin model compounds
via a self-hydrogen transfer hydrogenolysis mechanism."” It
should be noted that no additional chemical reagents or co-
catalysts were required in this process. The oxidation of the
C,H-OH moiety and the reductive cleavage of Cg-O bonds can
be respectively driven by photogenerated holes and electrons
on the same catalyst under blue LED irradiation. In addition, it
is interesting that the hydrogen atoms transferred to the final
aromatic monomer during the Cg-O bond fragmentation
originate from the alcoholic group (C,~H-OH) of the lignin
model compounds. More specifically, the photogenerated holes
can abstract hydrogen atoms from the C,-H-OH moiety,
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generating ketone intermediates and protons. These protons
can be adsorbed onto the catalyst surface to form a “hydrogen
pool” after reacting with the photogenerated electrons. This
hydrogen pool subsequently reacts with the ketone
intermediates to produce the corresponding aromatic
monomers. The results from deuterium-labelled experiments
and kinetic isotopic effect studies indicate that the adsorbed
hydrogen species are critical for the fragmentation of the C3-O
bond. The hydrogen from the hydroxyl group ultimately
transfers to acetophenone while the hydrogen from C,-H can
be transferred to phenol. This hydrogen transfer
hydrogenolysis process was further expanded and investigated,
revealing that external hydrogen donors (e.g., isopropanol) can
also provide hydrogen for the fragmentation of Cg-O bonds in
ketone lignin model compounds lacking the alcoholic group.
Additionally, the depolymerization of organosolv poplar lignin
was conducted in this ZnIn,S, photocatalytic system with
isopropanol as the external hydrogen donor. The generation of
a variety of monomers and p-hydroxyacetophenone derivatives
after the reaction further demonstrated the effectiveness of this
photoinduced self-hydrogen transfer hydrogenolysis strategy
for lignin conversion.

Based on a similar reaction mechanism, the fragmentation
of Cg-O bonds in dimeric Cg-O lignin model compounds was
also achieved employing ultrathin Ni-layer decorated CdS
nanosheets as the photocatalyst via this reaction route.'® In this
study, the solvent environment was found to be a crucial factor
in determining the overall reaction performance. When pure
acetonitrile was used as the solvent, ketone (2-phenoxy-1-
phenylethanone) was the only aromatic product obtained from
the corresponding alcohol lignin model compound (2-phenoxy-
1-phenylethanol). This is because the abstracted hydrogen from
the alcoholic group (C,H-OH) was primarily reduced to H, due
to the strong reductive capability of Ni/CdS, rather than forming
a “hydrogen pool” on the catalyst surface, which is essential for
the C-O hydrogenolysis process. Interestingly, the reaction
selectivity was altered by mixing acetonitrile with water,
decreasing the selectivity for the dimeric aromatic ketone
product and yielding around 50% aromatic monomers. The
selectivity for aromatic monomers was further enhanced by
altering the pH of the solvent to an alkaline condition
using KOH, where over 90% of 2-phenoxy-1-phenylethanol was
converted into the corresponding aromatic monomers
(acetophenone and phenol), with a significant improvement in
reaction rate. The improved performance was attributed to the
decreased solubility of 2-phenoxy-1-phenylethanone in the
water-acetonitrile mixture, which increased its adsorption on
the catalyst surface. Simultaneously, the evolution of H, from
the abstracted hydrogen (C,H-OH) was suppressed by the
formation of oxidized nickel species on the catalyst surface
under alkaline conditions. This allowed the extracted protons to
be accumulated, and thus facilitate the cleavage of Cz-O bonds.

The oxidation of the alcohol group to a ketone group is
crucial for the fragmentation of Cpg-O bonds in all the
aforementioned studies, whether following stepwise or direct
conversion routes. The fundamental principle behind these
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reaction pathways is that the oxidative transformation step
reduces the bond dissociation energy (BDE) of the Cg-O
bond. In addition to this pre-oxidation approach for lowering
the BDE, another pathway involving the formation of C,
radical intermediates has also been investigated. This
mechanism was first proposed by Wang's group and was
successfully demonstrated to be feasible in the
depolymerization of lignin model compounds, organosolv
lignin, and even natural lignin biomass.>* In the early stage,
CdS nanoparticles (NPs) in the form of cubic zinc blende
structure exhibited potential in the decomposition of
2-phenoxy-1-phenylethanol (PP-ol) through the cleavage of
Cp-O bonds, yielding acetophenone and phenol as the major
products.’" CdS NPs were further optimised by reducing their
particle size to below the Bohr exciton diameter to enhance
the photocatalytic performance, and CdS quantum dots
(QDs) with average size ranging from 3.8 nm to 6.1 nm were
obtained.”* Among these, the CdS QDs with a size of 4.4 nm
demonstrated the highest catalytic performance, which can
be attributed to the increased surface areas and enhanced
redox capability. The mechanistic studies supported by both
experimental and computational results revealed that the
formation of the C, radical intermediate is crucial to the
subsequent fragmentation of Cg-O bonds as illustrated in
Scheme 2(a). This intermediate drastically lowers the bond
dissociation energy (BDE) of the Cg-O bond in 2-phenoxy-1-
phenylethanol (PP-ol) from 55 to 7.8 kcal mol™, even lower
than the reduced BDE of the Cg-O bond in the ketone
intermediate (2-phenoxy-1-phenylethanone, PP-one).>* The
controlled experiments (Scheme 2(b)) using different
quenching reagents indicated that both photogenerated holes
and electrons are involved in the reaction, thus a so-called
electron-hole coupled photocatalytic reaction mechanism
was proposed. Specifically, the C,—H is firstly oxidised and
dehydrogenated by photogenerated holes, generating a C,
radical intermediate. Upon reacting with the photogenerated
electrons, the C, radical intermediate undergoes the cleavage
of the weakened Cg-O bond and ultimately yields
acetophenone and phenol. Herein, the formation of C,
radical intermediates was confirmed through the radical
trapping experiment, where 5-diisopropoxy-phosphoryl-5-
methyl-1-pyrroline-N-oxide (DIPPMPO) was employed as the
trapping reagent to capture radicals. This led to the
formation of stable hydroxylamine and nitrone products,
which could be analysed using positive-ion electrospray
ionization mass spectrometry and *'P nuclear magnetic
resonance (NMR). Notably, the results unambiguously
confirmed the presence of the C, radical intermediate in the
reaction.”” Various dimeric lignin models with various
functionalised groups (e.g:, vy-hydroxyl group)
successfully  converted into corresponding aromatic
monomers without unwanted degradation of these functional
groups using this  photocatalytic = system, further
demonstrating the high selectivity of the catalyst.
Furthermore, this study found that the yield of monomeric
aromatics increased with the Cg-O linkage content during
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Scheme 2 (a) Proposed electron-hole coupled (EHCO) mechanism for CdS-catalysed Cy-O bond cleavage of a dimeric -O-4 lignin model
compound through a C, radical intermediate; (b) the control experiments with various reactants or additives (this scheme has been reproduced
from ref. 22 with permission from Nature Publication Group, copyright 2018).

the depolymerisation of various technical lignin and natural
lignin in birch woodmeal and nearly approached the
theoretical maximum yields of aromatic monomers.
Otherwise, the CdS QDs can be easily recycled from the
reaction system through a reversible aggregation-
colloidisation process for reuse. Afterwards, the dissolved
aromatic monomer products in the solvent, along with the
residual cellulose and hemicellulose solids, could be readily
separated. This study, for the first time, demonstrated a
“lignin-first” strategy that converts lignin into aromatic
monomers via photocatalysis without sacrificing cellulose
and hemicellulose, further confirming the immense potential
of photocatalysis for producing monomeric aromatics from
native lignocellulosic biomass.>®>*3!

Subsequently, CdS quantum dots (QDs) were further
modified and systematically investigated in terms of the
effects of organic ligands attached to their surface.®* Given
that the colloidal stability of CdS QDs is highly dependent on
the hydrophilic or hydrophobic properties of the surface
organic ligands, the dispersibility of CdS QDs in the reaction
solvent (CH;OH/H,0 solution) could be enhanced by loading
hydrophilic organic ligands (e.g., mercaptoalkanoic acid and
HS(CH,),COOH) onto their surface. This modification can
facilitate intimate contact between CdS QDs and solid native
lignin. In this manner, the CdS QD catalysts could function
as a pseudo homogeneous catalyst and significantly improve
the efficiency of solid-solid contact between the
heterogeneous catalyst and solid reactants, thereby
significantly improving the catalytic performance. Regarding
the impact of ligands on the surface of the photocatalysts,
the characterization results from femtosecond transient
absorption spectroscopy revealed that the rate constant for
electron transfer decreased exponentially with increasing
ligand length (HS(CH,),COOH, n 2, 5, 10). And the
photocatalyst with shorter alkyl chains of ligands exhibited

This journal is © The Royal Society of Chemistry 2025

better catalytic activity due to the lower energy barrier for
charge transfer. Thus, the surface ligands are considered to
act as the electron-tunnelling mediator, facilitating the
transfer of interfacial charges from CdS QDs to the substrate.

The photocatalytic performance of CdS could be further
improved through a simple Ag' cation exchange approach,
which had been commonly applied in the field of
photocatalysis."” Ag" can substitute Cd*>" during the cation
exchange process, forming Ag,S on the surface of CdS. This
modification can significantly suppress the recombination and
promote the transfer of photogenerated electrons.
Consequently, the conversion rate of PP-ol could be increased
from 35% to nearly 100% under the same reaction conditions.
The improved photocatalytic activity is attributed to the
reduced of recombination of photogenerated electron-hole
pairs and the accelerated transfer of photogenerated electrons
in Ag,S@CdS. The characterisation results indicated that the
intrinsic band structure of CdS was not significantly altered,
however, the Fermi level of Ag,S@CdS was downshifted due to
the lower Fermi level of Ag,S compared to CdS. This allows
photogenerated electrons to transfer from the conduction band
of CdS to Ag,S, promoting the separation of photogenerated
charges and enhancing the proton affinity of the catalyst. As
illustrated in Scheme 3, Ag,S@CdS can effectively reduce
recombination while promoting the separation and migration
of photogenerated electrons and holes, thereby providing more
photogenerated charges at the surface to trigger the redox
cleavage of Cp-O bonds via a similar electron-hole coupled
oxidation (EHCO) mechanism.®

In addition to enhancing the contact and interfacial
charge transfer between the photocatalyst and lignin
substrates, energy band engineering was employed to
optimise the photocatalysts and deepen the understanding of
the mechanisms involved in the photocatalytic conversion of
lignin model compounds and lignin itself. A series of
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Scheme 3 Schematic representation comparing the fragmentation of the p-O-4 bond in Ag,S@CdS (yellow) with CdS (blue) (this figure has been
reproduced from ref. 17 with permission from American Chemical Society, copyright 2020).

Zn,,In,S,,.3 (M = 1-6) in the form of aggregated multi-layered
nanosheets were synthesised using a simple hydrothermal
method, and the energy band structures of the materials were
modified by adjusting the atomic ratio of Zn to In, as
illustrated in Scheme 4(a)."® The controlled experiments
conducted under UV irradiation or visible light irradiation
indicated that the enlarged valence-band maximum (VBM)
and conduction-band minimum (CBM) can enhance photo-
redox capabilities and promote the conversion of PP-ol. More
specifically, a lower (more positive) VB edge can facilitate
hydrogen atom abstraction (HAA) of the C,-H bond of PP-ol
and generate the C, radical intermediate while a higher
(more negative) CB edge can promote the reductive cleavage
of the Cg-O bonds. However, an excessively wide energy band
gap can result in poor responses to visible light, adversely
affecting the photocatalytic performance of ZnsIn,Sg and Zne-
In,Se."**° As illustrated in Scheme 4(b), the mechanistic
studies suggested that both photogenerated electrons and
holes are involved in the fragmentation of Cg-O bonds. And

the reaction essentially follows the same mechanism
A
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involving the C, radical intermediate that was proposed in
previous studies.'®**** However, a minor pathway for Cp-O
cleavage via a C=O0 intermediate reaction also occurs during
the photocatalytic process.'® The thiol group (-SH) was found
to be critical to catalytic activity, as it can trap
photogenerated holes and form thiyl radicals that selectively
activate the C,-H bond, leading to the formation of the C,
radical intermediate. Further experiments on the
depolymerization of native lignin were conducted, achieving
a high yield of functionalized monomeric aromatic products
(18.4%) from the photocatalytic conversion of dioxasolvs
birch lignin.

Most of the previous studies on the photocatalytic C-O bond
cleavage in lignin model compounds have primarily focused on
modifying photocatalysts by optimizing material properties,
such as the light absorption edge, energy band structure,
recombination rate, and transfer efficiency of photoexcited
electrons. Additionally, material surface engineering has been
explored to enhance the intimate contact between catalysts and
the substrate."”'®% Otherwise, certain critical factors that can

Minor process

Pathway A

(b)

(a) Band structure diagram of Zn,,In,S,,,+3 (m = 1-6); (b) proposed photocatalytic mechanism for 3-O-4 bond cleavage in 2-phenoxy-1-

phenylethanol over the ZnylIn,S; catalyst (this scheme has been reproduced from ref. 16 with permission from Wiley-VCH, copyright 2019).
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considerably influence the photocatalytic performance have not
been systematically investigated, which greatly impeded the
rational design of photocatalysts and the development of
efficient photocatalytic systems for C-O bond fragmentation in
lignin. For example, it has been confirmed that the use of an
external hydrogen donor is an effective strategy for reaching
great catalytic performance in the thermo-catalytic lignin
depolymerisation process,"®” but this mechanism had not been
studied in the photocatalytic lignin conversion process. In fact,
in previously reported studies, photocatalytic C-O bond
fragmentation reactions were typically carried out in solvents
without hydrogen-donating properties. The lignin model
compound itself often served as the hydrogen donor, providing
the necessary hydrogen for the hydrogenolysis cleavage of C-O
bonds.">'®%° 1t is plausible that the reaction rate and selectivity
could be constrained by insufficient supply of hydrogen
abstracted from the lignin substrate itself. Furthermore,
previous research also found that hydrogen gas could be
generated during the cleavage of lignin model compounds,
which competes with the essential demand for hydrogen in the
hydrogenolysis cleavage of C-O bonds, thereby reducing lignin
conversion efficiency and the selectivity for monomeric
aromatics."'® Herein, inspired by the fact that certain catalysts
can abstract and activate hydrogen from hydrogen donors to
promote the hydrogenolysis process, Shao and his co-workers
successfully developed a series of metal sulphide photocatalysts
capable of accelerating hydrogen atom transfer (HAT) during
the hydrogenolysis of Cz—O bonds.®® " This was accomplished
by supplying adequate hydrogen from the hydrogen-evolving
half-reaction of the water dissociation process, resulting in a
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significant improvement in both the reaction rate and selectivity
for the target monomeric aromatic products. The isotopic
labelled experiments confirmed that the hydrogen transferred
from water to the monomeric aromatics during the
photocatalytic process. In addition, KIE measurements
indicated that the protons generated from water decomposition
are crucial to the overall reaction, further highlighting the
beneficial role of water in promoting the reaction. Moreover,
Shao and his co-workers confirmed the promoting effect of
adsorbed reactive radical species generated from photocatalytic
water dissociation on the cleavage of target C-O bonds in lignin
by DFT calculations. As shown in Scheme 5, H* and *OH
generated from water dissociation and absorbed on the surface
of the photocatalyst can remarkably increase the energy barrier
for the oxy-dehydrogenation of key reactive intermediates,
which is energetically favourable in the absence of these
adsorbed reactive radical species. Specifically, although the
energy required for the generation of the radical intermediate
via C-H activation and hydrogen atom abstraction (HAA)
increases from 1.23 eV to 1.65 eV with the presence of adsorbed
radical species on the surface of photocatalyst, the side-reaction
of further dehydrogenation (Scheme 5(b) R1) of the key radical
intermediate on the bare catalyst surface remains a kinetically
favourable reaction. In contrast, this dehydrogenation process
requires an activation energy (E,) of 0.44 eV on the catalyst
surface when H* and *OH are adsorbed (Scheme 5(b) R2).
Therefore, the reaction can proceed in the direction of the target
C-O bond cleavage while inhibiting side reactions of oxy-
dehydrogenation. The difference between R3 and R4 lies in the
origin of hydrogen in the final monomeric aromatic products.

HAA Key | Rac103ev
Radical
Intermediate \
OH R2 E~0.44 eV
/\/\/OY\ [ {
(O (&)

E~1.65eV

R3 £,=0.09 eV
E~1.23eV

Reaction Energetics (eV)
& IS
o

—_—
15
Jis 2 \’*
AN o N
cd 3
® zn
S
e0
e cC
H
Adsorbate-Mediated Catalysis Bare Catalyst Surface

(a) Proposed reaction mechanism for photocatalytic fragmentation of aryl ether C-O bonds in lignin model compounds over

quaternary cadmium zinc indium sulphide photocatalysts; (b) the calculated reaction profiles of four different PP-ol conversion pathways in two
different catalytic microenvironments (this scheme has been reproduced from ref. 68 with permission from Elsevier, copyright 2024).
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Reaction pathway R3 has the lowest activation energy (E,) of
0.09 eV, making it the most favourable from a kinetic
perspective. In this pathway, H* adsorbed on the surface of
photocatalyst transfers to acetophenone, while the hydrogen
from the C-OH group of the radical intermediate is transferred
to the hydroxy group of phenol. In contrast, pathway R4, which
has the highest E, of 1.03 eV, involves phenol receiving H* from
the catalyst surface, with the hydrogen from the C-OH group of
the radical intermediate transferring to acetophenone. These
DFT calculated results align well with the findings from isotope-
labelled experiments, providing further insight into the
hydrogen transfer behaviours in this reaction process.

In summary, compared to the stepwise reaction routes, the
direct photocatalytic cleavage of Cg-O bonds via a redox-neutral
reaction not only can decrease or avoid the use of additive
stoichiometric chemical reagents but also can simplify the
complicated separation and purification process for the pre-
oxidised reactants after the first step. Moreover, as both
photogenerated holes and electrons could be utilised for driving
the oxidation and reduction simultaneously, the theoretical
reaction efficiency could also be improved in this reaction route.

(iif) Photocatalytic lignin conversion via cleaving C-O
bonds by other methods. In addition to the aforementioned
approaches for Cpg-O bond fragmentation in lignin, other
methods have been developed based on different
photocatalytic ~reaction mechanisms (e.g., plasmonic-
enhanced photocatalysis) or targeting the cleavage of other
C-O linkages (e.g., C,—0, 4-0-5) for lignin conversion.

The commercial TiO, (Degussa P25) loaded with Pd
nanoparticles as the co-catalyst was found capable of cleaving
C,~O bonds under UV light irradiation and mild conditions.
When benzyl phenyl ether (BPE) was used as the reactant in
a solvent of 2-propanol containing 20 vol% water, the
reaction selectively produced toluene and phenol as the only
products.”” In this reaction process, the reduction of H' at
the Pd sites (H-Pd) generates active hydrogen species with
strong reductive capabilities. These active hydrogen species,
analogous to those species formed via the
dissociative adsorption of H, in thermocatalytic processes,
were identified as crucial participants in accomplishing the
hydrogenolysis of C,—O bonds.

Inspired by the use of the Ni/TiN nanocomposite as the
catalyst in the thermolysis and hydrogenolysis of commercial
kraft lignin, Liu et al. discovered that TiN could also

reactive

hv, TiN NPs //
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efficiently cleave C-O bonds in phenethyl phenyl ether (PPE)
under relatively mild conditions (100 °C, KOH, isopropanol)
in a visible-light-driven photocatalytic process, yielding
styrene and phenol as the products.”*’* The action spectrum
study indicated that this reaction is driven by direct photon
energy, with the strong localized surface plasmon resonance
(LSPR) effect of TiN resulting in exceptionally high light
absorption properties. To further investigate the active sites
in this reaction, the chemical states of titanium (TiO, (+4),
Ti-N-O (+1), and TiN (+3)) in TiN were modified through
calcination. The results revealed that Ti-N-O species are the
active sites for this photocatalytic reaction. A possible
mechanism involving radical intermediates is proposed in
this work, as illustrated in Scheme 6. The reaction initiates
with the abstraction of Cg-H, generating Cg-radical
intermediates, followed by C-C shift and Cg-O cleavage,
ultimately producing styrene and phenol. Notably, this
photocatalytic system demonstrates high selectivity for
styrene, avoiding the formation of over-reduced products
(e.g., ethylbenzene) typically seen in thermal reactions. The
unsaturated C—C bonds in the product can be further
processed to yield various value-added products (e.g., through
C-N coupling hydroamination reactions), thereby enhancing
the applicability of products derived from lignin conversion.
The localized surface plasmon resonance (LSPR) effect of
noble metals has also been explored in this field and was
found to enhance the inherent bond-breaking ability of
transition-metal complexes in the cleavage of C,-O linkages
in o-O-4 lignin model compounds. Noble metal
nanoparticles, such as Au or Ag, were co-immobilised with
Ni®™ complexes on Al,O; nanofibers grafted with a silane
containing an amino group, forming Au-ASN-Ni** and Ag-
ASN-Ni*"photocatalysts.”” As illustrated in Scheme 7, the
plasmonic metal nanoparticles function as antennas (step i),
harvesting light energy and transferring it to the active sites.
It should be noted that the intense electromagnetic near-
fields of the plasmonic metal nanoparticles can remarkably
enhance the chemisorption of the lignin mocel substrates to
the Ni*" active sites (step ii). The light-excited hot electrons
can migrate from the plasmonic metal nanoparticles to Ni*" sites
through a molecular bridge of the aromatic ring of the reactants
(step iii and iv). This mechanism also eliminates the need for
intense thermal heating, which is typically required to activate
the Ni complex and overcome the reaction energy barriers.

CH,

(o]
F,h/\/ oy

S-H abstraction

b4 2

C-C shift %2 p-scission CH,
O
Ph/\/ \PH ....... > J\ o » //
Ph o

v

Ph——CH
2
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L Ph——CH + Ph o

Scheme 6 Proposed reaction mechanism of the photocatalytic fragmentation of PPE by TiN NPs through Cg-radical intermediates (this scheme
has been reproduced from ref. 74 with permission from American Chemical Society, copyright 2021).
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Scheme 7 Proposed reaction mechanism of the plasmonic-antenna-promoted catalysts in benzyl phenyl ether decomposition (this scheme has
been reproduced from ref. 75 with permission from Elsevier, copyright 2019).

Eventually, the lignin model compound benzyl phenyl ether
could be converted to phenol and toluene with high selectivity
using Au-ASN-Ni*>" or Ag-ASN-Ni*" photocatalysts under visible
light irradiation at 80-90 °C in isopropanol with KOH (step v).
Notably, no by-products from the over-reduction of aromatic
rings were detected, which was likely attributed to the relatively
mild reaction conditions. Further mechanistic studies indicated
that the interband excitation of Au nanoparticles and the
intraband excitation of Ag (LSPR effect) generate photoinduced
hot electrons, which migrate to the Ni** complex via the
unoccupied anti-bonding n* orbitals of the aromatic ring of the
ether, reducing Ni*" to catalytically active Ni° species. The active
Ni’ species then drive the fragmentation of C,-O linkages,
yielding phenol and toluene, with hydrogen released from the
oxidation of isopropanol on the plasmonic metal nanoparticles.

Nickel, as a relatively inexpensive non-plasmonic metal
from the platinum group, is a well-known hydrogenation
catalyst employed for the reductive cleavage of aryl ether
C-O bonds via thermocatalysis. Recently, Li et al. developed
Ni nanoparticles that can selectively catalyse the
hydrogenolysis of various aryl ether C-O bonds in lignin
under visible light irradiation and relatively mild
conditions.” Mechanistic studies revealed that the Ni
nanoparticles on the catalyst surface serve as active sites,
absorbing visible light through interband electronic
transitions and generating hot electrons to drive the
cleavage of C-O bonds in various lignin model compounds.
In this reaction system, additional reductive agents (e.g.,
hydrazine hydrate or NaBH,) are required to maintain the
metallic Ni’ on the surface, thereby providing more active
sites for the reaction. As expected, the reaction temperatures
required for the fragmentation of different C-O bonds
corresponded to the bond dissociation energies (BDE) of the

This journal is © The Royal Society of Chemistry 2025

C-O bonds in diphenyl ether (DPE, 4-O-5 structure),
2-phenylethyl phenyl ether (PPE, B-O-4 structure), and benzyl
phenyl ether (BPE, o-O-4 structure). The photocatalytic
conversion of dealkaline lignin was also conducted to assess
the system's feasibility, resulting in the generation of 14
monomeric aromatic products with an overall yield of 9.84
wt% after 35 hours of reaction at 80 °C.

The photocatalytic system developed by Shao and his co-
workers can also selectively cleave C,-O bonds in benzyl
phenyl ether®® with the assistance of radicals from water
dissociation. Notably, as shown in Scheme 5(a), the
simultaneous fragmentation of C,-O and Cg-O bonds was
accomplished without additional chemical reagents. The a-O-
4 lignin model compound (BPE) could be completely
converted at room temperature with nearly 90% selectivity
for monomeric aromatic products (benzaldehyde and phenol)
after 90 min of visible light irradiation. Moreover, it should
be noted that the generation of benzaldehyde from this study
is different from that presented in the previous literature,
which usually  produced toluene rather  than
benzaldehyde."*>”>7®  Typically, the generation of
benzaldehyde is more favourable than toluene, as toluene is
more challenging to be further processed due to the highly
stability of its (sp’) C-H bonds. And the isotopic labelled
experiments with D,O and H,0' directly revealed that the
radicals generated from water dissociation participate in the
C-O bond cleavage and the extra oxygen atom in the
generated benzaldehyde originates from water.

Due to the higher bond dissociation energy (77.74 kcal
mol™) of 4-O-5 bonds compared to other major C-O bonds,
such as C,-O bonds (57.28 keal mol ') and C—O bonds (69.35
kcal mol™), the 4-O-5 linkages in lignin are the most
challenging C-O bonds to cleave.®®”®”” Tan et al. developed an
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aryl carboxylic radical-mediated acidolysis approach to break
the aryl ether bond of the 4-O-5 lignin linkage under blue LED
irradiation.”® In this reaction, the aryl carboxylic radicals were
generated from acridinium photocatalysts with strong oxidative
capability, subsequently, these electrophilic radical species
would attack the electron-rich aromatic rings of the reactants,
yielding metastable intermediates. Cu(TMHD), was employed
as a Lewis acid catalyst to coordinate and further stabilise these
intermediates. Notably, Cu(TMHD), can also facilitate the
subsequent C-O fragmentation through a single electron
transfer (SET) with the reduced photocatalyst, ultimately
producing esters and phenols.®*>”®

Unlike Tan's work, which introduced external active radical
species to activate the robust 4-O-5 bonds and initiate the
reaction, Zhou et al utilised uranyl species as the
photocatalysts, leveraging their ligand-to-metal charge transfer
(LMCT) properties and superior oxidative capability (Eox = +2.60
V vs. SCE) to directly activate the robust C-O bonds in 4-O-5
lignin model compounds.”” As depicted in Scheme 8(a), an
interesting outcome of this reaction is that two phenol
molecules can be generated from one molecule of diaryl ether.
The results from O isotopic labelling experiments revealed
that the additional oxygen in the produced phenol originate
from uranyl photolysis of water through the oxygen atom
transfer (OAT) process. It should be noted that these findings
also demonstrated that both C-O bonds in the 4-O-5 structure
can be cleaved, as all phenol derivatives, whether substituted
with tert-butyl or cyano groups labelled with O'®, The possible
reaction mechanism was further investigated and is illustrated
in Scheme 8(b), the process begins with a single electron
transfer (SET) between photo-excited *UO,>* and the diary
ether via the ligand-to-metal charge transfer (LMCT) process,
generating UO," and radical cation A. Subsequently radical
cation A reacts with the uranyl peroxide complexes generated
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from the uranyl photolysis of water, which further decomposed
to the radical cation of phenol B and phenol oxygen anion C
through the cleavage of C-O bonds. The final products of
phenol were generated from another SET process between B
and UO,", followed by the hydrogenation of C.

In addition, the cleavage of C,y-O bonds in B-O-4
structures was also investigated to obtain various non-
phenolic monomeric aromatic products. However, this
fragmentation faces significant challenges due to the high
bond dissociation energy (BDE) of Cgy-O bonds and low
selectivity, which is affected by the presence of weaker
aliphatic ether bonds.*”®® To address these challenges, Li
et al. developed an intramolecular substitution approach to
cleave the C,y~O bond in B-O-4 lignin model compounds as
displayed in Scheme 9.”® The radical precursor, acyl oxime,
was firstly introduced into the B-O-4 structures through the
stepwise oximation and acylation reactions. Then, the iminyl
radicals were generated by the photoexcited organic
molecular photocatalyst (phenothiazine, PTH) via a single
electron transfer (SET) mechanism. These iminyl radicals
could attack the Cuy~O bonds, forming the spiro
intermediates through aryl migration in a proposed five-
membered ring. The spiro intermediates subsequently
decomposed through C-O bond cleavage, yielding arylamine
and ketone products.”®

2.2. Selective C-C bond fragmentation

Due to the significant presence of C-C linkages in lignin, the
yield of monomeric aromatic products from lignin
depolymerisation can be limited if only C-O linkages are
targeted for fragmentation. Furthermore, lignin isolated from
conventional industrial processes, such as the kraft, sulphite,
and organosolv processes, as well as from commercial
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Scheme 8 (a) The results from O labelling experiments and investigation of the dual cut-off mechanism; (b) proposed mechanism for uranyl-
photocatalysed hydrolysis of the 4-O-5 linkage in lignin model compounds (this scheme has been reproduced from ref. 77 with permission from

American Chemical Society, copyright 2021).
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Scheme 9 Proposed pathway for amination of aryl ether to primary arylamine by an aryl migration strategy (this scheme has been reproduced
from ref. 65 and 78 with permission from Nature Publication Group & American Chemical Society, copyright 2022 & copyright 2019).

biorefining operations, typically contains higher fractions of
C-C bonds. This is because additional C-C bonds form
through condensation reactions, often at the expense of Cg-O
bonds.®”® Therefore, it is crucial to target the cleavage of C-C
interunit linkages to further increase the yields of monomeric
aromatic products from lignin depolymerisation. However,
the fragmentation of C-C bonds poses greater challenges
than that of C-O bonds due to their non-polar and robust
characteristics. Currently, C-C bond scission primarily
focuses on B-O-4 and B-1 linkages (specifically the cleavage of

the C,-Cg bond), which are the most abundant and second
most abundant linkages in most lignin biomass.
Photocatalytic lignin depolymerisation through C-C bond
scission has achieved some progress. It has been found that
the generation of various radical species, which can activate
reactants or weaken the bond dissociation energy of C-C
bonds, is crucial in these reaction processes, generally resulting
in the production of aldehydes and phenols as the primary
products. Based on the specific radical species formed during
the C-C bond cleavage, most approaches aimed at selectively

o 0
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Scheme 10 Proposed reaction mechanism of C,-C; bond cleavage by the Ir complex via a PCET process (this scheme has been reproduced from
ref. 82 with permission from Elsevier, copyright 2019).
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cleaving C,-Cg bonds can be classified into three main
categories: alkoxy radical approach, carbon radical mediated
oxidation approach, and cation radical mediated approach.

(i) Alkoxy radical approach. Inspired by the observation that
the formation of the alkoxy radical from the activation of the
hydroxyl group can significantly weaken the adjacent C-C bonds
and facilitate their cleavage in the ring-opening reaction of cyclic
alcohols, a viable protocol for C-C bond cleavage was proposed
by leveraging the abundant hydroxyl groups present in lignin to
generate alkoxy radicals.®>®***' However, the C,~H bond, which
has a relatively lower oxidation potential, often competes with
the targeted O-H bond activation, impacting the reaction
performance. As the O-H bonds have strong polarity, Wang
et al. addressed the above competitive side-reaction problem by
introducing a base (collidine) into the reaction system and
employed Ir based metal complexes to catalyse the cleavage of
C-C linkages in dimeric $-O-4 and B-1 lignin model compounds
through a proton-coupled electron transfer (PCET) process.®” As
illustrated in Scheme 10, the electron transfer between the light
excited Ir complex (*I'™') and the phenyl moiety generates a
radical cation intermediate, which could subsequently be
converted into the key alkoxy radical cation intermediate with
the assistance of base via a proton-coupled electron transfer
(PCET) process. Next, the weakened C-C linkage in the alkoxy
radical intermediate is cleaved, generating benzaldehyde and a
carbon radical. Finally, thiophenol (PhSH) is employed as the
hydrogen donor to hydrogenate the carbon radical, yielding
anisole as the product and generating the PhS* radical for the
oxidative regeneration of the Ir based photocatalyst.** However,

OH

ce'lcly

/ »
_ceVel, /™"
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the results from the depolymerisation of birch dioxane lignin
indicated that that the presence of phenolic hydroxyl groups in
lignin can significantly compete with the target C-OH activation,
thereby limiting the performance of this photocatalytic system
through a back electron transfer process. In a latter study,
Nguyen et al. further refined this PCET reaction protocol by
integrating an Ir(m) chromophore, a dialkyl phosphate base and
an aryl thiol hydrogen atom donor as the optimised
photocatalytic system, enhancing selectivity and mitigating the
negative effects of preferential side reactions related to phenolic
O-H bond activation. As a result, the efficiency of C-C bond
fragmentation within the -O-4 structure was improved, leading
to the production of corresponding monomeric aromatic
products.®®

Due to the chelation property of the benzyl C,-OH
structure, the active metal sites can coordinate with the
benzyl C,~OH group in lignin substates and be excited by
light irradiation. This interaction can generate the alkoxy
radical intermediate, facilitating the subsequent scission of
C-C bonds through a light-driven ligand-to-metal charge
transfer (LMCT) process.** ®® The chelating interaction with
the targeted hydroxyl group along with the oxidative
capability was found to be crucial for the cleavage of C-C
bonds via the LMCT process. Various vanadium complexes,
synthesised with rational ligand modification, were
developed as the catalysts to facilitate C-C bond
fragmentation in f-O-4 and B-1 linkages using this LMCT
approach, yielding the corresponding aromatic monomer
products.*®® Wang et al further advanced this LMCT
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Scheme 11 The plausible reaction mechanism for CeCls/DBAD photocatalytic fragmentation and amination of the C,-Cg bond in lignin model
compounds (this scheme has been reproduced from ref. 65 and 87 with permission from Nature Publication Group & Chinese Chemical Society,

copyright 2022 & copyright 2020).
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strategy for C-C bond cleavage by employing CeCl;-based
photocatalysts and introducing additional reagents of di-tert-
butyl azodicarboxylate (DBAD).®” As shown in Scheme 11, the
mechanistic studies indicated that this process begins with
the coordination of cerium (Ce'™) with the benzyl C,~OH
group, which is then oxidised by DBAD* to form a Ce'/lignin
complex and DBAD. Next, the key alkoxy radical
intermediate, featuring a weakened C-C bond, is generated
through the photoinduced LMCT homolysis of the Ce™/lignin
complex and subsequently decomposed into an aldehyde
product and an alkyl radical. Unlike the previous studies
where the generated alkyl radical typically reacts with a
hydrogen donor or oxygen species to produce formic acid or
ether, in this case, hydrazinium compounds were formed by
coupling the alky radical with DBAD.*>*”

(if) Carbon radical mediated oxidation approach. The
selective activation of the Cpg-H bond and the formation of
carbon radicals can also weaken the strength of the C-C bond,
providing an oxidative method for cleaving C-C bonds in both
B-O-4 and B-1 structures. Notably, the selectivity of catalysts is
very critical for this reaction approach, as side reactions, such
as the oxy-dehydrogenation of C,~OH to ketones, can increase
the bond dissociation energy (BDE) of C-C bonds.*>*®

Herein, Hou et al firstly developed a hybrid CuO,/ceria/
anatase nanotube photocatalyst capable of catalysing the
fragmentation of C,-Cg bonds in various B-1 lignin model
compounds with high selectivity under visible light
illumination.®® As shown in Scheme 12(a), the reaction is
initiated by the preferential activation of the Cg-H bond,
leading to the generation of a Cg-radical intermediate induced
by photogenerated holes and protons. Subsequently, the Cg-
radical intermediate reacts with protons and the peroxide
radical anion derived from the photo-reduced O,, forming an

455 nm, O, X o

| g Cu0,/CeOy/A-NTs Z

Oxy-dohydrogonation

(a)

View Article Online

Review

unstable peroxide intermediate. This intermediate undergoes
C,~Cp bond fragmentation, producing monomeric aromatics
through a six-membered-ring transition state. This study
further confirmed that the activation and transformation of the
C,H-OH group represent a competing side reaction, resulting
in the formation of 1,2-diphenylethanone as a by-product
alongside minor C,-Cg bond fragmentation. Moreover, the role
of each catalyst component was systematically investigated.
Specifically, the competing side reaction of C,-H activation
primarily occurred on anatase TiO,, while ceria was found to
narrow the band gap and enhance the visible light absorption
of the catalyst. The highly dispersed CuO, nanoclusters on the
surface served as hole trapping centres, suppressing the side
reaction leading to ketone formation due to their inactivity in
C,~H activation. Additionally, the presence of CuO,
nanoclusters on ceria increased the concentration of surface
defects, including oxygen vacancies (V,) and Ce’" ions, which
are the catalytically active sites of ceria.

Based on a similar reaction mechanism involving the Cg
radical intermediate, Liu et al. developed a mesoporous
graphitic carbon nitride (mpg-C;N,) that can efficiently
catalyse the fragmentation of the C,~-Cg bond in both B-O-4
and B-1 lignin model compounds under visible light
irradiation and aerobic conditions (Scheme 12(b)).*® Notably,
the results of solid-state NMR characterisation and
theoretical studies confirmed that the presence of n-—n
stacking interactions between the corrugated mpg-C;N,
surface and lignin model compounds may promote the Cg-H
bond activation, and the photogenerated holes are essential
to the formation of Cg radical intermediates. In addition,
various carbon nitride based semiconductor photocatalysts
were further investigated based on different material
modification strategies, including the construction of a

OJHL?,H
.0
| "2 m oMot
L0 T O o
° )
3 4 c O
major product N
H |
- .’ -
visible o

light e gxr.;""""' iy )

(b)

Scheme 12 The proposed reaction mechanism for photocatalytic cleavage of the C,-Cy bond in the (a) B-1 lignin model compounds over the
CuO,/Ce0,/TiO, catalyst and (b) in the B-O-4 lignin model compounds over mpg-CsN, catalysts (this scheme is reproduced from ref. 66 and 88
with permission from American Chemical Society, copyright 2017 & copyright 2018).
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Z-scheme heterojunction system and the introduction of
sulphur dopants and cyano (-C=N) groups on the surface,
all aimed at enhancing photocatalytic activity for breaking
C,—Cg bonds in lignin."**°

Among them, Shao and his co-workers found that the
cleavage of lignin C-C bonds can be promoted by creating
multiple defects on g-C;N, as the active sites driving the key
step reactions.”® Compared to the pristine g-C;N,, the
modified g-C3N, photocatalyst with defective sites showed a
superior catalytic activity (improved 102%) and selectivity
(~90%) for monomeric aromatics. This study proved that the
construction of defects and the ultrathin structure optimise
the electronic properties of g-C3N,, facilitating better
separation and transfer of photoinduced charges. And as
shown in Scheme 13, the control experiments and DFT
calculations further suggested that the constructed defect
sites can facilitate the generation of essential reactive radicals
(e.g., activation of O,) and radical intermediates (C-H
activation).’® Moreover, an urchin-like hierarchical Nb,Os
hollow microsphere was found to catalyse this bond
dissociation reaction through the same reaction mechanism,
with the (001) facet as the active site for the reaction.”’

(iii) Cation radical mediated approach. The cation radical-
mediated C-C bond fragmentation reaction pathway emulates
the enzyme-driven lignin depolymerization observed in certain
wood-rotting fungi (e.g:, Chaetomium piluliferum and
Phanerochaete chrysosporium). As illustrated in Scheme 14, Cho
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et al. employed 9,10-dicyanoanthracene (DCA) as an electron
acceptor to initiate the reaction, transforming the lignin model
compounds into the corresponding aryl cation radicals with
significantly decreased BDE for C-C bonds via a single electron
transfer (SET) process. The C-C bonds in cation radical
intermediates can then be cleaved through the interactions

between the arene n-system and the weakened c-bond.”*%*

3. Photocatalysts and key factors in
the photocatalytic lignin conversion
process

To efficiently convert lignin into value-added monomeric
aromatic products, it is essential to meticulously design and
control the photocatalysts and the key factors that influence
the photocatalytic performance. This section discusses the
development of photocatalysts, the construction of effective
reactor systems, and the optimization of reaction conditions.

Surface reactions that occur at the catalytic sites, which
involve the effective adsorption and activation of reactant
species, are critical to the performance of photocatalytic
reactions. Typically, the catalytic sites are located on the
surface, either at positions where photoexcitation occurs or
within components integrated with the semiconductors.*
the photocatalytic processes generally
multiple reaction pathways and are frequently accompanied by

However, involve

Pathway I (major C-C cleavage reaction in 3-O-4 structure)

o
! o is HO
©/ Oﬁ\@Hy;‘lirf)lysm \©

H* & ROSs (eg, 05") ~H,0

Pathway II (major C-C cleavage reaction in -1 structure )

Scheme 13 Proposed mechanism of multi-defective g-C3N4 photocatalysed cleavage of C-C bonds in $-O-4 and B-1 structures; the marked area
1, 2 and 3 represent the -C=N, N vacancy and C vacancy, respectively (this scheme has been reproduced from ref. 90 with permission from

Elsevier, copyright 2024).
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Scheme 14 C-C bond cleavage in dimeric lignin models triggered by excited 9,10-dicyanoanthracene (DCA) (this scheme has been reproduced
from ref. 65 and 92 with permission from Nature Publication Group & American Chemical Society, copyright 2022 & copyright 2010).

competitive side reactions.*® In this context, the catalytic sites
are crucial for regulating reaction performance by enhancing
the adsorption and activation of reactive species, thereby
achieving high catalytic activity and selectivity. Additionally, the
overall performance of the photocatalytic process can be
influenced by common issues encountered in catalytic
reactions, including reaction temperature, pH of the reaction
system, external energy inputs (such as electric fields), and the
dispersion of catalysts, among other factors.”*

3.1. Photocatalysts for lignin conversion

The catalyst plays a pivotal role in photocatalytic lignin
conversion systems. In early studies, particularly those
focusing on the photocatalytic mineralisation of lignin in
pulping black liquor, photocatalysis was often considered an
unselective process. more recent studies have
demonstrated that through careful screening and material
modifications—such as optimising catalyst composition,
morphology, and electronic structure—the catalytic activity
and product selectivity can be finely tuned, thereby
significantly improving the overall reaction performance.

Both homogeneous and heterogeneous photocatalysts
have been developed and applied in photocatalytic lignin
conversion. Homogeneous photocatalysts, typically
organometallic complexes formed by metal ions (e.g,
vanadium, iridium) and organic ligands, have exhibited
superior catalytic performance, particularly in the selective
cleavage of C-O or C-C linkages. These photocatalysts offer
tuneable catalytic activity and intimate contact with the
substrates, enabling high photocatalytic efficiency. However,
the inherent challenges of product-catalyst separation and
catalyst recyclability remain unresolved.

In contrast, heterogeneous photocatalysts, widely used in
lignin conversion, can be easily separated from the reaction
mixture for reuse. However, they are often limited by
insufficient light-harvesting capabilities, relatively low
reactivity, and a lack of understanding of the active sites.

However,

This journal is © The Royal Society of Chemistry 2025

Further research is needed to address these issues. To date,
photocatalysts developed for lignin conversion can be broadly
categorized into metal oxides, metal sulphides, carbon-based
materials, and immobilized homogeneous catalysts, based on
their primary active components.

(i) Metal oxides. Metal oxides have been widely used as
photocatalysts due to their stability and low cost. However, their
natural wide band gaps, low charge carrier mobility, and rapid
recombination of photoinduced electron-hole pairs restrict their
photocatalytic efficiency and broader applications. Titanium
dioxide (TiO,), one of the most extensively studied
photocatalysts, has been used in several studies focused on
lignin conversion into aromatic monomers, demonstrating its
capability to cleave both C-O and C-C bonds in various lignin
model compounds.””®"">*® Based on the findings from these
studies, photo-excited TiO, can weaken the C-O bonds in -O-4
ketones during the stepwise C-O bond fragmentation
process.””®" For the fragmentation of C-C linkages, anatase
served as the primary active component for C-H activation.
Specifically, the photogenerated holes from anatase facilitate
hydrogen atom abstraction (HAA) to form the Cg radical, while
the photogenerated electrons reduce O, to superoxide anion
radicals, which then participate in the subsequent C-C bond
cleavage.®>® However, the limited light harvesting efficiency of
metal oxide photocatalysts remains a significant challenge due
to the wide band gap of bare Ti0,.°>®" Previous studies have
explored various methods to address this issue. For example, a
hybrid CuO,/ceria/anatase nanotube photocatalyst has been
developed, which can be excited by visible light and selectively
cleave C-C bonds, benefitting from the presence of additional
ceria and CuO, components.®® In addition, other methods such
as doping, noble metal loading, and heterojunction
construction, which have been developed to enhance light
absorption in metal oxides for various photocatalytic
applications, are likely to hold promising potential in this field
as well**%7

(ii) Metal sulphides. The valence band (VB) contributed by
the S 3p orbital is lower than that contributed by the O 2p
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orbital and the conduction band (CB) edges are predominantly
derived from metal s or p orbitals; as a result, metal sulphides
typically have narrow band gaps and demonstrate relatively
gentle oxidation abilities coupled with stronger reduction
abilities compared to metal oxides. Due to these properties,
various metal sulphides have been extensively investigated in
the field of photocatalytic lignin conversion through selective
C-O bond scission and exhibited considerable catalytic
performance. It is highly likely that the sulphur atoms on the
surface of metal sulphides play a crucial role in the C-O bond
cleavage process. Several studies have demonstrated that the
inhibition of surface sulphur sites by alkylation could
significantly =~ decrease the photocatalytic — activity."*?®
Interestingly, the catalytic activity can be restored by
regenerating surface sulphur sites. It is plausible that the
surface sulphur atoms can act as Lewis-base sites, which can
bond with hydrogen (from reactants and hydrogen donors) to
form thiol species (-SH).>*" Subsequently, the generated thiol
species on metal sulphide photocatalysts may transform into
the highly reactive radicals by accepting photogenerated
charges. These radicals are critical to the C-O bond cleavage,
particularly in the essential steps of C-H activation and the
formation of carbon-centred radical intermediates.'>*%3"64%
In fact, similar chemical processes also occur in nature. For
example, the generation of thiol redox mediators with
nucleophilic and reductive properties are critical to the cleavage
of lignin C-O bonds by certain wood-digesting bacteria.”**"
Among them, binary metal sulphide based photocatalysts
(e.g., CdS, ZnS) and multinary metal sulphides (e.g, zinc
indium sulphide, Zn,Cd,-,S) have been used as photocatalysts
and demonstrated considerable potential in various studies.
Mechanistic investigations revealed that metal sulphide
photocatalysts can facilitate the fragmentation of C-O bonds in
a redox-neutral manner. Specifically, the lignin substrates are
oxidised by photogenerated holes, leading to the formation of
radical intermediates or intermediates with weakened targeted
C-O bonds. The photogenerated electrons can then drive the
cleavage of these C-O bonds.">"® Various material modification
methods that could enhance the activity of photocatalysts in
other applications are also applicable in improving the
photocatalytic performance of metal sulphide catalysts in the
lignin conversion process. For instance, introducing an
appropriate amount of AgS into CdS and employing graphene
oxide as the supporting material can facilitate the separation
and migration of photogenerated charge carriers,
demonstrating  their effectiveness."”*®  Additionally, as
insufficient contact between heterogeneous catalysts and the
substrates poses a great challenge to achieving high catalytic
performance, various approaches have been explored to
address this issue. For example, Wu et al. synthesised CdS
quantum dots (QDs) with surface organic ligand surfactants,
enabling them to function as pseudo-homogeneous catalysts in
the reaction system due to their high colloidal stability.”**
(iii) Metal organic frameworks (MOFs). Due to their
unique structures and physicochemical properties, metal
organic frameworks (MOFs) have been widely investigated
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and shown promising potential in the field of
photocatalysis.'”" As for the use of MOFs in photocatalytic
lignin conversion, MOFs can serve as catalysts, supports and
sacrificial templates/precursors. As a photocatalyst, the highly
tuneable structure and composition of MOFs allow rational
design of photocatalytic properties to facilitate the selective
cleavage of C-O and C-C bonds. For example, Li et al. grafted
amino functional groups onto MIL-100 (Fe), which exhibited
efficient light absorption and abundant metal active sites to
enhance the migration of photogenerated charges. The
created photocatalyst MIL-100(Fe)-NH,(20) can significantly
promote the generation of key reactive radicals and lower the
activation energy of interunit bonds between aromatic
structures in lignin, thereby improving the efficiency of lignin
conversion.'®> When used as supports, MOFs can provide a
porous and stable framework for immobilising active species,
effectively  preventing  leaching, agglomeration, or
deactivation of active species during reactions. ZIF-8, as a
typical MOF material, has been combined with the
representative photocatalyst of CdS from many studies to
create a Z-scheme photocatalyst for enhancing the efficiency
of C-0 bond cleavage.'™ The experimental results indicated
that the ZIF-8/CdS composite, synthesised via an in situ
growth process, exhibited a unique hollow structure. This
structural feature not only can offer abundant catalytic sites
but also facilitate the mass transfer during the reaction,
resulting in a notable enhancement in the photocatalytic C-O
bond cleavage performance. Additionally, MOFs can also act
as sacrificial templates or precursors to create metal-carbon

hybrid  composites, with  enhanced photocatalytic
performance and durability.'*'°**®>  Overall, all these
multifunctional roles of MOFs, combined with their

structural tunability and favourable photocatalytic properties,
make them highly versatile candidate materials for advancing
photocatalytic lignin valorisation, However, the research
about the application of MOFs in photocatalytic lignin
conversion is still at early stages, which required further
exploration to fully realise their potential.

(iv) Metal-free materials. The practical application of
metal-based semiconductor photocatalysts is often limited by
issues of toxicity and instability, arising from photo-corrosion
or self-oxidation. This has prompted the development of
metal-free semiconductor photocatalysts.'°®*°” To date,
polymeric g-C3N,, as a metal-free medium band gap p-type
semiconductor with reliable chemical and thermal stability,
has demonstrated promising potential in catalysing the C-C
bond cleavage in lignin.®®*>'% Liu et al. were the first to
develop a graphitic carbon nitride photocatalyst that
demonstrated promising photocatalytic performance in
cleaving C-C bonds in lignin model compounds. Their
results from solid-state NMR analysis and density functional
theory (DFT) calculations indicated that the strong n-=n
stacking interactions between the aromatic molecules in
lignin model substrates and the triazine ring structures on
the carbon nitride surface enhance charge transfer to the
substrates. As a result, this promotes molecular activation
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and the generation of critical radical intermediates necessary
for subsequent C-C bond fragmentation.®® Moreover, typical
optimization methods for carbon nitride photocatalysts have
also been applied to this photocatalytic process. For example,
Ku et al. developed sulphur-doped carbon nitride and cyano/
sulphur co-modified carbon nitride, which featured
optimised energy band structures and active sites and
resulted in enhanced performance in photocatalytic C-C
bond cleavage in both lignin model compounds and lignin
itself.*>'*® The classic surface defect engineering strategy for
2-C;3N, modification also shown its effectiveness in this
reaction, which can provide more active sites for key step-
reactions.”® Furthermore, carbon nitride is frequently
employed to construct heterojunction nanocomposites as
photocatalysts for various photocatalytic reactions. In this
context, Wu et al. developed a Z-scheme heterojunction
photocatalyst composed of Ag;PO, and polymeric carbon
nitride (PCN), which significantly enhanced both oxidation
and reduction capabilities, thereby efficiently promoting the
generation of Cg radical intermediates and 0, ."*

Additionally, carbazolic porous organic frameworks (POFs)
composed of cross-linked carbazoles, featuring tuneable
photo-redox properties, can also oxidatively cleave C-O bonds
in lignin model compounds through a stepwise reaction
pathway.’® However, additional chemical reagents are often
required as co-catalysts to assist the POF photocatalysts in
driving the reactions, which represents a notable drawback
compared to the carbon nitride photocatalytic system that
operates effectively without additives.

Recently, covalent organic frameworks (COFs) have garnered
increasing attention and demonstrated significant potential in
photocatalytic ~ applications. =~ Compared to traditional
semiconductor photocatalysts, COFs can offer flexible tunability
in their structure and composition, which is highly
advantageous for photocatalysis, including superior visible light
absorption and efficient separation and transfer of
photogenerated charges.'® Moreover, the tailorable pore
structures of COFs allow for precise control over the reaction
directions, particularly in shape-selective catalytic reactions.™
However, the use of COFs as photocatalysts in lignin conversion
remains in its preliminary stage, and further investigation is
needed to realise the potential of COFs in this field.

(v) Immobilised homogeneous catalysts. As discussed

above, various homogenous photocatalysts have been
developed for lignin conversion via selective bond
fragmentation, showing promising photocatalytic

performance; however, difficulties in isolation and recycling
limit their practical application. In this context, the
immobilization of homogeneous catalysts onto solid supports
presents a viable solution to the difficulties of separating and
recycling homogeneous photocatalysts from products. For
example, Hao et al. employed mesoporous cellular silica
foams (MCFs) as supporting materials due to their high
transparency to visible light, controllable pore sizes, and
large surface areas. The homogeneous photocatalysts for
cleaving C-O bonds (vinyl-tagged [Ir(ppy).(bpy)]PFs) were
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loaded onto the MCFs, and the constructed hybrid catalysts
not only exhibited catalytic activity comparable to that of the
original homogeneous Ir-based catalysts but also significantly
improved the reusability of the catalysts.”®

3.2. Reactor system

The construction of the reactor system is essential for achieving
high photocatalytic performance in lignin conversion. Since
photocatalytic lignin conversion reactions are typically
conducted under moderate conditions (e.g., atmospheric
pressure and room temperature), the illumination serves as a
critical driving force for the reaction. Specifically, the efficiency
of the light sources and the transparency of the reaction
mixture must be carefully considered to ensure optimal
photocatalytic performance. Traditional batch reactors have
been commonly employed in previous studies using
heterogeneous photocatalysts due to their simple structures
and ease of operation.>* However, it is necessary to investigate
and develop a continuous flow reactor system as the
fundamental work for future scale-up development.

3.3. Additional reagents and atmosphere

Various additional reagents have been employed in previous
studies to facilitate or enhance photocatalytic lignin conversion
reactions. For instance, Ir-based photocatalysts typically require
scavengers, organic bases, and formic acid to effectively
perform photocatalytic C-O bond fragmentation via a stepwise
reaction pathway.””****> And KOH, NaBH,, and hydrazine
hydrate were employed to control the chemical states of the
active sites on the photocatalysts and maintain the
photocatalytic activity during the reactions.”'® However, it is
important to note that the use of additives can increase the
cost of the lignin conversion process and pose challenges in
product separation and purification. Therefore, it is necessary
to develop advanced photocatalysts that can drive the reaction
without the need for additives. For instance, various metal
sulphide photocatalysts have been developed to cleave C-O
bonds in lignin without the need for additional reagents as
mediators or scavengers via a photo-redox-neutral reaction
mechanism. Otherwise, traditional expensive additives could
be replaced with more economically sustainable alternatives.
Specifically, since the fragmentation of C-O bonds in lignin
typically involves hydrogenolysis and hydrogenation processes,
various alcohols and organic acids (e.g., 2-butanol, ethanol,
formic acid) have been employed as the external hydrogen
donors in previous studies for promoting the reaction.’>™° In
this case, it is meaningful to identify the alternative sustainable
hydrogen source that can provide hydrogen and promote the
photocatalytic C-O bond cleavage.

Otherwise, the atmosphere has been confirmed as a
significant  factor influencing the overall catalytic
performance in lignin conversion. Specifically, oxygen acts as
an oxidant and plays a crucial role in the oxidative
photocatalytic conversion of lignin by generating various
oxidative radicals through the photoinduced oxygen
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process."* However, the presence of oxygen should be
avoided in certain photocatalytic reductive conversions that
rely on the radical intermediate mechanism. In these cases,
oxygen can  significantly = promote the  oxidative
transformation of C-OH to C=O, thereby inhibiting the
formation of radical intermediates that are essential for C-O
bond cleavage.">*®

4. Key challenges in the development
of industrial-scale photocatalytic
lignin conversion technology

Although photocatalysis has shown exceptional potential in
upgrading biomass to produce valuable aromatics, its
application has predominantly been confined to laboratory-
scale experiments, typically on the millimole scale. The
scalability of photocatalytic lignin conversion and its
potential industrial applications remain as significant
challenges, and no  pilot-scale = or  commercial
implementations has been reported to date. Specifically, the
following challenges must be addressed to achieve the scale-
up and practical implementation of the photocatalytic lignin
conversion process.

Firstly, the challenge of scaling up photocatalytic lignin
conversion and improving process efficiency is primarily
reliant on the photocatalyst material itself. Despite
advancements in material modification and reaction system
intensification leading to significant improvements in
catalytic performance compared to the early-stage studies in
this field, the overall photocatalytic efficiency is still low,
typically remaining in the micromolar range after a few hours
of irradiation. Generally, the current -catalytic activity
reported in the literature is considerably below the minimum
requirements for catalysts intended for use in a prototype
system. Otherwise, the photocatalysts reported in this field
are not currently available commercially and generally
synthesised at a laboratory scale. However, for any process to
be practical on a large scale, photocatalyst materials must be
available in quantities of at least kg-scale quantities. In
addition to the photocatalyst, insufficient mass transfer and
light distribution are key challenges in the photocatalytic
lignin conversion process, due to the recalcitrant and
insoluble nature of lignin. As a result, the reaction
performance could be significantly worsened by the presence
of the suspended lignin substrate in either batch or flow
reactors. In this case, the interaction between photocatalysts
(or ROSs reported in some previous studies) and substrates
could be inhibited. Otherwise, the effectiveness of light
irradiation and photon distribution within the reactor is
difficult to maintain at a high level during the reaction
process, because lignin substrates can also absorb and
scatter light. It has been reported that the light penetration
could be reduced by the biomass suspension and
consequently decrease the photon absorption at the surface
of the photocatalyst, leading to lower catalytic activity.'**
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5. Conclusion and future perspective

In this review, the theoretical principle of semiconductor
photocatalysis and recent advances in various approaches for
photocatalytic lignin conversion into monomeric aromatics
are described and reviewed. Although photocatalytic lignin
valorisation has shown great potential in substituting fossil
fuel feedstock for producing functional aromatic chemicals,
the research of photocatalytic lignin conversion is still at the
early stage. Some critical challenges are still unsolved and
limit the future industrial implementation in this field.

The primary challenge for photocatalytic lignin
valorisation is still the undesirable reaction performance
including the slow reaction rate and poor selectivity towards
valuable products. Firstly, the photocatalytic reaction
performance could be significantly restrained by the inherent
limitations of photocatalysis, for example, the insufficient
utilisation of light caused by the wide band gap and fast
recombination rate of photogenerated charges. More
importantly, the reaction mechanisms need to be further
studied to give guidance on the design of the photocatalytic
system for lignin valorisation. In addition, the interaction
and contact between the photocatalysts and the lignin
substrates could also affect the overall reaction performance.

Many studies in the field of photocatalysis employed
theoretical calculations to investigate the reaction
mechanism and the electronic structure of the
photocatalysts. However, the mechanism studies on lignin
conversion through photocatalytic interunit bond cleavage
are still mostly based on the experimental results, and only a
few studies performed DFT calculation but with simplified
lignin model compounds owing to the complex structure of
lignin substrates. Since the activation and generation of
reactive radicals or intermediates are very critical to the
overall reaction performance, it is necessary to perform
theorical calculation to simulate the step of the activation
and formation of reactive radicals and radical intermediates
as the short-term future work. Therefore, the reaction
mechanism could be further clarified, and the understanding
of the promoting effect of the material modification could
also be advanced.

Additionally, from the perspective of long-term future work,
the following issues should be investigated and addressed to
further advance the photocatalytic utilization of lignin.

(1) The standard reaction substrate must be established
for scaled lignin transformation; specifically, the pre-
treatment or lignin extraction processes should be further
refined to produce lignin substrates with an increased
proportion of B-O-4 linkages or other specific structures
conducive to catalytic depolymerisation.

(2) The profitability of lignin conversion into monomeric
aromatic compounds as well as the life cycle assessment (LCA)
of the photocatalytic system should be carefully considered and
evaluated. Beyond managing the costs of system construction
and catalysts, the target products from lignin depolymerization
should prioritize high-demand aromatic monomers for
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synthetic polymerisation or focus on low-demand but high-
value chemical compounds and highly functionalized motifs
for specific applications (e.g., medicine).

(3) The reaction mechanism should be further investigated
from both width and depth perspectives. From the
perspective of width, the range of reactants, including lignin
model compounds and actual lignin, should be expanded to
more representation of lignin
depolymerization, which remains a fundamental issue not
yet fully resolved. For instance, the effects of various
functional groups within complex lignin structures are still
unclear. Currently, the lignin model compounds commonly
used in many studies do not fully capture the intricacies of
the lignin depolymerization process. Therefore, it is essential
to examine the differences between lignin model compounds
and actual lignin arising from simplified molecular
structures. As for the depth perspective, the understanding of
the reaction mechanism in photocatalytic lignin conversion
is still in its early stages. This requires a deeper investigation
into the mechanisms involved. In this regard, certain in situ
experimental techniques (e.g., EPR, ATR-FTIR, Raman) need
to be modified and employed to study surface reactions on
the catalyst and the formation of radical intermediates
during the reactions. Additionally, theoretical calculations
could provide valuable insights into the chemical reaction
details at the atomic scale.

(4) The innovative integration of photocatalysis with
thermo-catalysis, electro-catalysis, and even enzymatic
catalysis and biotechnology may provide an effective
approach to enhance the efficiency of lignin conversion.
Additionally, the downstream processes, including the
separation, collection, and purification of target products
from lignin depolymerization, should also be carefully
considered.
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