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Abstract: Photocatalytic biomass conversion into high-value chemicals and fuels is considered one of the hottest ongoing
research and industrial topics toward sustainable development. In short, this process can cleave C;—O/C,~C; bonds in
lignin to aromatic platform chemicals, and further conversion of the polysaccharides to other platform chemicals and H,.
From the chemistry point of view, the optimization of the unique cooperative interplay of radical oxidation species
(which are activated via molecular oxygen species, ROSs) and substrate-derived radical intermediates by appropriate
control of their type and/or yield is key to the selective production of desired products. Technically, several challenges
have been raised that face successful real-world applications. This review aims to discuss the recently reported
mechanistic pathways toward selective biomass conversion through the optimization of ROSs behavior and materials/
system design. On top of that, through a SWOT analysis, we critically discussed this technology from both chemistry and
technological viewpoints to help the scientists and engineers bridge the gap between lab-scale and large-scale
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1. Introduction

The growing global concerns over rapid resource depletion,
climate change, and species extinctions have driven a
paradigm shift from a linear-based economy to utilizing a
circular bioeconomy approach. The circular bioeconomy
portfolio is expected to unlock the full potential of resources
sustainably."” Biomass resource is estimated to be 181.5
billion tonnes annually, making it the largest renewable
energy resource globally.”! However, out of this, only 3 %
has been successfully incorporated into the ongoing circular
bioeconomy concept.”! Biomass offers enormous potential
for sustainable chemicals to replace petroleum-based sour-
ces. Conversion of biomass to desired chemicals generally
requires efficient protocols and strategies, which can
selectively cleavage of the bonds within the biomass
substrate or enable the controlled upgrade of biomass-
derived platforms.

In lignocellulose biorefinery, techniques such as alkaline
or acid pretreatment, ozonolysis, partial or hot water wet
oxidation, oxidative/reductive, organosolv, among others are
used for separating lignin (called native lignin) and
polysaccharides.*) Biomass conversion leads to several
product streams and this may vary depending on the fraction
of biomass (cellulose, hemicellulose, and lignin). For
instance, lignin is considered the largest single source of
aromatic building blocks, thereby making its valorization
one of the most highly researched areas.®”! Selective
oxidation of C—O and C—C bonds in lignin could release
valuable platform chemicals such as benzene, toluene,
xylene (BTX) and phenolic monomers such as catechol,
guaiacol, vanillin, syringaldehyde, p-hydroxybenzaldehyde,
syringic acid, ferulic acid, vanillic acid, among others.®
Moreover, the oxidation of polysaccharides to different
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downstream products such as S-hydroxymethylfurfural
(HMF) can also produce 2,5-Furandicarboxylic acid
(FDCA). HMF itself is a key platform chemical that can be
upgraded to produce chemicals and fuels.”)

The conversion of lignocellulosic biomass (LCB) to
value-added chemicals and fuels has been achieved through
biochemical, thermochemical, or microbial strategies, and
each has its pros and cons. Thermocatalytic conversion of
LCB has been well established as a key LCB conversion
process.'™'"] However, the high reaction temperature and
high pressure employed lead to the formation of unfunction-
alized aromatics, alcohols, or alkanes."? Pyrolysis/gasifica-
tion of LCB typically results in the production of syngas
(CO and H,), and extensive bond cleavage, which results in
the removal of key functional groups in monomers, yielding
simplified aromatics and low-value chemicals.”! Extensively
de-functionalized products may require further re-function-
alization for high-value chemicals, rendering the process
atom inefficient and energy-consuming. As a hotspot in
biomass research, recent efforts are targeted at the develop-
ment of milder conversion strategies that can fully convert
biomass fractions (lignin and polysaccharides) to chemicals
and fuels. Hydrogen has been targeted as a promising clean
and potentially renewable alternative to fossil fuels.['*%

Therefore, photocatalysis as an eco-friendly technique is
targeted as an emerging LCB conversion route.!”™” The so-
called term “soft/mild radical oxidation” is usually used to
describe photocatalytic biomass conversion.”*?!! Photogen-
erated (electrons and holes) could activate molecular oxygen
to radical oxygen species (ROSs) (O, H,0,, *OH, alpha-
oxygen and singlet oxygen). These ROSs are reactive and
short-lived, and they usually attack specific atoms in organic
substrates generating substrate-based radical intermediates
such as alkoxy radical (RO®), hydroperoxide (RO,H),
peroxy radical (RO,%), among others.”>?! The substrate-
based radical intermediates could also undergo further
reaction with activated molecular oxygen species to form
desired products. In biomass conversion systems by photo-
catalysis, a tradeoff between the yield and the nature of
photoproduced ROSs is required to produce selectively the
desired products with less side reactions, i.e., over-oxidation
of products.’ Based on the nature of biomass substrate,
one of multi-steps radical oxidation can take place to reach
the targeted product. Within these steps, both the nature
and the yield of ROSs is crucial and improper generation of
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ROSs would affect the selectivity or disturb the overall
process. One has it the control of ROSs behavior could be
obtained through the optimization of reaction parameters
such as the quantity of photocatalyst, time of reaction,
addition of ROSs scavengers and so on. The other concept
aims to design heterojunction semiconductor systems with
different redox abilities to generate smartly the required
amount and yield of targeted ROSs. While high performing
photocatalysts have been designed to promote evolution of
solar H, via water splitting (without biomass), the need for
sacrificial reagents(hole scavengers), along with sluggish
reaction kinetics and low quantum yields of H, (~1.8%)
have impeded effective expansion of this technology.” As
an alternative to conventional sacrificial reagents, biomass
can be used as a low-cost alternative material to scavenge
photogenerated holes to produce H, and concomitantly
produces value-added chemical.’ Recently, the properties
of catalyst and reaction conditions are tuned for controlling
radicals which is also gaining key interest.?”? Over the past
decade, the merging of transition metals with photoredox
photocatalysts via a process called metallaphotocatalyst has
been one key route for controlling the generation and
interaction of radical intermediates in most protocols
designed for photocatalytic organic transformation
reactions.”™*! In this sense, the synthesis routes, type of
selected semiconductors and ratios are very important
parameters. ROSs can be managed as well via the

Dominic Aboagye is currently a Marti
Franqués Predoctoral Fellow at the
Department of Chemical Engineering,
Universitat Rovira i Virgili, Tarragona
(Spain). Dominic received his M.Sc.
(2016) from Makerere University in
Uganda. His ongoing Ph.D. is under the
supervision of Dr. Sandra Contreras and
Prof. Francesc Medina. His research
interests are heterogeneous catalysis,
biomass valorization, and technologies
for wastewater treatment. His current
research is on the development of
photocatalytic approaches for the oxida-
tion of lignin to value-added platform
chemicals.

Ridha Djellabi received his PhD from
Badji-Mokhtar University (Algeria) in An-
alytical Chemistry and Environment in
collaboration with ISMER Lab (University
of Milan, Italy). He then carried out his
postdoctoral research at LSRE-University
of Porto, Portugal. After that, Ridha
joined REDOX group-Research centre for
eco- environmental sciences, Chinese
Academy of Sciences (Beijing, China)
and Shenzhen University (Shenzhen,
China). Then, Ridha joined ISMER group
University of Milan (Italy) as a research-
er. Currently, Ridha is a Maria Zambrano
research fellow at Department of Chemical Engineering, Universitat
Rovira i Virgili, Tarragona, Spain. Ridha does research about solar
materials design for photocatalytic and photothermal applications.

Angew. Chem. Int. Ed. 2023, 62, €202301909 (3 of 28)

Reviews

Angewandte

intemationaldition’y) Chemie

modification of the photocatalyst surface. Another approach
to control the behavior of generated ROSs is the involve-
ment of new catalytic processes to the photocatalytic
systems, such as design of photocatalytic materials which
can produce heat which in turn has a direct effect on the
role of generated ROSs.

Several previous reviews have been reported to discuss
the photocatalytic conversion of biomass into valuable
products.?*?* Currently, the major efforts of the scientific
community are devoted to finding the appropriate response
to the raised question “How to control such a tradeoff?”
Several contemporary studies have addressed this fact from
different visions. Recently, Huang et al.®™ have reviewed
interesting strategies for controlling substrate-based radical
intermediates with significant attention paid to lignin bond
cleavage from the chemistry point of view. The review is
very inspiring and it would help researchers to understand
the systematic role of radical intermediates in biomass
conversion to value-added chemicals. Controlling the inter-
play between ROSs from molecular oxygen activation and
substrate-based radical intermediates and an expanded
summary of the industrial feasibility of this technology for
biomass conversion is needed. The present review discusses
the recent news on the strategies and experimental mecha-
nisms via the unique cooperative interplay of ROSs from
molecular oxygen activation and substrate-derived radical
intermediates, for promoting biomass selective bond activa-
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tion and fragmentation to value-added chemicals and the
concomitant evolution of hydrogen and value-added chem-
icals from both academic and industrial viewpoints. Under
these discussions, the review focuses on the photocatalytic
conversion of biomass (including cellulose, lignin, hemi-
cellulose), hydrolysis of polysaccharides to monosaccharides
(including glucose, xylose, etc.) via plasmonic photocatalysis
strategy, and partial oxidation of biomass derivatives (fur-
anic compounds such as HMF) and hydrogen evolution
routes as summarized (Figure1). In addition, a SWOT
analysis was provided to clarify the main cons and pros of
this technology for larger transfer to real-world application.

2. Photocatalysis Application and Fundamental Role
of Radical Oxygen Species

2.1. Role of radical oxidation species in photocatalytic reactions

The heterogeneous photocatalytic process can provide redox
power to the medium, instead of stoichiometric oxidant/
reductant homogeneous reagents, through activation of
molecular oxygen, the formation of several reactive oxygen
species (ROSs) mostly on the surface of the photocatalyst
occurs. Photocatalytic reactions begin with the photoexcita-
tion of a photocatalyst by light irradiation, having an energy
equal to or greater than the band gap of the semiconductor
photocatalyst, which allows the formation of positive holes
and electrons on the valence and conduction bands,
respectively. However, not only is photoexcitation important
in photocatalytic systems but also the rate of e /h*
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separation and VB and CB versus the potential of O, and
H,O to produce ROSs. Photocatalytic redox towards the
oxidation or reduction of species in a medium are dependent
on thermodynamic factors.’! For the oxidation of a
chemical substrate, the energetic level of the valence band
of the photocatalyst must be more positive than the
substrate, while for the reduction, the conduction band’s
energetic level must be more negative as compared to the
potential of the substrate to be reduced. In terms of ROSs
generation by photocatalytic means, in general, the type and
the yield of produced ROSs depend on the type of used
photocatalyst under given conditions. In terms of ROSs
generation by photocatalytic means, in general, the type and
the yield of produced ROSs depend on the type of used
photocatalyst under given conditions. Overall, the main
photocatalytically produced ROSs including superoxide
(*O7,, redox potential: 4+0.89 V, half-life 10~°s), peroxides
(H,0,, redox potential 1.78 V, very stable), hydroxyl radical
(*OH, redox potential +2.81 V vs. standard hydrogen
electrode, SHE, half-life 107'"s), alpha-oxygen and singlet
oxygen. The conversion of LCB to high-value products by
photogenerated ROSs is very complicated and challenging.
In fact, up to date, there is no conclusive evidence regarding
the type of ROS for selective oxidation of LCB and more
experimental research is recommended to optimize the
oxidative conditions to boost the generation of a high yield
of value-added chemicals. Some reports have concluded that
mild oxidative *~O, would be more selective for the photo-
conversion of LCB as compared to highly oxidative *OH.P
On top of that, it is important to point out that the origin
and the fraction are also important keys to be taken into
consideration as they can affect the mechanism of photo-
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Figure 1. Schematic representation of photocatalytic LCB conversion routes to value-added chemicals and hydrogen gas considered in this review.

Note: DFF =2,5-diformylfuran, FDCA=2,5-Furandicarboxylic acid, HMF = 5-hydroxymethylfurfural.
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as *OH and *O,, together with enhanced contact facilitated
effective cleavage as revealed by the mechanistic study.

Aside from improving contact, TiO, and AgCl nano-
particles were synthesized and used for the full photo-
conversion of rice husk into over 170 different compounds
including phenolic monomers.* Mechanistic insights re-
vealed that depolymerization occurred via the development
of new energy levels and increased free electrons formed via
the migration from the Fermi level of Ag to the TiO,-based
photocatalyst. The promotional effect of this type of
substitution has also been revealed elsewhere.*’! Bi and Pt
as co-catalysts with TiO, (Bi/Pt-TiO,) have also shown
promising results for photo-conversion of lignosulfonate
lignin to value-added compounds.*”! Consequently, the
designed catalytic system afforded about 84.5 % conversion
of lignin and 22.7 % yield of guaiacol with other products
such as 4-phenyl-1-buten-4-ol, vanillin, and vanillic acid. The
Bi/Pt-TiO, catalyst performed better than the singly
modified catalyst (Pt-TiO, and Bi—TiO,). The presence of
Pt and Bi provided the active sites on TiO, which enhanced
less oxidative radical species (O,*”), thereby suppressing the
formation of highly oxidative radicals such as *OH. Other
modified catalysts such as metal sulfides have also been
applied for LCB conversion to aromatic compounds. Binary
photocatalysts such as (CdS and ZnS) and multi-sulfides (
Zn,In,S, .; and Zn, ,Cd,S and) are examples of modified
sulfide-based photocatalysts. With a band gap of 2.4 eV and
>520nm visible light responsiveness, CdS is the most
studied metal sulfide for biomass conversion.”” The con-
version of different lignin model compounds was tested over
a CdS photocatalytic system and compared with a 1-dimen-
sional CdS@TiO, system by Liu et al.®"! The study clearly
showed that the 1D CdS@TiO, showed higher conversion
than using 1D CdS nanowire catalyst only. This was ascribed
to the high formation of photoinduced electrons and O,* in
the 1D CdS@TiO, system as the key factor leading to high
performance than 1D CdS.
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Multiple radical co-mediated depolymerization of lignin
has gained particular attention. For instance, Ko et al.??
innovatively developed a 3D compartment photo-electro-
biochemical system for lignin depolymerization using TiO,
as a photocatalyst, an electrocatalyst, horseradish peroxidase
and lignin peroxidase isozyme HS8 as biocatalyst (Figure 2).
The photo-electro-biocatalytic design enabled successful
cleavage of B-O-4 linkages in lignin dimers (coniferyl
alcohol) via the action of *OH and O,°. Mechanistically, the
coupled photo-electrocatalytic system enhanced the in situ
generation of H,0,, which was then used by peroxidase
isozyme H8 to depolymerize lignin and convert it to high-
value monomers.

Also, the oxidation of lignin was undertaken using a
synergetic photocatalytic electrocatalytic (also known as
photo-electrocatalytic) strategy where Ta,Os—IrO, and
TiO,—NT were adopted as the electrocatalysts and photo-
catalyst, respectively.” Interestingly, not only did this
strategy suppress electron-hole recombination but also the
addition of electrocatalytic oxidation, enhanced multiple
radical formations than the treatment alone system, leading
to the production of vanillin and vanillic acid. To this effect,
photo-electrocatalytic coupling strategies could significantly
pave the way for enhancing performance with the use of
TiO,-photocatalyst for biomass conversion. As highlighted,
photocatalysis promotes polymeric lignin depolymerization
to various aromatic compounds and this has predominantly
been achieved via the generation of radicals such as *OH
and °O,. However, these radicals result in uncontrollable
oxidation, which could lead to the mineralization of
products. Limiting the mineralization of products in oxida-
tion reactions has become an important but challenging
task, making selective oxidation a hotspot area of research.
Moreover, selective oxidation can also minimize the addi-
tional cost of separating targeted products in reaction media,
where various side reactions result in the formation of
different products.

0O,
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Figure 2. Coupled three-compartment photo-electro-biochemical reactor for lignin depolymerization [Reprinted with copyright obtained from

ref. [52]].
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2.2.2. Mechanistic insights and strategies for enabling selective
activation and cleavage of C;—O or C,—Cj linkages to aromatic
compounds

Multiple strategies have been adopted to develop novel
catalytic systems for the selective oxidation of both C;—O
and C,—~C; bonds in lignin. Photocatalysis activation and
fragmentation of organic substrates occur via common
mechanisms such as (i) energy transfer (ii) photoredox
catalysis (iii) light-induced transfer of atoms, and (iv)
organometallic excitation.”**?] Due to their economic
advantage, the use of reduction and oxidation via photo-
redox reactions has gained significant attention, rather than
oxidative half-cell reactions (reduction or oxidation). Orga-
nometallic and other molecular-based complexes are widely
harnessed in recent years due to their unique ability to form
excited state species possessing redox-neutral(reduction and
oxidation) characteristics.’>** Here, we reviewed the cur-
rent photocatalytic strategies for enhancing the selective
oxidation of lignin to chemicals via the generation of specific
radical intermediates and their interaction with ROSs.

2.2.2.1. Redox neutral photocatalytic strategies for cleaving
Cs—O linkages

The depolymerization of C—O bonds in lignin could be
achieved through one-step or two-step redox-neutral photo-
catalytic (here after called photoredox) reactions. The two-
step fragmentation involves the pre-oxidation of lignin via
dehydrogenation of C,-position (C,H-OH) to alkoxy inter-
mediate (C,=0) followed by a photocatalytic reduction step
involving the cleavage of B-O-4 linkage in Cy;—O under
visible light by photogenerated electrons achieved either
directly or indirectly to reduce the bond dissociation energy
(BDE). The two-step technique was first reported by
Stephenson and co-workers®™ in  which [4-AcNH-
TEMPO|BF, was used for the pre-oxidation step followed
by photochemical reductive cleavage of B-O-4 linkage
(Scheme 1a). The initial step could be done using electro-
catalytic, photocatalytic or thermocatalytic strategies.’*>"!
Relying on their earlier study, Stephenson and colleagues™
successfully replaced the pre-oxidation step with a photo-
redox catalyst [Ir{dF(CF;)ppy},(dtbbpy)] and Pd(OAC), as
co-catalyst in the presence of Na,S,0; and this afforded
excellent conversion of different model substrates (Sche-
me la). Consequently, the co-catalytic system promoted a
single electron transfer (SET), which initiated a C,-oxidation
to weaken adjacent bonds. Luminescence quenching experi-
ments mechanistically showed that, under visible light
conditions, there is the formation of photoexcited Ir (E,
Ir "#/Ir** = +1.21 V) occurring via a ligand-metal-charge
transfer (LMCT) mechanism. Subsequently, the formed Ir**
*/Ir** gained an electron from an amine group, making the
formed Ir***/Ir*" a strong oxidant that can facilitate the
activation and cleavage of C—O bonds as depicted in
Scheme 1b. Hao and colleagues® innovatively immobilized
[Ir{dF(CF;)ppy},(dtbbpy)] onto a mesoporous cellular silica
foam via a thio-lene click reaction thus a vinyl-tagged
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[Ir(ppy).(bpy)]PFs complex and thiol-functionalized meso-
porous cellular silica foams to perform their photocatalytic
reaction. Their approach resulted in a heterogeneous type of
photocatalyst with a good ability to undertake reductive
cleavage of Cy-O bonds available in B-O-4 lignin dimer
under visible light.

Notwithstanding this progress, a major challenge associ-
ated with the two-step process is the separation of obtained
products from the pre-oxidation reaction for the next step.
An innovative approach involving a one-step process has
been developed. Luo et al.®” intriguingly elucidated a novel
one-pot strategy for enhancing photocatalytic depolymeriza-
tion via dual-wavelength switching (455 nm and 365 nm) in
the presence of two catalysts (Scheme 1c). Under visible
light irradiation( 455nm), the Pd/ZnIn,S, catalyst can
aerobically activate C,—~OH bonds to C=0O; then the
TiO,—~NaOAc system is utilized to cleave C—O bonds in the
alkoxy intermediate by a hydrogenolysis reaction under
365 nm light. Interestingly, the dual light wavelength switch-
ing approach via an oxidation-hydrogenolysis tandem proc-
ess resulted in the selective oxidation of ketones and
phenols (90% and 93 %, respectively). Meanwhile, the
system generated Ti’*, which was responsible for the photo-
catalytic-hydrogenolysis of C—O bonds in lignin, according
to detailed mechanistic investigations presented in Sche-
me lc.

Compared to the two-step process, one-step conversion
of C4—O could be an energy-saving (no need for a further
separation/purification of ketone-related intermediates) ap-
proach to two-step processes. The one-pot process relies on
the design of redox-neutral photocatalytic systems to
achieve the activation and cleavage of bonds in a single
reaction pot. Wang and colleagues®! discovered a self-
transfer hydrogenolysis protocol using ZnIn,S, photocatalyst
under visible light to successfully activate and cleave Cz—O
bonds of B-O-4 lignin models when exposed to blue LED
light. By applying this protocol for organosolv-extracted
poplar wood lignin depolymerization, a 10% yield of p-
hydroxyl acetophenone derivatives was obtained. According
to the mechanistic study, the cleavage of the monomers was
achieved via a “hydrogen pool” formed via the ZnlIn,S,
promoted surface dehydrogenation of C,H—OH groups
available in lignin to alkoxy radical intermediate, after which
the adjacent C;—O is cleaved via a hydrogenolysis process.
The occurrence of both dehydrogenation/hydrogenolysis in
an integrated system depicts a one-pot reaction. Han et al.*”
innovatively controlled reaction product formation by
adopting a similar self-hydrogenation approach for the
cleavage of a B-O-4 model lignin dimer over Ni/CdS nano-
sheet. With MeCN as solvent under visible light (440-
460 nm) irradiation, the Ni/CdS system enhanced the
conversion of 2-phenoxy-1-phenyl ethanol (PP-ol) conver-
sion to 2-phenoxy-1-phenylethanone (PP-one) with H, as a
product. However, after adjusting the reaction pH with
KOH (MeCN/0.1 M KOH =2/8) the cleavage of C;—O led to
the formation of acetophenone and PP-one as products. The
adsorption of protons resulted in reductive cleavage of
C;—O instead of the production of H,. Wu et al.l*”! practically
showed a lignin-first biorefining approach (depolymerization
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Scheme 1. Strategies for selective cleavage of C—O bonds in lignin and model lignin a) C, oxidation via a [4-AcNH-TEMPO]BF, with subsequent a
photochemical reductive cleavage of -O-4 linkage (Study 1).**! b) A chemoselective approach merging Pd catalysis and a photoredox catalyst, and
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of native lignin in the first step before polysaccharide
fraction"”) via the identification of a novel one-pot Cy—O
electron-hole coupled (EHCO) mechanism for the cleavage
of C-O bond using a catalyst with tunable redox ability,
thus CdS Quantum dots (QDs), and 3-mercaptopropionic
acid as ligand. Through a Co-radical intermediate, electrons
& holes successfully cleaved the p-O-4 in PPol affording the
yield of phenol and acetophenone under visible light
irradiation (Figure 3a). Upon further accepting an electron,
the Co-radical enabled facile cleavage of the markedly
weakened C;—O bonds in the lignin model compound (PP-
ol). The CdS QD-4.4nm efficiently catalyzed the full
conversion of native biomass where about 27 wt % function-
alized aromatics monomers were obtained under solar light
(Figure 3b). The proposed protocol depicted a lignin-first
strategy with high retention of polysaccharide fraction after
photocatalysis (Figure 3c) which was taken via further acid-
olysis and enzymatic hydrolysis (Figure 3d).

2.2.2.2. Photocatalysis methods for precise cleavage of C,—C;
bond in model and native lignin

One main reason why lignin remains recalcitrant to being
depolymerized to high-valued monomers is the prevalence
of C,~C; crosslinked structures. Conventional approaches
for C,~C; bond cleavage have been targeted, but they are
typically robust, unselective, promote product repolymeriza-
tion, and the need for numerous reaction steps which make
them unattractive for integrating into existing bio-
refineries.?

While the cleavage of C;—O bonds in f-O-4 may occur
through the activation of C.H-OH to alkoxy intermediates
and subsequent cleavage of adjacent C;—O bonds during
lignin depolymerization, the bond dissociation of C,—Cg
bonds increases under robust reactions. More interestingly,
the development of photocatalytic conversion of -1 and (-
O-4 bonds in lignin could rapidly provide important routes
for depolymerizing C,—C; bonds. One way to enhance C,—C;
bond in B-1 model lignin is via through the activation of
Cy—H to key intermediate radicals.” Most importantly, a
highly selective photocatalyst for oxidizing f-1 and in C-C

Reviews

Angewandte

intemationaldition’y) Chemie

linkages should preferentially activate the Cy—H bond while
limiting the production of ketones due to a possible increase
in bond dissociation energy (Scheme 2).

Hou etal.®™ prepared a heterogeneous photocatalyst
CuO,/CeO,/TiO, nanotube hybrid for selective oxidation of
C,—C; bonds under visible light irradiation (Scheme 3a). The
selectivity of this photocatalyst towards benzaldehyde
production from 1,2-diphenylethanone was approximately
99% with 1% diphenylethanone. However, when TiO,
alone was used under UV-light (365nm), the product
selectivity dropped significantly to 16 %, respectively. Sim-
ilarly, Liu and colleagues®” explored the possible cleavage
of 2-phenoxy-1-phenylethanol (contains C,~C;, C,—~OH, and
C;—O bonds) using TiO,-Anatase, TiO, P,s5, and Bi,WO; and
g-C;N,. However, TiO,-based photocatalysts showed little
performance towards the cleavage of C,—~C;, as compared to
the other photocatalysts. Indicating that the use of commer-
cially available TiO, alone as a photocatalyst for the
cleavage of C—C bonds has not been successful.

Recently, the use of graphene-based photocatalysts
catalyst is deeply explored due to their narrow band gap and
visible light photoresponsiveness. Liu et al.**! used mesopo-
rous g-C;N, to cleave both C,—C; of p-1[1,2-diphenylethanol
(=1 model)] and B-O-4 model (PP-ol), under visible light
irradiation(455 nm) (Scheme 3b). Both benzoic acid and
benzaldehyde were major products obtained with a total
yield between 66-90%. The enhanced performance as
revealed by the mechanistic investigations showed the
formation of Cg-radical intermediates, thereby promoting
the activation of C,—H bond (Scheme 3b). Hence, the
activation of C;—H bond remains a critical step for the
cleavage of C,—C; bonds. Meanwhile, the existence of n—n
stacking interactions between the lignin model compounds
and the surface of the mesoporous g-C;N, formed via the
adjustment of nitrogen group in g-C;N, promoted the
activation/deprotonation of PP-ol to radical intermediate
before cleavage of C,—~C; bonds. This phenomenon was also
revealed in the study by Du et al.[*’]

Over the past decade, homogeneous photocatalysts such
as metal complexes (e.g. iridium-based complexes) have
been used to facilitate the activation and fragmentation of
C,—C; bonds in biomass. Nguyen et al.”) used an Ir-based

B-1 model lignin
(Co-C BDE=294 KJ/mol)

OH
B Oxy-
o O AN dehydrogenation
+ =
H,O

O
l-l_' O C-C bond

B cleavage

Z=
>0

No reaction

Scheme 2. Cleavage of C,—Cj; via Cg—H activation vs oxy-dehydrogenation routes.** Adapted with permission from Angewandte Chemie -

International Edition and American Chemical Society.
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Figure 3. Photocatalytic full lignocellulosic biomass conversion in a lignin-first approach.”! a) Proposed mechanisti insight into the cleavage of
dimeric 3-O-4 bonds in PP-ol over CdS QDs via C,-radical intermediate produced from a photoredox electron-hole coupled (EHCO) strategy.

b) Schematic representation of lignin-first depolymerization of lignin under solar light, product yields, and catalyst recycling c) Polysaccharide
retention before and after photocatalysis. d) Product yields from acidolysis and enzymolysis of polysaccharides. Reproduced with permission from

Springer-Nature copyright 2018.

complex in a photoredox reaction under visible light to  tivity patterns (C—C bond scission and hydrogen atom
promote a proton-coupled-electron-transfer (PCET) process  transfer) and they could easily be cleaved.”” Hence, the
that enabled O—H activation to form alkoxy radical inter- PCET technique’s formation of alkoxy radicals intermedi-
mediates. Alkoxy radical intermediates have unique reac-

Angew. Chem. Int. Ed. 2023, 62, €202301909 (10 of 28)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWOD BA RO 3(deot|dde 8y} Aq peusenob are sspoiie VO 8sn Jo S8 104 A%eiq 1 8UIIUO AB]IM UO (SUOTIPUOD-PUR-SWLIB}W0D" A 1M Afe.q1)Bu1|UO//:SARY) SUORIPUOD Pue SWiB | 8Y} 88S " [1202/20/20] Uo Areiqiauliuo A8|IM 8@ IUN SBARS 8Q 10J0sU0D Aq 606TOEZ0Z @1Ue/Z00T OT/I0P/W0" A3 | Im" AReiq e uo//Sdiy Lwo.) papeo|umMoq ‘9€ ‘€202 ‘ELLETZST



S LOF
3G
o
HI-
3

g 455 nm, O,
CuOxICe0,/A-NTs
OH

+ h* Oxy-
H /
. -
OH
£

H,0

Reviews

0, H* O O. _OH

An dte

Chemie

(b)

o

e L]

¢ =

L,
Alkoxy radical

p-Scission

H,0
i
SN0 cellci
o
—H*

o Cecr, ' L

v,
E,Ee cl,

/”\\/K/O

Photoinduced LMCT

»
. DBAD

SET/PT

Alkyl radical
DBAD

Nitrogen-centered radical

;BOC
BockNvao
H
ha

..~ DBAD™*
x

Scheme 3. Novel strategies for C,—Cg bond cleavage in lignin models. a) The mechanism for CuO,/ceria/TiO, promoted cleavage of C,—Cg in f3-1
linkage via C,-radical attack.® b) The mechanism for UV/Visible mesoporous g-C;N, catalyzed the transformation of PP-ol.*l ¢) CeCl,
photocatalytic cleavage via a photo-induced ligand-to-metal-charge transfer (LMCT).*® Note: Schemes a and b are adapted with permission from
the American Chemical Society and c is from Chinese Chemical Society Journal.

ates successfully cleaved C,—C; bonds, yielding 96 % phenyl-
ethers and 97 % benzaldehydes.

The controlled initiation of the PCET process has been
reported to also facilitate the formation of superoxides from
Cy—H bond activation to enhance bond cleavage in the
model and native lignin. Bosque et al.”® creatively designed
a potential-controlled system with N-hydroxyphthalimide/
2,6-lutidine-electrocatalyst for hydrogen atom transfer
(HAT) and Ir(ppy),(dtbbpy)]PFy/diisopropylethylamine
(DIPEA) as a photocatalyst. The formation of two super-
oxides per each fragmentation occurring via the PCET
mechanism enhanced performance. Consequently, simulta-
neous cleavage of C-O/C-C in pine native lignin was
achieved via one electron transfer and two protons, afford-

Angew. Chem. Int. Ed. 2023, 62, €202301909 (11 of 28)

ing two products of 1.30 and 1.14 wt %. The same group also
proposed a photoredox PCET strategy where the formation
of alkoxy radical intermediate successfully enabled the
cleavage of C—C bonds in native lignin, which afforded the
formation of vanillin and 4-(2-hydroxyethoxy)-3-meth-
oxybenzaldehyde yields of 2.4 and 1.6 wt %, respectively.
Notwithstanding this progress, organometallic catalysts
used for precise control of radical formation are generally
sensitive to reaction conditions, tolerant to selected func-
tional groups, and could deactivate complicated conditions
for Dbiomass conversion environments. Wang and
colleague!® adopted a one-pot strategy for the depolymeriz-
ing and amination of C—C bonds in lignin using CeCl; as a
photocatalyst and designed a protocol involving the inter-
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mittent switching on and off of the external visible light. By
applying this protocol to model lignin, aldehyde (up to
97 %) and nitrogen-containing products (up to 95 %) were
obtained from the cleavage of the C,—C; bond available in
B-1 models (Scheme 3c). Mechanistically, the creation of
Ce™(Cl,/lignin complex via the deprotonation of the a-OH
group and subsequent oxidation of Ce™Cl,/lignin to Ce"Cl,/
lignin and via the ligand-to-metal charge transfer (LMCT),
homolysis oxidation of Ce™Cl,/lignin led to the formation of
both alkoxy radical intermediates and the nitrogen-centered
radical intermediate. The photoproduced ROSs successfully
enhanced yield even in native lignin. This method impres-
sively depolymerized native pine lignin, generating
11.94 wt % aromatic platform chemicals. It is important to
note that, the alkoxy radical intermediate could be
quenched/controlled if it reacts with oxygen or hydrogen
donor to form ether and formate, respectively.[* "

2.2.3. Summarized strategies for controlling the formation of
radical intermediates in lignin

Due to the high reactivity of most active radicals produced
during photocatalysis, a critical step in the photocatalytic
downstream conversion of biomass is the development of
strategic approaches for regulating active radical species
such as photo-activated molecular oxygen and substrate-
derived radical intermediates. The abundance of O-H
groups in lignin enables precise activation of O—H bonds to
alkoxy radical intermediates which can further weaken
adjacent C,—C; or C-O bonds, and this unique protocol has
been used in the lignin depolymerization process. To
regulate the formation of alkoxy radical intermediates in
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photocatalytic biomass conversion, novel photocatalytic
strategies have been developed with novel reaction mecha-
nisms. Table 2 and Figure 4 summarize the typical catalysts
and mechanisms which regulate the formation of C,-radical
intermediates (alternatively called alkoxy radical intermedi-
ates) during the cleavage of C,—~C; and C-O in $-O-4 and g-
1 model lignin substrates.

Overall, the activation/pre-oxidation and fragmentation
of C—O bonds in lignin have been promoted using various
photocatalytic processes, ranging from reductive (electrons/
reducing agents), oxidative process (holes/oxidizing agents),
and redox neutral processes (holes and electrons). As
summarized in Table 2, different homogeneous and hetero-
geneous-based photocatalysts have been applied for regulat-
ing the formation of this intermediate. Homogenous photo-
catalysts, such as organometallic complexes (Ir-, and
vanadium-based) have been adopted due to high tunable
properties and are generally selective towards the cleavage
of C,~C; and C-O bonds in lignin. Strategies such as
changing ligands, co-catalyst, or types of metals have been
used to tune these homogeneous photocatalysts. The pre-
oxidation step has also been achieved using metal-free
catalysts such as N-hydroxyphthalimide and ionic
liquids.”™ However, the choice of this catalyst is mostly
advised if separation problems can be solved. Aside from
homogeneous photocatalysts, heterogeneous photocatalysts
are also predominantly applied for the conversion of C,—~C;
and C;—O bonds. As summarized in Table 2 and preceding
sections, photocatalysts such as metal sulfides (e.g. CdS,
In,S;, etc.), carbon-based photocatalysts(e.g. g-C;N,), hybri-
dized forms, among others are being adopted for such
photon-induced biomass conversion. The application of
metal sulfides for biomass conversion has also been

O-

CH

A 4

M

Co-Cy O

£t

v

(ON
©/ CH, @O
-~ +
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Figure 4. Summary of key mechanisms for C,—Cg and C-O bond cleavage via photocatalytic lignin activation and depolymerization.
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reviewed elsewhere.®” The innovative ligand-mediated
modification of CdS into soluble QDs for instance by Wu
et al.®! is praised for its outstanding performance towards
the cleavage of model and native lignin.

As presented in Table 2 and simplified in Figure 4, the
cleavage of C—C bonds in biomass via photocatalytic
technique has been mediated by mechanisms such as
proton-coupled electron transfer (PCET), ligand-to-metal
charge-transfer (LMCT), single-electron transfer(SET), n—n
stacking interaction, among others. The SET mechanism
combines both radical and ionic reactions which play a key
role in organic chemistry. The SET mechanism is usually
fast and unstable and has been a target in most lignin
depolymerization reactions, especially for the cleavage of
C—O bonds. The SET mechanism has been depicted in key
lignin depolymerization reactions by Zhang and co-
workers"™ involving the use of an organo-photocatalyst
perylene diimide (PDI) for the cleavage of C—O bonds. The
diisopropylethylamine (DIPEA) oxidant reduces the photo-
generated *PDI to PDI*” even as the produced PDI*” anion
transfer electrons to the lignin/formic acid complex to form
a radical intermediate. Consequently, the HCOOH can
deprotonate the radical intermediate to enable subsequent
C-O bond cleavage. The PCET mechanism promotes the
simultaneous transfer of electrons and protons and has been
reported to have a kinetic advantage over two-steps SET
and HAT reactions.”" Contrarily to photo-redox reactions,
LMCT as an emerging mechanism for activation and
cleavage of bonds in biomass does not rely on a link
between redox potentials, instead, using the predominantly
available metal complexes. Due to this, this mechanism has
been targeted to control and improve selectivity in most
photocatalytic lignin reactions. Zhang et al.™ in a review
critically provided key routes to utilizing the LMCT
mechanism to enhance the visible light responsiveness of
commercially available TiO,, which has so far received little
attention in cleaving C,—~C; bonds in lignin due to its
shortcomings in responding to visible light. The detailed
understanding of the mechanism and role of key photo-
catalyst discussed here should open the door for the
development of key strategies to promote the simultaneous
activation and cleavage of C—O and C—C bonds in one-pot
systems from the mechanistic point of view, which has so far
received little attention.

2.3. Dual conversion of polysaccharide-based biomass and
derivatives to chemicals and hydrogen gas via photocatalysis

As defined by the US Department of Energy, carbohydrates
can be transformed into less functionalized platform chem-
icals (easy to transform compared with lignin) via the use of
different technologies.” Polysaccharide-derived chemicals
include the scission of glycosidic bonds (C—O—C) bonds to
monosaccharide sugars, furanic compounds (including furfu-
ral, furfuryl alcohol, HMF and FDCA), organic acids, etc.
More specifically, the oxidation of alcohols and aldehydes to
carboxylates, the cleavage of C—C interlinkages, and the
dehydration of fructose to HMF, and further upgrade of
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these products could be achieved using photocatalysis. Also,
the conversion of hydroxyl or aldehydes groups in poly-
saccharides, such as furfural or HMF could produce key bio-
based carboxyl or carbonyl products, which are important
platforms for furanic-based polymer production or fine
chemicals. Table 3 summarizes some applications of photo-
catalysis for the valorization of polysaccharide-based bio-
mass fractions.

2.3.1. Selective oxidation of monosaccharides and derivatives
via plasmonic photocatalysts

Different products have been obtained following the con-
version of polysaccharides using photocatalysis (Table 3).
The first step for photocatalytic conversion of a polysacchar-
ide to H, involves the hydrolysis of -1,4 glycosidic bonds
(C—0—C) to monosaccharides or their intermediates fol-
lowed by further oxidation of the monosaccharides.
Conversion of biomass to H, (photo-reforming) with water
as a solvent is difficult due to the strict pH demand.
Recently Zou and colleagues” designed a one-pot strategy
for the direct photo-reforming of cellulose. This protocol
involved the use of 0.6 M sulphuric acid for the hydrolysis of
cellulose to monosaccharides at a temperature of 130°C
over a platinized TiO, photocatalyst under UV conditions.
Consequently, the concurrent generation of electron donors
stimulated direct biomass conversion to glucose, with the
products also serving as low oxidative power electron
donors. To promote the conversion of polysaccharides to
key monosaccharides and their derivatives, photocatalysts
have been tuned to achieve a plasmonic thermal effect to
enhance the hydrolysis process. This could promote the one-
pot conversion of biomass instead of the separate multi-step
processes involving pretreatment, hydrolysis, and conversion
to useful chemicals. Under visible light conditions, Wang
et.”™ successfully cleaved C—-O—C B-1,4 glycosidic bonds in
cellulose to glucose and HMF, with a zeolite (HY)-based as
the acid catalyst and Au-nano particles (designated as Au-
HYT) as the plasmonic photothermal catalyst. The study
reported a 48.1 % yield of glucose and a 10.6 % yield of
HMF at an operating temperature of 140°C for 16 hours
(Figure 5a). The plausible mechanism for photothermal heat
production and acid site generation is depicted in (Fig-
ure 5b). Firstly, a localized surface plasmon resonance
(LSPR) effect on the Au-NPs via light irradiation caused a
polarized electric field of the additional cations available in
a zeolite (HY) to produce an acid proton (H%), which
attacked the stretched polarized bonds (Step I). More
negative oxygen is formed in B-1,4 glycosidic bonds via the
continuous stretching of bonds, which leads to the cleavage
of C—O B-1,4 glycosidic bonds to form glucose together
with a carbon cation (Step IT). Meanwhile, further hydrolysis
of the cation leads to the formation of glucose and a proton
(H™), while HMF is formed from the dehydration of glucose
by the zeolite acid catalyst.

A zeolite ( Ir/zeolite) photothermal system was designed
to cleave C—O—C B-1,4-glycosidic bonds in cellobiose (—a
dimeric glucose) and non-pretreated cellulose to monomeric

Angew. Chem. Int. Ed. 2023, 62, €202301909 (15 of 28)

Reviews

Angewandte

intemationaldition’y) Chemie

glucose under visible light conditions and temperatures
<100°C."! The Ir/zeolite selectively cleaved C—O—C p-1,4-
glycosidic bonds in cellobiose to glucose (>99 % selectivity).
The conversion of non-pretreated crystalline cellulose tested
over Ir/zeolite at 90°C showed 753 and 8.4 % of total
products (glucose, HMF, and cellobiose) under light and
dark conditions, respectively. Under visible light, the active
cooperation of Ir as the source of plasmonic photothermal
catalyst and HY as an acid catalyst was evident and this
followed a similar mechanism described by Wang and
colleagues!”” (Figure 5b).

Also, derived monosaccharides such as fructose was
converted to HMF using a semiconductor and a Brgnsted
acid catalytic system under light irradiation.”” Compared
with the metal oxides (WO;, a-Fe,O; and TiO,) reaction
system, coating the semiconductor with silanol, significantly
enhanced the yield of fructose to HMF (yield of 97 %) under
visible light conditions andat mild temperature (80.C) with
H;PO, as solvent. Mechanistically, Si via the plasmonic
process directly converted the irradiated light to thermal
energy, while the prevalence of an O—H group on silanol
also triggered high adsorption of fructose via hydrogen
bonds. On top of that, the transformation of glucose to
organic acids such as glucaric and gluconic acids (used in
food, chemical, and pharmaceutical industries) has been
achieved using TiO,-based photocatalysts.f>**1 In 2011,
Colmenares et al.® via an ultrasonication-assisted sol-gel
method prepared a structured TiO, for photocatalytic
conversion of glucose. Their findings afforded gluconic and
glucaric acids with selectivity and conversion of >50% and
11 %, respectively. They speculated that the lower affinity of
gluconic and glucaric acids to the surface of the catalyst
reduced the onset of mineralization, hence the high
selectivity of products. In 2013, the same group used metal-
supported TiO, to demonstrate enhanced selectivities to-
ward the yield of gluconic acid and glucaric acids. Thus,
doping of Fe’* into the lattice site of TiO, via a Fe-doped/
TiO,/zeolite-Y was able to reduce the band gap of TiO, (to
2.3¢eV), ensuring 94 % the selectivity towards the yield of
organic acid (gluconic and glucaric acids).’ In 2017, an
unmodified TiO, was first reported to be photoresponsive
under visible light conditions and successfully converted
glucose conversion.'™ Interestingly, the adsorption of
glucose on the surface of TiO, promoted a ligand-to-metal
charge-transfer effect, thereby enhancing photo-responsive-
ness under visible light conditions. Overall, a 42% con-
version of glucose was achieved with products such as
gluconic acid, glyceraldehyde, erythrose, formic acid, and
arabinose. Unfortunately, reactions conducted under UVA
conditions showed high product mineralization.

2.3.2. Selective oxidation of furanic and their derivatives

Photocatalysis has been applied for upgrading biomass-
derived furanic compounds to key platform alcohols and
carboxylic FDCA and DFF.'"" The conversion of furanic
and furanic derivatives can be driven via reaction pathways
such as dehydrogenation.""”'™ The selectivity of a desired
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Figure 5. Hydrolysis of C—O—C f3-1,4 glycosidic bonds in cellulose to glucose and HMF. a) Au-zeolite composite promotion of cellulose hydrolysis
and photo-assisted plasmonic effect mechanism.’””? b) Mechanistic pathway for selective hydrolysis of C—~O—C B-1,4 glycosidic bonds to glucose.

Adapted with permission from Wang et al.l””

product relies on the production of specific radical inter-
mediates and ROSs via photocatalytic oxidation or reduc-
tion of substrates.

Lolli etal via a microemulsion method prepared
TiO, for HMF oxidation, yielding DFF, CO,, and other
products. By introducing Au into the prepared catalysts, the
selectivity of DFF was slightly improved. Notwithstanding
the slight increase in selectivity, the mineralization of
products to CO, was significantly high, due to further
oxidation of DFF via aliphatic chain intermediates. The
selective conversion of HMF to DFF was enhanced by the
cooperative interplay of photogenerated charges (h+/e—),
the formation of alkoxide radical intermediate and the

Angew. Chem. Int. Ed. 2023, 62, €202301909 (17 of 28)

active role of superoxide ROS."*'" Cheng et al."™ via a
photocatalytic approach partially oxidized HMF to DFF
using a hydrothermally prepared Bi,WO4/mesoporous g-
C;N,. The 12% Bi,WO4/g-C;N, recorded the highest
selectivity and conversion of 84.3 and 59.3 %, respectively
after 6 h of photo-irradiation. Mechanistically the high yield
was speculated to be initiated by a z-scheme mechanism
which promoted electron-hole separation, with *O,” being
the main ROS, and the formed alkoxide intermediates,
successfully enhanced performance. Zhang and co-
workers® demonstrated the successful conversion of HMF
to DFF using a g-C;N, photocatalyst under visible light
(Scheme 4). Under visible light conditions, high DFF yield
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Scheme 4. Photocatalytic selective oxidation of HMF-DFF/FDCA over g-C;N, photocatalyst.”” Adapted with permission from Molecular Catalysis.

was recorded via the cooperative interplay between alkoxide
intermediates and controlled *O,  production. However,
under UV light conditions, high overoxidation of DFF to
FDCA was observed. The unique 2D structure of g-C;N,,
visible light responsiveness and moderate band gap, enable
the reduction of O, to *O,  at the CB. As depicted in
Scheme 4, HMF was first deprotonated by a photogenerated
hole (h*) to a proton (H") forming an alkoxide anion, and
the formed alkoxide anion reacts with the h* to form the
alkoxide radical intermediate. The alkoxide radical further
recombines with superoxide radicals, resulting in the
production of DFF which is subsequently converted to
FDCA by the generated H,O,.

The plasmonic surface resonance photocatalytic design
has been explored in tandem to promote the conversion of
carbohydrates to sugars and also furanic derivatives in some
recent studies. Zhou et al.’ observed high selectivities via
the simultaneous conversion of glucose, 2-furaldehyde,
xylose, HMF, and furfural alcohol to their corresponding
carboxyls using Au/TiO, as photocatalyst and Na,CO; as an
additive. Higher selectivity (>95%) was observed under
both visible light and UV irradiations, with Na,CO; playing
a significant role in inhibiting highly oxidative ROSs.
Consequently, the coupled migration of electrons into the
conduction band of TiO, and the plasmonic surface
resonance of Au-nano particles enhanced UV light and
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visible light responsiveness, respectively. Mechanistic studies
further showed that oxygen radical production led to the
cleavage of bonds in the various substrates.

2.3.3. Photo-conversion of biomass to fuel (hydrogen gas)

Photo-splitting of H,O results in low yields of hydrogen gas
and has not been performed extensively on an industrial
scale due to the use of expensive noble metals (Pt, Ir, Pd,
Ru, etc), slow kinetics, and the need for hole
scavengers.'™!%! Biomass such as sugars, lignocellulose and
alcohols have been incorporated to scavenge or consume
holes to pave the way for electrons to reduce protons to H,.
Comprehensive reviews on photocatalytic biomass conver-
sion to H, as an alternative to fossil fuels have been reported
elsewhere.'"“!l Comparatively, polysaccharide-based bio-
mass conversion to H, dominates the use of lignin. For
instance, an obtained acid hydrolysate from pine wood
(containing xylose and glucose) was adopted and used in a
photocatalytic process with TiO,, affording 19.9 mL of H.,/g
of pine wood substrate. The glucose and xylose served as
hole scavengers, thereby enhancing performance.
Iervolino®! performed a reaction under visible and UV
radiation conditions where glucose was successfully photo-
converted into H, over a Ru-doped LaFeO; -catalyst,
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producing higher yields than LaFeO; alone. Overall, the
yield of hydrogen reached 910 ymolh'g., . Mechanisti-
cally, the production of Ru’* available in the LaFeO;
crystalline structure acted as an electron scavenger, which
was able to limit the recombination of electrons and holes.
Recently, novel non-noble photocatalytic systems have been
reported for the concomitant evolution of hydrogen and
value-added chemicals. P-doped Zn,Cd,_,S with sulfur-rich
vacancies was demonstrated to facilitate the conversion of
HMF to DFF and H,O splitting which fulfills the dual
strategy without the addition of any external electron
donor.® A high yield of H, (419 umolh~'g™") was achieved
using Zn,sCdysS—P as a photocatalyst, and the addition of
HMF into the catalytic system significantly enhanced yield
to 786 umolh g™, alongside the production of DFF. Aside
from this, glucose has been used to produce hydrogen as
highlighted in Table 3. Hao et al.” via chemisorption of
sulfate (SO,") and nickel sulfide (NiS,) modified TiO,
(thus Ni—S/TiO,) and used it for cellulose photo-reforming
to hydrogen. An impressive yield of H, (3020 umolh ™' g, ")
was achieved and this was 76 times higher than using TiO,
alone. The SO,>~ provided the acid site for hydrolyzing
cellulose to glucose and further accessibility of substrate by
photocatalyst, while the Ni,S, helped to trap electrons and
also played the role of a co-catalyst for H, production.
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Incorporating a layer of a graphitic carbon onto NiO,/TiO,
was reported to facilitate the weakening of O-H in
saccharides and alcohols, with high H, evolution of 270 and
4150 ymolh'g_,~". at room temperature and 80°C temper-
ature, respectively. As shown in Scheme 5a, the dehydrogen-
ation reaction via the abstraction of a proton and formation
of alkoxide anions reduces Ni sites producing Ni-H and
affording a high yield of H,[ Also, Zhang et al.l'™
observed a similar mechanistic pathway using a g-C;N,
modified with non-noble metal (Ni/g-C;N,) noble metal (Ni/
g-C;N,) photocatalyst to convert HMF to DFF (Scheme 5b).
The HMF was first activated by a photogenerated hole (h™*)
to a proton (H") and alkoxide radical intermediate, and the
formed alkoxide radical intermediate can further be oxi-
dized to DFF by superoxide radicals, indicating the tandem
roles of ROSs, and this intermediates. Meanwhile, other
products such as CH,, CO,, and CO were formed by the
photogenerated holes.

Regarding the photo-conversion of lignin to H,, a
combination of different valuable products (H,, CH,, and
fatty acids) have been reported from a photo-reforming
experiment applying TiO,@NiO heterojunction as photo-
catalyst and Kraft lignin as feedstock."™ The synthesized
TiO,@NiO heterojunction facilitated effective redox reac-
tions via electron-hole separation and migration, while the

Alkoxide radical
(a)

i

H 0 o«

g-C;N g OW\O h+ o \
{;\& j Th+ DFF
o)

J o
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o L
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/ ~,
o” \ / ToH & AXN M
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Scheme 5. Concomitant photocatalytic evolution of H, and value-added chemicals in the absence of noble precious metals. a) Dehydrogenation of
HMF to DFF over Ni/g-C;N,."* b) TiO,/NiO,@C, photocatalytic promoted the evolution of H, from cellulose.*” Adapted with permission from the

Royal Society of Chemistry (Greem Chemistry, 2018 and 2021).
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formation of H, is stimulated by the formation of electrons
on the surface of TiO,. However, it has been reported that
photocatalytic conversion of lignin works effectively using
metallic sulfides as photocatalysts. Li et al.'® reported that
the activity of NiS (20 % loading)/CdS is 5041 times higher
with apparent quantum efficiency (AQE) of 44.9% than
pristine CdS on the conversion of lignin to H,. A major
drawback with the use of sulfide-based photocatalysts (e.g.
CdS, which is undoubtedly the most applied metal sulfide
for biomass conversion) is the onset of photo-corrosion,
which needs greater attention. Wakerley and colleagues!''”
reported a successful conversion of native lignocellulosic
biomass which was photo-reformed using CdS/CdOx QDs
(260 umolh ‘g, ") and showed higher performance than
TiO,|RuO,—Pt catalyst. In situ formation of CdO, on the
surface of CdS QDs was observed when pH was increased
to 14 (Figure 6). Consequently, the formation of CdO, on
the surface led to resistance in photo-corrosion together
with the enhanced formation of H,, and this could be a
promising route to overcoming photo-corrosion in metal
sulfides. Since most lignin remains insoluble in aqueous
solvents, working at elevated pH could also enhance the
dissolution of lignin to create adequate contact between the
catalyst and lignin.

Grass Paper
(a)

(b)
@

Lignocellulose

L
HCO," + CO,’
+ oxidized organics

Reviews

An dte

Chemie

3. SWOT Analysis of the Photocatalytic Process

To translate the gained scientific findings into a competitive
large-scale application, a suitable SWOT (strength, weak-
nesses, opportunities, and threats) analysis with an emphasis
on its application for biomass conversion would be highly
beneficial.'"""""? Figure 7a summarises the SWOT analysis
for evaluating the feasibility of photocatalytic biomass
conversion technology. Photocatalytic biomass conversion to
value-added chemicals was benchmarked with thermochem-
ical strategies, while for discussions involving the concom-
itant conversion of biomass to value-added chemicals and
hydrogen, we benchmarked both thermochemical and con-
ventional water splitting systems. In the following points,
strengths, weaknesses, opportunities and threats are crit-
ically discussed to facilitate the comparison with existing
technologies and the transfer of this technology to a large
scale.

3.1. Strengths

Biomass conversion by heterogeneous photocatalysis shows
some pros as compared to conventional thermocatalytic
processes. Based on this SWOT assessment, the strength of
photocatalytic technology toward biomass conversion could
be summarized as follows:

Wood Substrate (wood)

H, + 20H

Figure 6. Solar-light photocatalytic conversion of native biomass to H, over CdS/CdO,."” a) The robust catalytic system enhanced H, evolution
from different native biomass substrates under basic conditions. b) Mechanism showing CdS/CdO, with —OH functionalities available on the

surface of CdO,. Adapted with permission from Springer Nature.

Angew. Chem. Int. Ed. 2023, 62, €202301909 (20 of 28)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWOD BA RO 3(deot|dde 8y} Aq peusenob are sspoiie VO 8sn Jo S8 104 A%eiq 1 8UIIUO AB]IM UO (SUOTIPUOD-PUR-SWLIB}W0D" A 1M Afe.q1)Bu1|UO//:SARY) SUORIPUOD Pue SWiB | 8Y} 88S " [1202/20/20] Uo Areiqiauliuo A8|IM 8@ IUN SBARS 8Q 10J0sU0D Aq 606TOEZ0Z @1Ue/Z00T OT/I0P/W0" A3 | Im" AReiq e uo//Sdiy Lwo.) papeo|umMoq ‘9€ ‘€202 ‘ELLETZST



GDCh
~~

(a)

SWOT

Reviews

An dte

Chemie

WEAKNESSES
Process efficiency and optimization
Reproducibility of designed
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. Lignin - Cellulose/Hemicellulose

HMF
Levullinic acid
Succinic acid
Guaiacol

$67M (1.6% CAGR)
$71.9M (14.1% CAGR)
$269M (8% CAGR)
$339M (1.3% CAGR)

Cresols $387M (3.5% CAGR)
Resorcinol $624M (2.8% CAGR)
Vanillin $655M (5.8% CAGR)
Xylitol $738M (6.4% CAGR)
Furfural akohol $822M (7.2% CAGR)
FDCA $857M (8.7% CAGR)
Furfural $§924M (6.5% CAGR)
Fumaric acid $980M (4.7% CAGR)
Gluconic acid $1,800M (8.1% CAGR)
Glucaric acid $1,46TM (7.3% CAGR)
Sorbitol $2,440M (6.5 % CAGR)
Adipic acid $9,337M (4.3% CAGR)
Phenol derivatives

BIX

(b)

$14,830M (2.7% CAGR)

[ R

15000 200000 225000 250000 275000

Market size (Million Dollars)

Figure 7. Commercial scale feasibility of photocatalysis biomass conversion and market growth of biomass-derived chemicals. a) SWOT (Strengths-
Weaknesses-Opportunities-Threats) matrice built for photocatalysis as a biomass conversion technology. b) Market size and compound annual
growth rate (CAGR%) of highly promising photocatalysis value-added chemicals (2018-2028). BTX,"™ Phenol derivatives,"" Adipic acid,""
Sorbitol,"¥ Glucaric acid,"” Gluconic acid,"® Fumaric acid,"® Furfural,"* FDCA,"" Furfural alcohol, Xylitol,"! Vanillin,"* Resorcinol,'?!

Cresols,"® Guaiacol,"™ Succinic acid,"? Levullinic acid,* HMF.['*%

— Highly functionalized products: Photocatalysis can exclu-
sively promote the cleavage of specific bonds of biomass
which leads to producing highly functionalized high-value
products. Based on the conducted summaries provided,
while photocatalytic conversion of lignin typically produ-
ces aromatic aldehydes and aromatic ketones, other
report shows that using robust conditions such as
thermochemical processes results in products such as
benzene, toluene, and xylene which require further

functionalization,™'! thereby making the process costly. -

— Unique tunable properties: The unique ability to control
the type or/and number of ROSs and radical intermediate
formation is plausible through the design of materials
with required characteristics, i.e., modification of photo-
catalyst surfaces, band gap engineering and playing on the
heterojunction systems such as the ratio, level of CB/VB
and so on.

— Milder operation conditions: Due to the abundance of
robust C—C bonds, a high number of oxygen-containing
functional groups, and the complexity of biomass, the
scission of bonds in most biomass reactions require a
temperature of more than 160°C and high chemical

Angew. Chem. Int. Ed. 2023, 62, €202301909 (21 of 28)

consumption; however, these reactions can take place at
room temperature via photocatalysis. Unlike other proc-
esses, photocatalysis does not require high energy con-
sumption as it works at mild conditions, nor the excessive
usage of organic solvent. On top of this, appropriate
design of photocatalysts and reaction conditions could be
used to control radical formation and selectivity, a
characteristic that is not common in thermocatalytic
systems.

Cogeneration of chemicals and fuels: Due to the redox
system of photocatalysis, the co-generation of many high-
value products could take place simultaneously, and the
concept of full valorization of biomass could be obtained
under some optimized circumstances, i.e., co-generation
of phenolic compounds via ROSs mediated reaction and
H, via band gap reductive reaction and evolution of
specific ROSs. For instance, in the case of HMF
dehydrogenation reactions, superoxide radicals and the
formation of alkoxide radicals using g-C;N, play a
significant role. Based on numerous critical reports, direct
H, evaluation from water suffers from low production
yields, unless the reaction is balanced by the addition of
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large quantities of hole scavenger molecules with strong
affinities as ROSs/hole scavengers to liberate and avoid
the quick recombination of e—/h+. In addition, the set-
up and installations of large-scale reactors and the
required conditions would not be economical. Recently,
Bie and colleagues!™ subtly provided a critical review on
this subject arguing why water splitting via photocatalysis
is practically and theoretically hard to achieve on large-
scale. The slow kinetics, rapid back reactions, unfavorable
thermodynamics, and dissolved oxygen, remain the major
challenges supporting this argument. By contrast, the
concomitant conversion of biomass to value-added chem-
icals and H, represents an emerging technology with most
work undertaken on a milligram-gram scale. Meanwhile,
the cogeneration reaction can proceed via a single
electron which is an easier option than four-electron
oxygen evolution.

Flexible coupling strategy: The flexibility of photocatal-
ysis allows it to be incorporated or combined with
different processes. Hence, it could be combined with
other emerging or existing technologies to enhance
conversion efficiency, promote the complete conversion
of biomass, expand the product range, and increase the
economic viability of the process. Several successful
combinations have been reported with outstanding advan-
tages such as sono-photocatalysis, photoelectrochemical,
photothermal-photocatalysis, and so on. In conventional
biorefineries, this technology has been reported to
enhance ethanol yield from biomass. Yasuda et al.l'®!
applied TiO,-based photocatalysis for pretreating silver
and Napier grass and this was reported to enhance
enzymatic hydrolysis and subsequent fermentation.!'*!
Shiamala et al."* also reported enhanced ethanol fer-
mentation and anaerobic digestion via the conversion of
starch to smaller molecules in the presence of TiO,/
Bi,WOq under visible light conditions. The promotional
effect of combining photocatalysis with electrocatalysis
for biomass depolymerization has been extensively
reviewed.'™ Sono-photocatalytic pretreatment to en-
hance the conversion of biomass in terms of yield and fast
kinetics was recently critically discussed in our review.!'!
The use of sono-photocatalysis is reported to reduce
photocatalyst deactivation via enhanced generation of
ROSs.™ In addition, coupling mechanocatalysis with
photocatalysis to enhance the yield of high-value platform
chemicals could lead to synergetic and enhanced con-
version as reported in our recent study."*

Solar energy exploitation: Finally, the use of inexhaustible
solar light to catalyze biomass conversion is considered a
green and cheap technology that supports sustainable
development. The potential utilization of solar light could
make the process an energy-saving and highly sustainable
process as compared to other robust conventional proc-
esses. As discussed above, the direct use of sunlight for
biomass conversion has been presented and explored for
value-added chemicals, H, production, and concomitant
production of hydrogen and value-added chemicals.""
This makes photocatalysis an intriguing technology for
the energy sector if it gradually emerges as a commercial
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technology for biomass valorization to fuels and platform
chemicals.

3.2. Weaknesses

Photocatalytic biomass conversion has the potential to be a

sustainable and efficient process however, some significant

challenges to make this technology cost-effective and more
practical remain. The key weaknesses of photocatalytic
biomass conversion could be described as follows:

— Process efficiency and optimization challenges: The
quality and yield of desired products against the used
native biomass would be also a serious issue limiting the
commercial viability of the photocatalysis process. One of
the weaknesses of photocatalytic technology towards the
conversion of native biomass is the non-uniformity of the
reaction because of the uncontrolled factors in terms of
the type of biomass or variation of irradiation intensity if
direct solar light is used. The optimization and the control
of the photocatalytic system are still challenging up to
date, especially if native biomass is targeted. As discussed,
most of the prevailing studies on photocatalysis have
been done using model compounds instead of raw/native
biomass. This is due to the complexity of native biomass,
impurities such as sulfur, nitrogen, and metal ions may
persist in it, and this is likely to scavenge the formation
and action of ROSs during photocatalysis.!'”"*! The solid
suspension can limit the penetration of light irradiation to
the surface of the photocatalyst, and also ROSs attack on
biomass polymer would be weaker as compared to lab-
scale small reactors. As an important step for biomass
conversion, the optimization of photocatalysis requires
careful optimization of key operating conditions such as
temperature, the intensity of light irradiation, and catalyst
loading, which can be costly and energy-consuming.
Photocatalysis requires efficient light irradiation, how-
ever, products, solvents, materials, and photosensitizers
could all act as filters, which can become pronounced on
large-scale.

— Challenges in reproducing photocatalytic protocols: Com-
pared to most conventional processes such as thermo-
promoted reactions, photocatalytic protocols/methods
could be difficult to replicate by other groups. This
challenge erupts due to the high dependence of catalytic
reactions on the experimental set-up and catalytic design.
An ideal solution to this challenge could be the design of
a standardized reactor for unique reactions however, this
has not been possible due to the low-cost making reactors
by most researchers. Aside from reactors, there exists no
unified standard for selecting lights such as LEDs used to
have different specifications, as pointed out by Reischa-
uer et al.*"

— Scale-up challenges and design of photocatalytic devices:
Unlike other conventional approaches, the scale-up
demonstration of photocatalysis conversion of biomass at
pilot and commercial levels is rare. Overall, translating
findings from laboratory scale to commercial status
remains a daunting task. More to this, the identification
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of a more reliable method to realize the rational design of
a photocatalyst for biomass conversion remains a key
obstacle. Researchers have focused on the development
of different photocatalytic materials to identify their
surface properties and associated mechanisms. However,
none of these catalysts have yet been selected for
industrial applications due to their complicated prepara-
tions, low efficiency, low stability, etc. Large-scale syn-
thesis of catalysts using commonly used methods such as
hydrothermal and other combustion techniques is not
ready for large-scale production.*! Moreover, large-scale
photocatalytic biomass conversion requires the use of
high-intensity light and long reaction time, which may
reduce the efficiency of the entire process as discussed
before. It is worthy to mention that not the same products
can be obtained if the biomass origin is different. The cost
of the process against the income in terms of produced
high-value products would be a serious threat even
though the photocatalytic systems seem non-costly, but at
large-scale further complications could be faced. For
example, the design of innovative large-scale reactors for
this purpose needs serious consideration to ensure high
efficiency and production uniformity.

Separation of desired products: The difficulty in control-
ling radical intermediates and unwanted side reactions
leads to produce a huge number of wanted and unwanted
compounds which are obtained in the final mixture. It is
worth mentioning that the separation of these compounds
is a very complicated and costly process.

Catalyst deactivation and recovery: Like all heteroge-
neous catalytic-based processes, in biomass conversion,
the yield and the quality of products could be reduced
within the irradiation time because of the degradation or
inactivation of the catalyst surface. Many studies report
effective and selective photocatalytic-based materials, but
they can’t be considered at a large scale because of
several factors including the cost, the less availability, the
low stability, complicated synthesis, and so on. Catalyst
deactivation could be triggered by surface corrosion or
adsorption of substrates and formed products onto the
surface of the catalyst. Additionally, metallic sulfide-
based photocatalysts (e.g. CdS) are reported to suffer
from frequent photo-corrosion caused by photogenerated
holes!®! If the adsorption of products on the surface of the
photocatalyst increases and become resistant to photo-
produced ROSs, deactivation could be more
pronounced." The use of photoredox catalysts with
tunable properties (such as Ir-based metal complexes,
Ru-based complexes, etc) for controlling intermediate
formation in biomass conversion is gaining significant
interest as discussed above. Additionally, the design of
most catalytic systems for H, evolution relies on the
incorporation of highly costly and non-scalable noble
precious metals (Pt, RuO, Pd).'**'* Based in European
recommendations, some of these metals are regarded as
critical metals for short and long-term sustainable bio-
mass-based chemical and fuel transitioning."*¥ An alter-
native could have been intensifying the strategies for
recovering this photocatalyst, however little attention has
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been paid to the developing recovery of photocatalysts
during biomass conversion. Even though heterogeneous
catalysts have the advantage to be recovered, at a large
scale, it is very hard to recover nano-sized particles, i.e.,
TiO,, which needs a costly membrane filtration.

— Biomass solubility and high use of organic solvents/
chemicals: The dissolution of biomass in water is very
challenging even at the lab scale; therefore, the use of
some organic solvents is required which in turn might
lead to affect the ROSs attack process due to the
scavenging effects, and it might produce new unwanted
byproducts in the medium. The sustainability of the
process would be different at a large scale wherein huge
volumes of organic solvents are used to dissolve biomass
blocks which in turn can affect the ROSs role in biomass
bonds cleavage.™ Meanwhile, the identification of a mild
and efficient method for solubilizing biomass without
destroying B-O-4 bonds in the case of lignin depolymeri-
zation is becoming a strong hindrance before photo-
catalytic reaction.™

3.3. Opportunities

Opportunities reflect favorable external factors which could
give the photocatalytic technology a competitive advantage
in the future over conventional processes. Tentatively, the
adoption of photocatalysis as a biomass conversion technol-
ogy can contribute significantly to sustainable development
and transitioning to low carbon economy via the many
opportunities discussed below:

— Reduction in associated market risks: The main oppor-
tunity to scale up the photocatalytic technology towards
biomass valorization is the design of systems that can
produce effectively different desired products under multi
scenarios and conditions. This technology can provide
investors or consumers the chance to withstand the shock
of rapidly changing or emerging market trends for value-
added chemicals and fuels. Based on reviewed data,
Figure 7b depicts the forecasted global market values for
key commercially feasible chemicals obtained from bio-
mass valorization and their compound annual growth rate
(CAGR %) between the years 2018-2028. Biomass
conversion can provide a wide range of products. It is
important to stress that photocatalytic technology can
produce most of the products which could not be
obtained through biomass conversion using other existing
and emerging technologies. In this sense, photocatalysis
could be a feasible option to withstand market shocks.

— Effective low-cost co-generation of H,: Based on numer-
ous critical reports, direct H, evaluation from water
suffers from the low production yield, unless the reaction
is balanced by the addition of large quantities of hole
scavenger molecules with strong affinities as ROSs/hole
scavengers to liberate and avoid the quick recombination
of e-/h+. In addition, the set-up and installation of large-
scale reactors and the required conditions would not be
economical. In a biomass conversion system, the abun-
dant biomass derivatives can catalyze the production of
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H, without the need the use sacrificial reagents. The
incorporation of sacrificial agents may enhance yield but
result in uncontrollable environmental pollution.['*4"
Therefore, under appropriate circumstances, H, can be
co-produced during the conversion of biomass into
desired products. As an industrial opportunity, the co-
generation of H,, as an integrated system, during the
photocatalytic conversion of biomass wastes into valuable
products could be more economically interesting as
compared to single photocatalytic H, evaluation from
direct water splitting.

— Reduction in carbon footprint: From a green chemistry
perspective, photocatalytic biomass conversion can con-
tribute significantly by reducing the high use of toxic
chemicals or harsh reaction conditions (pressure and
temperature) which pose a significant threat to the
environment, as opposed to conventionally used thermo-
chemical/thermocatalytic processes. Aside from the
unique ability to reduce the high dependence on chem-
icals or high pressure during the conversion of biomass,
the option to concomitantly produce value-added chem-
icals and hydrogen can reduce the carbon footprint of the
chemical industry which currently relies on fossil-based
sources, alongside the reduction of greenhouse emission.
As a clean and carbon-free option, green hydrogen from
hydrogen will play an important role in the energy
demand for humankind. Meanwhile, when combined with
other technologies likely, photocatalytic biomass conver-
sion can even go higher to reduce greenhouse gas
emissions. Photocatalytic technology can promote a
circular bioeconomy since it could promote the depoly-
merization of biomass, upgrade platform building blocks,
and recycle polymers back to their respective monomers,
ensuring the reusability of monomers."*'* This will help
in the development of a sustainable circular bioeconomy
where there is no waste production via recycling and
reuse.

3.4. Threats

While photocatalysis has shown several opportunities for

biomass conversion, numerous and significant potential

threats pertain to the future adoption of this on a large scale.

As above mentioned in sub-sections, at a large scale, we

may expect several threats at different process stages as

summarized in the following points:

— Policy and regulation challenges: Although photocatalytic
biomass conversion looks promising, the regulations for
the adoption of this technology on a large scale may still
be evolving, which in general creates a lot of uncertainties
regarding the requirements for the adoption of this
technology. This threat could hinder entry and also limit
investments in adopting this technology.

— Competition from other mature technologies: Unlike
some conventional processes, photocatalysis might re-
quire some time to be able to attain market readiness and
acceptance. Also, we project that competition with other
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existing technologies such as thermochemical/thermocata-
lytic process as it is already known at large scale.

— Price volatility of feedstock: Since most biomass con-
version technologies are still maturing, feedstock prices
may likely be volatile in the future which can impact the
economic viability and the adoption of large-scale proj-
ects.

— Unexpected eco-toxicity: Even though photocatalysis
stands a greater advantage over conventional thermocata-
lytic strategies, some photocatalytic-based materials (such
as solvents, metals and and nano-size materials) can be
harmful to humans or the environment in general if not
handled/disposed of carefully. Numerous diversities of
photocatalysts have been reported for biomass conversion
to value-added chemicals and fuels, and accompanying
this could be growing concerns of potential toxicity to
humans and the environment at large. Some recent
reviews on the ecotoxicity of photocatalysts have been
reported.!" ¥l Soluble nanoparticles are more toxic in
the cellular environment than insoluble nanoparticles.
Such unexpected toxicity may be erupting and this could
impede the future adoption of highly-performing photo-
catalysts.

4. Conclusions and Perspectives

Novel strategies leading to the development of environ-
mentally friendly and economically viable biomass photo-
catalytic conversion techniques have been critically ana-
lyzed. Through the unified approach of utilizing
photocatalysis for biomass conversion conducted in this
review, we identified key scientific challenges which have
been tackled relatively well, and those needing attention for
further application of photocatalysis in industrial settings
and smooth transitioning to circular bioeconomy sustain-
ably. Photocatalysis has shown an attractive pathway for
transforming different fractions of biomass. Photo-induced
ROSs and other substrate-based radical intermediates have
been important in promoting the selective oxidation of
biomass. Mechanisms such as proton-coupled electron trans-
fer (PCET), ligand-to-metal charge-transfer (LMCT), sin-
gle-electron transfer(SET), and n-n stacking have been key
in controlling the formation of alkoxy radical intermediates
leading to the cleavage of C,—C; and C-O interlinkages in /-
O-4 and f-1 model lignin. Photocatalytic plasmonic thermal
effect generation looks promising for one-pot conversion of
polysaccharides, especially overcoming the challenges asso-
ciated with the conversion of biomass to furan derivatives,
which have so far been achieved via three separate steps
(pretreatment, hydrolysis into sugar, and conversion of
sugars into chemicals). The use of noble metals and metal
oxides has an established foundation, however, the emerging
role of g-C;N, looks promising for the co-generation of H,
and platform chemicals in addition to its economic advant-
age. The unique cooperative interplay of superoxide radicals
and the formation of alkoxide radicals promote the partial
oxidation of furanic compounds. Meanwhile, the two-fold
strategy for photo-conversion of biomass and water splitting
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to value-added chemicals and hydrogen looks more promis-
ing than water splitting alone systems.

Despite the progress made by the scientific community
to develop photocatalysis as a biomass valorization techni-
que, some critical weaknesses which need further research
are comprehensively presented in Figure 8. Importantly, to
enhance the efficiency of photocatalytic valorization of
LCB, the wuse microfluidic reactor design is
recommended.'**"!  As reported, this type of reactor
provides enhanced mass and heat transfer between photo-
catalyst and LCB, and this can boost the photocatalytic
performance. Also, the development of strategies for in situ
collection, storage, and utilization of H, needs more
attention from the scientific community as we target large-
scale production, profitability, and safety of the whole
process. On top of that, other combined issues such as the
development of multifunctional catalysts, reactor engineer-
ing, feedstock purification, and recycling of photocatalysts,
type of reaction, geometry, and way of use need to be taken
into consideration, along with the optimization of factors of
the photocatalytic process including all details such as speed
of stirring, the quantity of photocatalyst, type of irradiation
and distance, the quantity of biomass to be treated per time
and so on.

Further research into the development of mild coupling
techniques may be needed to enhance solubility, purify
biomass against radical scavengers, and enhance biomass
pre-oxidation. Moreover, studies into coupling systems such
as photo-electrocatalysis, sono-photocatalysis, photo-bioca-
talysis, and others are encouraged. Meanwhile, expanded
research on the identification of a simple technique for
purifying and separating platform chemicals from a reaction
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media after photocatalytic conversion of LCB is needed.
Regarding ROS formation and control, more work may be
needed to extensively control the formation and action of
these radicals, especially for one-pot or in situ oxidation of
Cy—O and C,—C; bonds in biomass. Additionally, attention
should be paid to developing non-noble plasmonic photo-
catalysts for biomass conversion. The scientific community is
required to work closely with industries to understand any
raised issues and also to remain in touch with novel
industrial concepts and sustainable development. Opportu-
nities could be developed and widened through large
experience, rather than over experimentation at a lab scale.
In addition, for industrial-scale applications, the scalability
and economic feasibility of photocatalytic biomass conver-
sion should be expanded using other sophisticated strategies
(life-cycle- and techno-economic analyses) because data on
this aspect is rare in most photocatalytic biomass conversion
studies. We anticipate that the different strategies for
enhancing photocatalytic oxidation via selective bond cleav-
age reported here will rekindle significant industrial interest
in exploring selective oxidation and associated strategies for
the profitable application of photocatalysis as a commercial
technology for LCB.
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