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ABSTRACT

Biomass has been considered as a promising energy resource to combat the exhaustion of fossil fuels, as it is
renewable, sustainable, and clean. Photocatalytic reforming is a novel technology to utilize solar energy for
upgrading biomass in relatively mild conditions. This process efficiently reforms and recasts biomass into
hydrogen and/or valuable chemicals. To date, lignocellulose, including cellulose, hemicellulose and lignin, has
attracted extensive studies in facile photocatalytic valorisation. This review summarizes and analyzes the most
recent research advances on photoreforming of lignocellulose to provide insights for future research, with a
particular emphasis on the reformation of lignin because of its 3D complex and stubborn structure. The structure
of lignin contains a dominant linkage, i.e., p-O-4. The breakage of p-O-4 linkage can be proceeded by two steps, e.
g., oxidization and reduction, according to the sequence of photoexcited holes and electrons. Thus, this review
discusses two-step and integrate step dissociation strategies along with the rationally chosen photocatalysts. The
challenges of the photocatalysts, solvent, and post-treatment were identified, and potential solutions to these

challenges were provided.

1. Introduction

The excessive consumption of fossil fuels is a pressing issue that
poses a challenge to sustainable energy supply and environmental pro-
tection. Carbon emissions and air pollution, which are the result from
the consumption and combustion of fossil fuels, are global concerns [1].
Therefore, hydrogen has been urged to replace fossil fuels because it has
inherent merits of being clean, sustainable, and renewable to environ-
ment [2-4]. However, the current methods for hydrogen production,
such as electrolysis and reforming using fossil fuels, consume significant
amounts of energy and involve steam to produce hydrogen at high
pressures and temperatures (15-40 bar and 650-950 °C) [5,6].
Furthermore, the generated hydrogen needs further purification to
remove impurities [7]. Since Fujishima and Honda’s discovery of pho-
tocatalytic water splitting to release hydrogen via a TiO; electrode in
1972, there has been worldwide interest in this approach [8].

Despite decades of research, photocatalytic hydrogen evolution re-
mains a low efficiency because of the high recombination of photoex-
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cited electrons and holes that occurs in the bulk of semiconductors,
leading to a low apparent quantum efficiency [9]. In 1980, Kawai and
Sakata innovatively introduced a sacrificial agent derived from biomass,
i.e., methanol, into the process of photocatalytic hydrogen generation.
Methanol was oxidized by the photoinduced holes to suppress the
recombination rate, and then to greatly promote the efficiency in
hydrogen generation [10]. In the same year, they also reported a pho-
tocatalytic process of biomass on a ternary composite, RuO5/TiO5/Pt to
produce COy and Hy [11]. Since then, more organic components with
simple structures, such as ethanol, glycerol and ethylene glycol, have
been utilized as efficient sacrificial agents in the photocatalytic process.
These organic sacrificial agents can be easily derived from renewable
raw biomass to improve hydrogen generation, as shown in the stoi-
chiometric yield equation below [12].

CH,0, + (2x — 2)H,0 % xCO, + <2x 7+ %)H2 )

After that, the photocatalytic process has been extensively studied
for not only the hydrogen generation process but also the oxidization of
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organic sacrificial agents. Studies have shown that biomass-derived
sacrificial agents, such as organic polymeric components with complex
and complicated structures, can be oxidized and reduced by photo-
generated electron-hole pairs to produce more value-added chemicals
[13]. This demonstrates that photocatalysts can facilitate the oxidative
and reductive chemistry from their excited states during the photo-
catalytic depolymerization [14-16], leading to the emergence of a new
attractive field called photoreforming [17-19]. Photoreforming involves
the depolymerization of biomass into valuable hydrogen and chemicals
using solar energy at ambient pressure and temperature, thereby
avoiding the thermal energy input required in traditional reforming
technologies [20-23].

Lignocellulose, a renewable carbon feedstock source, has been
investigated over the years for providing valuable chemicals and fuels
[24-27]. It is produced on an annual basis with the most complicated
structure on the earth by photosynthesis [28-30]. This kind of biomass
can be supplied by the food residues of crops and non-agricultural lands.
Theoretically, 50-85 EJ/year energy, around 20% energy demand of the
society, can be provided by these residues, with roughly 3-5 Gt/year
productivity all over the world [31]. Lignocellulose has been utilized
mainly by two approaches, e.g., biological and chemocatalytic processes
[32,33]. While fermentation and enzymatic catalysis can break the
lignocellulose with the support of enzymes, bacteria and microorgan-
isms during a biological process [34,35], this method is of a low effi-
ciency due to the intricate structure of lignocellulose that hinders the
contact between the enzymes and biomass [36].

Chemocatalytic technology can be categorized into three main pro-
cesses, e.g., gasification, pyrolysis and hydrolysis [31,37]. Traditional
gasification is the most common chemocatalytic process to decompose
the complex structure of lignocellulose at high temperatures above
750 °C, releasing hydrogen, carbon oxide, carbon dioxide and methane
[37,38]. However, the high temperature and pressure make the process
demanding, and harsh reaction conditions introduce undesired degra-
dation products, leading to unsatisfactory selectivity of final products
[39,40].

In contrast, photocatalytic conversion of lignocellulose, especially
lignin, in ambient conditions was recently proposed as an alternative
method to the traditional process, bridging the two renewable energies
of solar energy and biomass together (Fig. 1) [41-44]. Many publica-
tions over the past few decades have investigated the photocatalytic
lignocellulose reforming. Typically, Reisner’s group proposed the

Potential vs. RHE (V)
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photoreforming of real solid waste streams for a carbon-neutral objec-
tive [23], while Sun’s group collected and discussed photoreforming
performances over a variety of modified carbon nitride [45]. Moreover,
Amal’s team focused on improving the selectivity of photocatalysts for
water abatement [46]. However, the intricate mechanisms of photo-
catalytic reforming on the basis of lignocellulose over different photo-
catalysts have not been well collected and evaluated [29]. This review
comprehensively analyzes and evaluates the photocatalytic reforming of
some substances in lignocellulose, namely glucose, cellulose, hemicel-
lulose (monomers) and lignin, on the basis of performances of hydrogen
evolution and biomass depolymerization. Additionally, it also empha-
sizes the photocatalytic selective depolymerization of lignin by the
dissociation of C-C and C-O bonds. Therefore, this review can provide a
variety of innovative and creative ideas to underpin future development
in this field.

2. Photocatalytic reforming fundamentals
2.1. Thermodynamics of biomass reforming

Photocatalytic reforming of biomass under ambient pressure and
temperature relies heavily on the use of semiconductors which can
produce hot electrons and holes after being activated by photons with a
higher energy than the semiconductor’s bandgap energy [46]. Specif-
ically, electrons can be excited and separated from valence band (VB),
then immigrated to conduction band (CB), leaving hot holes in VB. The
excited electrons in CB reduce H3O to generate hydrogen, while holes
drive the biomass oxidation process in VB as displayed in the Fig. 1
(right-hand side). There is a challenge in accurately controlling partial
oxidation to prevent complete mineralization of the biomass into CO5
[47]. Thus, identifying the energy range that simultaneously activates
semiconductors and produces biomass-derived intermediates and un-
derstanding the thermodynamic fundamentals of hydrogen generation
and biomass reforming is essential for successful photoreforming.

The thermodynamic barrier of hydrogen evolution in water splitting
is -1.23 V vs. RHE [48]. Nonetheless, the biomass photocatalytic con-
version reaction has a nearly energy-neutral barrier of 0.001 V vs. RHE,
making it feasible under not only UV light but almost the entire solar
spectrum [29]. This low thermodynamic barrier allows photoreforming
to occur under mild conditions. The photogenerated charge carriers play
an indispensable role in photocatalytic biomass reforming. The
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Fig. 1. Photocatalytic reforming of lignocellulose into value-added chemicals via semiconductor-based photocatalysis.
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photoinduced electrons and holes can react with both hydroxyl groups
and dissolved oxygen to generate reactive oxygen species (ROS). The
photoinduced holes can immediately oxidize the biomass to generate
biomass-based radicals that sustain the process of biomass reforming
[49,50]. It is known that photoreforming process follows two different
pathways, depending on the generation of different radicals, with or
without oxygen. Firstly, the photogenerated holes and electrons can
directly oxidize and reduce dissolved hydroxyl and oxygen to form hy-
droxyl (OH) with a redox potential of 2.81 V vs SHE (standard hydrogen
electrode) and superoxide radicals (‘O3) with a redox potential of -0.89 V
vs SHE [51]. It is noted that superoxide radicals can only be generated
under aerobic conditions, where oxygen is necessary to react with
electrons. Although superoxide radicals can enhance the degree of
chemoselectivity, some negative effects can emerge, producing unde-
sired products instead of the target final products [52]. Therefore,
controlling and optimizing the generation of valuable chemicals and
hydrogen is important in the photocatalytic reforming reaction.

2.2. Structural potentials of lignocellulose in photocatalytic reforming

Lignocellulose is the most abundant biomass all over the world and
the annual production of it is around 200 billion metric tons [28]. It
consists of three basic biopolymers: cellulose, hemicellulose and lignin,
along with a limited number of other substances such as minerals,
phenolic substituents and acetyl groups [53]. These polymers are com-
bined and interacted to form cross-linked organic structures that provide
resistance against corrosion, degradation and UV damage from ambient
environment [54,55].

As exhibited in the Fig. 2, cellulose, the most abundant substance in
lignocellulose, constitutes approximately 40 wt% and has a generic
formula of (C¢H120s), [57-59]. It is made up of glucose units that are
connected by bonding networks of intermolecular and intramolecular
force to maintain stability as the scaffold and prohibit the hydrolysis
process [57]. Additionally, Hemicellulose covers cellulose and consists
of pentose and hexose sugars, accounting for around 20-40 wt% [20].
There are five sugar monomers in hemicellulose, including D-galactose,
D-xylose, D-mannose, D-glucose and L-arabinose [60]. Meanwhile,
lignin is a 35 wt% 3D amorphous phenolic polymer component that
encapsulates hemicellulose and cellulose in lignocellulose. The lignin
content can vary depending on the botanical species, with 30% of total
mass isolated from softwood lignin, 20-25% from hardwood, and 10-
15% from grass lignin [61,62]. To be more specific, it is the richest ar-
omatic polymers source in the world and consists of three different
primary phenylpropanoid units, e.g., coniferyl alcohol (4-hydroxy-3-
methoxy-cinnamyl), sinapyl alcohol (3,5-dimethoxy-4-hydrox-
ycinnamyl) and p-coumaryl alcohol (4-hydroxycinnamyl) [63-66]. As
such, softwood and hardwood lignin can be harvested by the different
distribution of these alcoholic moieties. Softwood lignin is composed by
around 90% coniferyl alcohols, which is equivalent to the sum of sinapyl
and coniferyl alcohols in hardwood [67]. These units are highly irreg-
ularly cross-jointed and interlinked by C-C and C-O.

Notably, $-O-4 is the most common bond of the C-O linkages in the
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lignin structure, accounting for 43-70% of the structure and this exclu-
sive linkage can be more likely broken [68-70]. The abundance of f-O-4
is able to be increased to around 89% through bioengineering to pro-
mote the highest efficiency in the reformation of lignin [71]. However,
the complicated and stubborn structure of lignin impedes the hydrolysis
and fermentation to destroy the matrix of plants, making it a challenge
in photocatalytic depolymerization to produce phenolic substances and
other alcohols [43,72,73]. As a result, a large amount of lignin sub-
stances is used in industries such as paper and pulp as a source of power
by combustion because of its high calorific value [74]. The unique
structure of lignocellulose with abundant valuable chemicals offers
great potentials in photocatalytic reforming processes, which will then
be discussed in detail. Herein, a few typical model compounds with their
exclusive linkages, e.g., glucose, cellobiose (f-1,4-glycosidic bonds),
xylose, xylan and 2-phenoxy-1-phenylethanol (p-O-4), were chosen to
replace the lignocellulose into the photocatalytic reforming process as
simple models before practical lignocellulose reforming. The compre-
hensive mechanism can be clearly explained after the bond dissociation
by photoreforming, and then the outcomes can highly promote the ef-
ficiency in the utilization of lignocellulose.

2.3. Pre-treatment strategies of biomass

Chemical and physical properties of the substrates are also important
in photoreforming [75,76]. Biomass pre-treatment methods can be
generally categorized into chemical, physical, biological approaches and
combination strategies [77]. As such, chemical pre-treatment methods
mainly include alkaline, acid and ionic liquids pre-treatment, while
microwave, ultrasound and mechanical pre-treatment are usually
involved in physical pre-treatment strategy. Meanwhile, the use of mi-
croorganisms and enzymes can be ascribed to biological pre-treatment.
Notably, both of chemical and physical pre-treatment can achieve a
higher efficiency than biological pre-treatment [78]. Furthermore,
photocatalysis can also exhibit the possible enhancement in biomass
pre-treatment by generating active radicals to proceed the selective
conversion of lignocellulose. It is noteworthy that the higher hydrogen
evolution and biomass conversion can be monitored on the basis of pre-
treated biomass compared with untreated raw biomass [79]. Thus, the
investigations of biomass pre-treatment should be carefully considered
and widely explored to promote the efficiency in the photoreforming
reactions.

3. Photocatalytic reforming of glucose as the basic unit of
cellulose

Sugars have been widely employed and investigated in photo-
catalytic conversion because the saccharide monomers are the basic
units of lignocellulose. Moreover, cellulose is also composed of the
repeated connection of D-glucose units [80]. As the representative unit
of lignocellulosic biomass substances, glucose has been strategically
studied to acquire insights into photocatalytic reforming (sugar aldose).

In 1980, Kawai and Sakata reported on the photocatalytic hydrogen

Fig. 2. Structures of lignocellulose (cellulose, hemicellulose and lignin) [20,56].
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generation through the reforming of sugar, starch, and cellulose over
RuO2/TiOy/Pt [11]. Since then, TiO2 has been widely utilized as a
common semiconductor because of its stability, high efficiency and non-
toxicity [81]. However, TiO2 owns the large bandgap (3.2 eV) which
impedes the utilization of visible light, resulting in low efficiency in the
use of solar energy [81]. Hence, TiO2 needs to be modified to boost the
utilization of overall solar energy and the efficiency of reforming.

One effective method of modifying TiO5 is through depositing the
noble metal cocatalysts on itself, such as Pt, Au, Rh, and Pd. Fu et al.
reported the performance of 1.0 wt% noble metals loaded on pure
anatase TiOo via the impregnation and reduction process. Results
showed that 1.0 wt% Pt loaded TiO, exhibited the highest performance,
greatly improving the rate of hydrogen generation to around 4.08 mmol
g'&dth'l in the initial 5 h reaction in a 1.39 x 10 mol L'! glucose solution
(Table 1) [82]. The highest hydrogen evolution rate was achieved when
50 mg of glucose was dissolved in an aqueous solution (200 mL), and a
higher concentration could not further increase the Hy evolution amount
due to the saturation between the surface of the photocatalyst and
glucose molecule based on Langmuir-Hinshelwood [83].

In addition, a mechanism was reported by Fu et al. to explain the
mechanism in Fig. 3. The hydroxyl group of molecule glucose attaches
with Ti atoms and dissociates to H" and RCH,-O™ in the process (a).
Meanwhile, RCH2-O~ was oxidized to produce RCH,O' radicals by
trapping photoexcited holes. These radicals simultaneously reacted with
other glucose molecules by transferring the radical electrons to the C
atoms of the glucose molecules. Those glucose molecules will be reduced
to form R’CHOH radicals that can be deprotonated to form R’CHO by
repeating the process (a) (process (b)). Moreover, the oxidization of
R’CHO can introduce [R’COOH]" to the process due to the surface bound
hydroxyl radicals. Besides, R’H and CO; can be generated and emitted
by the photo-kolbe reaction based on decarboxylation in the process (c)
[84]. Finally, hydrogen will be generated by the reduction of H" pro-
vided by the deprotonated glucose.

Furthermore, Au, Pd, Ag and Rh were also investigated and loaded
on the surface of mixed crystal TiOy (P-25-mixture structure of rutile
25% and anatase 75%), which can offer higher activity than anatase
phase. Gomathisankar et al. reported that the highest hydrogen gener-
ation occurred on Au and Pd modified TiO, (P25) with a

Chemical Engineering Journal 469 (2023) 143972

photodecomposition method. These modified TiO, significantly
enhanced the efficiency of hydrogen generation in aqueous glucose so-
lutions, with the hydrogen generation performance of Au and Pd
modified TiOz increasing to around 203 and 362 times, respectively,
that of pure TiO, [85]. Besides, Wu et al. introduced Rh into the pho-
tocatalytic reforming system and achieved a hydrogen release rate of
1.45 mmol g'clath'1 in a 5 h reaction under irradiations [86].

Non-noble metals have been considered as alternatives to noble
metals as cocatalysts because of their lower costs and ability to enhance
the optical properties of TiO3. Cu loaded TiO5 was synthesized and
showed a comparable performance (1.07 mmol g;lath'l in 5h) to Rh/TiO,
in the photocatalytic reforming process [86]. In addition, CO was also
detected in the glucose reforming process as a by-product, which could
be ascribed to the reformation of formic acid species resulting from the
oxidation of glucose molecules and the dissociation of C-C bond. Ac-
cording to the theory proposed by John et al., aldehyde and hydroxyl
functional groups of glucose can be oxidized on Pt/TiO, by photo-
catalysis, generating protons and carboxyls [87]. Thus, these results can
undoubtedly prove that glucose molecule was successfully reformed.
Meanwhile, Ni/TiOy (P25) was prepared for glucose reforming process,
which released hydrogen at a rate of approximately 0.08 mmol gzt in
5.5 h [88]. Heteroatom-doped TiOs, such as B and N-doped TiOs
(platinized), synthesized by Luo et al., achieved a hydrogen evolution
rate of 2.19 mmol giih! in the glucose reforming process [89].

To enhance visible light absorption and achieve better utilization of
light, metallic oxides, chalcogenides, and carbon-based materials have
also been investigated. Cuprous oxide, a metallic oxide catalyst (p-type)
with a 2.0 eV bandgap, has an approximately 18% conversion efficiency
in an ideal light-to-hydrogen program by AM 1.5 spectrum [90]. As
such, multifaceted Cuy0 was introduced by Zhang et al. into the glucose
reforming system, achieving a hydrogen generation rate of 0.019 mmol
g'clath'1 in 6 h [90]. Two iron oxide polymorphs, B-FexO3 and e-FeoOs,
were synthesized and employed in the glucose reforming reaction to
overcome the photocatalytic limits of a-Fe;O3 [91]. According to the
report from Carraro et al., the rate of hydrogen evolution (5.7 mmol m”
2h'l) was achieved after 9 h reaction on B-FeoO3. Meanwhile, another
phase of iron oxide, e-Fe»03, can reach 9.2 mmol m>h'in11 hreaction.

The deposition of ZnS on the ternary sulfide ZnIn,S4 was evidenced

Table 1
Photocatalytic hydrogen evolution in the reforming process of glucose.
Photocatalyst Solvent Concentration of Light Source Atmosphere Illumination Hydrogen Generation (mmol Ref.
Glucose Time (h) gdh'l/ mmol m2h?!)
1.0 wt% Pt/TiO, DI-Water (30 °C) 1.39 x 10° mol L! High-pressure mercury Ny 5 4.08 [82]
(50 mg) lamp (125 W) (>99.99%)
Au/TiO; (20 mg) Aqueous solution 1.00 mol L! LED lamp (365 nm) 1 5.00 [85]
(50 °C)
Pd/TiO; (20 mg) Aqueous solution 1.00 mol L* LED lamp (365 nm) 1 8.90 [85]
(50 °C)
0.3% Rh/TiO2 (500  Aqueous solution 1.25 x 10° mol L High-pressure Hglamp ~ Vacuum 5 ~1.45 [86]
mg) (300 W)
0.3% Cu/TiO (500 Aqueous solution 1.25 x 10 mol L High-pressure Hglamp ~ Vacuum 5 ~1.07 [86]
mg) (300 W)
0.2% Ni/TiO, (150 DI-Water (60 °C) 1.39 x 10* mol L! Xe arc lamp (150 W) Ar 5.5 ~0.08 [88]
mg)
Pt-B, N/TiO, (50 Aqueous solution 2.76 x 10 mol L! Xe lamp (300 W) Ar 4 ~2.19 [89]
mg)
Cuy0 (100 mg) Aqueous and 1.25 x 102 mol L! Xe lamp (300 W) Ar 6 0.019 [90]
NaOH solution
f-Fe,03 (1 cm?) Aqueous solution 5.50 x 102 mol L! Xe lamp (150 W) 9 ~5.7 [91]
(25°0)
e-Fe,03 (1 cm?) Aqueous solution 5.50 x 102 mol L Xe lamp (150 W) 11 ~9.2 [91]
(25°0)
ZnS-Znln,S,4 (100 Aqueous solution 1.00 x 10 mol L! Metal halide lamp N, 10 0.103 [92]
mg) (400 W)
ZMCN (50 mg) Aqueous solution 5.52 x 10° mol L! Xe lamp (300 W) Ny 3 0.095 [93]
(30 °C)
SNGODs (400 mg) Aqueous solution 3.50 x 10! mol L! Xe lamp (300 W) 12 ~0.164 [94]

(25°0)
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Fig. 3. Possible deduction of glucose reforming mechanism on the basis of Pt/TiO, [82].

that can rise the rate of hydrogen production up to 0.103 mmol gz¢h™ in
10 h. As the first study on ZnIn,S4 in this process, it was found that ZnS
can enhance the possibility of glucose molecule adsorbing on the surface
of ZnInyS4 [92]. Moreover, Xu et al. loaded ZnS nanoparticles on mel-
amine synthesized g-C3N4 which can also improve the hydrogen pro-
duction rate to around 0.095 mmol géth'l in 3 h [93]. It is worth
mentioning that while sulfide catalysts can deliver high performances in
biomass reforming system, chalcogenide catalysts are sensitive to be
oxidized in this system. This is because S* can be self-oxidized by
photoinduced holes to release electrons, supporting the reduction re-
action of H" [92]. Based on these metal sulfides, it is significant to avoid
the self-oxidized process by introducing the innovative modification
methods.

Representative hydrogen generation results of glucose photo-
reforming process on various photocatalysts are provided in Table 1.

Carbon based photocatalyst materials have gained popularity as
ideal catalysts due to their responsiveness to visible light and eco-
friendliness [94]. In a recent study, S and N co-doped graphene oxide
dots were applied into the photocatalytic system to promote the valo-
rization of glucose, delivering a 0.164 mmol gesch ™! of hydrogen within a
12-h reaction. Additionally, the mechanism of glucose reforming process
was systematically investigated by analyzing the liquid phase by-
products after reaction. Colmenares et al. reported that the high value
chemicals, for example, gluconic acid, arabitol and glucaric acid, can be
gained via the selective reforming of glucose based on three TiO; related
materials in 2011 [95].

Due to the less complicated structure of glucose compared to

cellulose, glucose reformation studies have become more mature.
Glucose can be easily reformed under mild conditions through irradia-
tions onto a variety of photocatalysts, resulting in the production of
hydrogen, CO, CO», glucaric acid, gluconic acid, and arabitol as by-
products. Meanwhile, weak alkaline solution can favour the hydrogen
generation based on the studies of 1.0 wt% Pt/TiO, (pH = 11) [82],
Cuz0 (pH = 13) [90], ZnS-ZnInyS4 (pH = 12.68) [92] and SNGODs (pH
= 10) [94]. These studies provide strong support for the photoreforming
of cellulose, with heteroatom-doped TiO,, Pt-B, N/TiO,, exhibiting
better hydrogen production performances compared to other noble
metal modified TiO,. Boron doping can improve the utilization of visible
light on TiOy by narrowing its bandgap, thereby offering innovative
considerations for improving the visible light response of pristine TiOx.
As a result, these studies provide sufficient guidance for investigating
the reforming of cellulose through more innovative photocatalysts at a
larger scale.

4. Photocatalytic reforming of cellulose

Cellulose, the main non-edible substance of biomass, has attracted
considerable attentions in the reforming field. It is worth noting that
glucose units are interlinked by p-1,4-glycosidic in cellulose [96,97].
Breaking these bonds is crucial, but cellulose’s recalcitrant structure
makes it difficult to valorize and depolymerize under mild conditions,
requiring high energy inputs in most reformation processes. Therefore,
visible-light-driven photocatalytic reforming becomes more compelling.

Recent studies have explored novel photocatalysts for breaking
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B-1,4-glycosidic bonds in cellulose. For example, Ir modified HY zeolite
(Ir/HY) was demonstrated to cleave these bonds in cellobiose, a cellu-
lose model compound composed of glucose dimers, when dissolved in
EMIMCI solution and irradiated with visible light at 100 °C. The selec-
tivity reached 99% due to the acid catalysis on HY zeolite and plasmonic
photothermal effect over Ir. Meanwhile, a variety of HY zeolites with
different proportions of Si/Al, for instance, HY (Si/Al = 7), HY; (Si/Al =
5.2) and HYj3 (Si/Al = 11), were employed in the hydrolysis of crystal-
line cellulose (non-pretreated). Ir/HY3 showed an impressive yield of
total products (75.3%), including 10.9% cellobiose, 40.4% glucose and
24.0% 5-HMF under visible light irradiations at 90 °C in Ar atmosphere
[96].

TiOy nanofibre (NF) supported H-form Y-zeolites (HY) with the
decoration of Au-NPs were successfully synthesized and proceeded into
the photocatalytic hydrolysis of cellulose [98]. This elaborated photo-
catalyst (Au-HYT) achieved the yield of HMF and glucose of 10.6 and
48.1%, respectively, under the visible light irradiations at 140 °C.
EMIMCI solution also played a key role in this photocatalytic hydrolysis
reaction by assisting the hydrolysis of cellulose. Modified TiO photo-
catalysts were also introduced for the cellulose reformation. The 0.5 wt
% Pt/TiO2 was synthesized through a facile photochemical deposition
strategy [99]. The deposition of Pt led to a great enhancement of
hydrogen generation compared to the pure TiO3 because Pt can impede
the recombination of photoexcited electron-hole as active sites. Simul-
taneously, the photo-excited holes, ‘OH and O, from water cleavage can
be captured by the cellulose to produce glucose and HMF products.
Notably, this process was also successfully proceeded into the real
cellulosic biomass reformation such as rice husk and alfalfa stems.

Another effective approach for promoting the hydrolysis of cellulose
involves the one-pot decoration of TiO2 with Ni,S; (Nickel Sulfide) and
chemisorbed sulfate [100]. This approach significantly improved the
hydrogen generation rate, reaching levels around 76 times higher than
P25 within the first 3 h. The presence of NiSy acted as a cocatalyst,
trapping electrons, while the introduced sulfate serves as a solid acid
catalyst, facilitating the reformation of cellulose by oxidizing soluble
glucose with photogenerated holes and releasing protons into the overall
reaction. In another study by Zhang et al., TiO2/NiOy nanoparticles were
loaded on a layer of graphitic carbon, which can efficiently promote the
conversion of cellulose to the hydrogen production rate to around 4.15
mmol g;}ith'l at 80 °C [101]. NiOx nanoparticles were reduced by the
photogenerated electrons under the irradiations, producing Ni on the
surface of bulk TiO,. The reduction of protons from alcohol adsorbed on
the surface of Ni, in conjunction with electrons, yields an alkoxide anion
and a Ni-H hydride. The interaction between Ni surface and H was
weakened by the presence of carbon layer, thereby enhancing hydrogen
evolution.

Immobilizing cellulose on the surface of TiO, enables its conversion
into hydrogen and sugars upon irradiation without the need for a
sacrificial agent. The immobilization of cellulose creates a ligand-to-
metal-charge-transfer complex (LMCT), accelerating the transfer of
electrons to the conduction band of the photocatalyst. The hybrid/cel-
lulose system, obtained by mixing and drying cellulose with TiO,,
exhibited higher performance in cellulose conversion compared to TiOy
alone. For instance, TC4, a TiO, sample with a cellulose fraction of 20.5
wt%, demonstrated efficient cellulose conversion by producing a variety
of gas and liquid products within a 42-h reaction period [102].

Not only is the immobilization of cellulose a rather efficient
approach, but the immobilized photocatalyst nanoparticles can also
boost the cellulose reformation. CdS nanoparticles were immobilized on
a porous cellulose (RC) film with diverse pore sizes [103]. The porous
structure can efficiently confine the CdS nanoparticles in small sizes,
improving the mobility of charge carrier to the surface of CdS. In this
study, the highest hydrogen generation rate (1.344 mmol geih™) was
observed over Pt-decorated CdS/RC-4.5 film, which had a cellulose
concentration of 4.5 wt%, during 5 h of irradiation.

According to the collected studies above, it is possible to reform
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cellulose via a relative mild condition, e.g., low temperature and pres-
sure, under light irritations. Ionic liquid, such as EMIMCI, efficiently
enhances the photocatalytic reforming of cellulose by assisting in its
hydrolysis. Therefore, further investigation of more efficient ionic lig-
uids should be undertaken to expand the possibilities for cellulose hy-
drolysis. Additionally, the LMCT approach offers a new perspective to
enhance the efficiency of cellulose reforming by immobilizing cellulose.
Exploring the immobilization of biomass on the surface of other pho-
tocatalysts may also be attempted to optimize the reforming process.

5. Photocatalytic reforming of hemicellulose

Hemicellulose, a non-linear polysaccharide and amorphous, owns a
lower degree of polymerization (50-200 monomers) compared to cel-
lulose [104,105]. It is composed of a variety of monomers, including
glucose, arabinose, xylose, mannose, galactose and glucuronic acid
[106]. Specifically, the major sugars found in hemicellulose are xylans
and mannans [107]. Meanwhile, the physical strength of hemicellulose
is weak due to its short chains and less polymers aggregation. This
unique structure makes the hemicellulose easier to be broke than cel-
lulose. Thus, the potential for hydrogen production from xylose, the
major sugar monomer from hemicellulose, should also be considered
and studied in photoreforming.

Anatase TiO, was modified by biochar nanosheet, a-TiO,@MC, to
promote the mobility of charge carriers in the visible light driven pho-
toreforming of xylose in the basic solution [108]. This modified photo-
catalyst achieved the yield of lactic acid (49.22%) in the alkali solution
at a high temperature. Conversely, the yield of 52.26% xylonic acid was
preferred to be collected at a low alkalinity and temperature under
visible light illumination at 50 °C in 1 h. The performances demon-
strated that h' played an essential role in the photoreforming reaction.
Additionally, a 1000-fold scale-up experiment also proved that this
elaborated photocatalyst could be employed for industrial production.

Another modified photocatalyst, RuP5/Ti4PcO23@TiO»-7, was pre-
pared using an evaporation-calcination approach [109]. The formation
of active sites on the photocatalyst surface can decrease the recombi-
nation probability of photogenerated charge carriers. Besides, the
introduction of RuP; and Ti4P¢O53 forms heterojunction, broadening the
visible light utilization. Thus, the elaborated photocatalyst can syn-
chronously provide 16.3 mmol giih™! and 87.87% yield of lactic acid
from the photocatalytic reforming of arabinose in the alkali solution (5
M, 30 mL of KOH). Moreover, the hydrogen production of xylose (10.4
mmol g'clath'l), mannose (3.7 mmol g'clath'l), rhamnose (4.4 mmol g;éth'l),
fructose (8.1 mmol g'élth'l) and glucose (5.9 mmol g;ﬁth'l) can also be
collected via RuPo/TisPcO23@Ti0O,-7 in the same reaction condition.
The yield of xylose was 79.72%. This innovative modification can
deliver a new concept in the field of photocatalytic reforming.

Additionally, a series of controllable C/N ratio photocatalysts,
CC;@mCNy (x = 5, 10 and 15), were prepared and reported to harvest
lactic acid from selective photocatalytic reforming of monosaccharides,
such as xylose, mannose, glucose, fructose and arabinose [110]. Spe-
cifically, CC;@mCNjo can exhibit the highest performance for con-
verting xylose, rhamnose, mannose, arabinose, glucose and fructose into
lactic acid, with yields of 76.82, 50.96, 64.13, 79.82, 69.90 and 57.46%,
respectively. As such, active oxygen species (h™, ‘O3, *OH and 10,) were
also investigated by adding isopropyl, ethylenediaminetetraacetic acid,
tryptophan and benzoquinone into the reforming reaction. The results
demonstrated that these active oxygen species are important in the
production of lactic acid from xylose where O3 is the major contributor.
Notably, the success of 1000-fold scale-up experiments showed the po-
tential for the industrial scale.

Oxygen-doped modified carbon nitride nanocages (O@CNNCs) also
exhibited an excellent performance in the photocatalytic conversion of
xylose and xylan. Meanwhile, xylonic acid can be obtained through the
support of active oxygen species, including h*, ‘O3, ‘OH and 105 [111].
The highest yield of xylonic acid (83.4%) was achieved by converting
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xylose (95.9%) using 10 mL KOH (100 mmol/L), 20 mg of catalyst, and
100 mg of xylose at 70 °C for 1 h. When xylan was used instead of xylose
under the same reaction conditions, a yield of xylonic acid of 0.77 g/
gxylan was achieved. This novel photocatalyst presents a promising
approach to improve the conversion of xylose and xylan.

In another study, BP-s-CN, a black phosphorus sensitized carbon
nitride, was synthesized to enhance the hydrogen production and lactic
acid yield from various monosaccharides, including xylose, mannose,
arabinose, rhamnose, fructose, and glucose [112]. As such, the highest
rate of hydrogen production (290 mmol geysh™) was obtained through
the photocatalytic oxidation of arabinose in a 6-h reaction using 5.0 mg
of BP-s-CN, 150 mg of arabinose, 0.5 mL of 5.0 mM H2PtCl, and 30 mL
of 5.0 M KOH, with a lactic acid yield of 74.4%. Besides, the hydrogen
evolutions for xylose, mannose, rhamnose, fructose and glucose were
264, 158, 266, 64 and 218 mmol g'cﬁth'l, with corresponding lactic acid
yields of 64.4, 16.7, 9.9, 42.5 and 31.9%, respectively. The investigation
of mechanism identified the significance of active oxygen species h™,
‘O3, "OH and 102, while 'Oz was a key factor in the photocatalytic
oxidation process.

A single-atom modified carbon nitride, Zn-mCN, was synthesized via
an innovative strategy (calcination-calcination-washing) and employed
in the photoreforming of biomass-derived monosaccharides, including
xylose, arabinose, mannose, rhamnose, glucose and fructose [113]. An
excellent performance of hydrogen production (15.9 mmol gesch™!) was
achieved through the synergistic effect of Zn-mCN, xylose and alkali
solution in the photoreforming process. Meanwhile, the selectivity of
lactic acid was up to 91.0%. Besides, the macromolecular xylan also
exhibited a hydrogen production rate of 13.5 mmol g;ﬁth'l, with a lactic
acid yield of 18.09 mg/300 mg. According to the mechanistic study, ‘Oz
exhibited an indispensable role in the hydrogen evolution, while "OH
was related to the yield of lactic acid.

A range of 3D flexible self-supporting catalysts, e.g., CIS@FSMyqo,
CIS@FSMys0, CIS@FSMs00, were synthesized by varying their annealing
temperature [114]. These materials were designed to optimize the
photoreforming of xylose and maximize the yields of xylonic acid. The
highest yield of xylonic acid (65.05%) was achieved by utilizing
CIS@FSM450 (4 mg), 40 mg of xylose, 0.2 M KOH (4 mL), and a tem-
perature of 60 °C over a 45-min reaction. Photogenerated h™ was an
important contributor in the selective conversion of xylose, demon-
strating the efficiency of these materials in mild reaction environments.

Although photoreforming of monosaccharides from hemicellulose
can be carried out in a relatively mild reaction environment, the pH
value of the solvent is crucial in generating active oxygen species. In
neutral and acidic conditions, the scavenging of h™ can restrict the
conversion of xylose to biomass-derived acid with a lower efficiency.
Additionally, carbon nitride modifications have shown excellent per-
formances in the photoreforming of monosaccharides from hemicellu-
lose, indicating the need for more innovative modification strategies and
further studies on carbon nitride materials.

6. Photocatalytic decomposition of lignin-model and native
lignin

The complicated structure of lignin has evolved over many years and
is essential to support the growth of plants in harsh conditions. As
mentioned above, lignin is generally composed of three essential ele-
ments: coumaryl, conifer and sinapyl alcohol. In general, the structures
of lignin in different plants vary and provide various connections based
on these three basic units. Lignin monolignols, including a propyl side
chain and phenyl group, are linked through C-C and C-O bonds [115].
Dissociating the bonds between these monolignols is an innovative way
to extract hydrogen and valuable chemicals through efficient valoriza-
tion processes. Hydrogen and a range of valuable chemicals can be
continuously produced by the valorization steps. Therefore, photo-
reforming process of lignin has been introduced to replace traditional
methods that use critical reaction conditions [116].
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6.1. The cleavage of f-O-4 bond in the lignin-model

The complex 3D structure of lignin is primarily composed from C-C
and C-O bonds, although the exact structure of lignin is not yet clear,
with only knowing that B-aryl ether (B-O-4) is the major linkage in lignin
[117]. As a result, the dissociation of C-C and C-O bonds in p-O-4 has
been targeted for a long-term to boost the efficiency of depolymerization
in lignin. These special bonds have varying bond dissociation energies
that connect two benzene rings of lignin [115]. They are Cary-O, Cp-O,
Co-Gp and Cary-Cy in sequence from right side of monolignols to left side,
as exhibited in Fig. 4 as the pristine lignin model compound (PP-ol)
[118]. Moreover, the oxidation of a carbon atoms in the linkage can
efficiently weaken the C-O bond energy by around 14 kcal mol'!, making
the cleavage process easier [56,119]. The reduction process with the aid
of hydrogen donors, also known as hydrogenolysis, and other special
reagents is primarily used for cleaving this bond compared to other
methods [115]. Therefore, this distinctive bond is considered one of the
most vulnerable points in lignin depolymerization and has prompted
numerous approaches to dissociate it recently.

It is feasible to dissociate the Cp-O bond using conventional tech-
niques without catalysts but demanding a large amount of energy inputs
under harsh conditions, which can inevitably destroy the benzene rings
in lignin. To address this dilemma, researchers have tried to introduce
catalysts into the cleavage process at relatively low pressure and tem-
perature to avoid the collapse and destroy of benzene rings. For
example, the complex Ru compound-RuH,CO(PPh3)s connected with
different ligands was firstly introduced into the Cg-O bond cleavage to
provide phenol and acetophenone, as reported by Bergman and Ellman
in 2010 [120]. Moreover, a series of other nanomaterials have been
utilized for Cg-O bond cleavage, especially when being loaded with Pt,
Ru and Pd on the surface [121-123]. However, these reactions are still
carried out at high temperatures with rather harsh conditions. There-
fore, there is an urgent need to develop photocatalytic cleavage for
reforming reactions in mild conditions. Photocatalytic reforming can
dissociate the structure of lignin in a mild condition with the low inputs
as compared to the chemocatalytic process. Notably, focusing on the
dissociation of main linkage (-O-4) by irradiation can make the pho-
toreforming become possible to produce and collect more value-added
products.

6.1.1. Dissociation of -O-4 linkage via a two-step reaction

The most common approach for the dissociation of Cg-O bond,
particularly p-O-4 cleavage, during the photocatalytic process involves
two consecutive steps (redox procedure) using different photocatalysts
(Fig. 4). Firstly, a selective oxidation reaction of the benzylic p-O-4
alcohol occurs, resulting in the formation of benzylic p-O-4 ketone (Step
1-blue line). This step reduces the energy of the C-O bond from 247.9 to
161.1 kJ mol ! [124]. Subsequently, hydrogen from donors reduces the
bond, leading to the production of various aromatic monomers after
oxidation (Step 2-brown line) [125]. Finding an appropriate and
effective method to transform the benzylic 3-O-4 alcohol into -O-4
ketone is a top priority for future studies.

A n-conjugated porous organic frameworks (POFs) called carbazolic
copolymers (CzCPs) were employed for the photocatalytic decomposi-
tion of lignin model compound [125]. It was demonstrated that the
oxidative and reductive ability of CzCPs can be controlled by varying the
percentage of carbazolic electron donor (D)-DCB and acceptor (A)-
4CzIPN. Luo and Zhang demonstrated that CzCP100 (D:A = 0:100)
exhibited the highest oxidative ability among the prepared CzCP cata-
lysts and efficiently oxidized the benzylic -O-4 alcohol to ketone under
light irradiation [125]. Control experiments conducted under different
conditions yielded an outstanding 100% conversion of benzylic alcohol
in the acetone solution with N-hydroxyphthalimide (NHPI) as the
hydrogen atom transfer mediator (Table 2). Specifically, the standard
conditions of Table 2 were in the presence of 1.5 mol % CzCP100, 15 mol
% NHPI (7.5 mg), 0.35 mmol benzylic alcohol (50 pL) and acetone (5
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Fig. 4. A proposed mechanism of the C-C and C-O breaking within $-O-4 based on the lignin models (PP-ol).

Table 2
Investigations of photocatalytic oxidation of benzylic alcohol (1) [125].
OH Q
CzCP100
NHPI
~ acetone, rt. o
O .
02, llght
1 2
Conditions Conversion (%) Yield (%)
Standard conditions 100 99
Without CzCP100 <5 Trace
Without NHPI 15 11
Without O, <5 Trace
Acetone/H50 9/1 as solvent 100 92

mL), within the oxygen atmosphere (1 atm) under the irradiation from a
26 W compact fluorescent lamp (CFL) at 25 °C for 24 h reaction. The
whole conversion results were acquired by 'H NMR. Notably, this oxi-
dization step can be proceeded at oxygen atmosphere (1 atm) and a
normal room temperature.

Following the oxidation step, CzCP33 can efficiently decompose the
C-O bond in p-O-4 ketones by reduction reaction, owing to its highest
reductive capability. In the presence of formic acid (HCOOH) solution,
acetonitrile (MeCN), N,N-diisopropylethylamine (DIPEA), and a light
source in an argon atmosphere at room temperature, acetophenone
(89% yield) and phenol (86% yield) were the main products. The
chemical stability of this nanomaterial was also tested during the
oxidation and reduction processes. The oxidation reaction rate of
benzylic alcohol over CzCP100 decreased from 98% to 82% after five
runs, while the reduction of p-O-4 ketone was performed using CzCP33,
and its yield decreased to 75% after 24 h of reaction. Furthermore, this
catalyst can be easily collected through centrifugation or filtration,
making it promising for practical applications.

Cao et al. investigated and reported another strategy involving two
discontinuous steps for photocatalytic C-O bond dissociation in 2-phe-
noxy-1-phenylethanol (PP-ol) using CuBrj, persulfate, and zinc

powders [126]. They found that the in situ EtOH/H,0/CO3 can improve
the hydrogenolysis via zinc powders after the first photocatalytic
oxidation step. This improvement was achieved thanks to the synergy of
CuBry, (NH4)2S20g and 1,4-dioxane under normal room temperature for
10 h of irradiation at a wavelength of 475 nm. Furthermore, the impacts
of different substituents on the p-O-4 ketone cleavage were also dis-
cussed. Electron-withdrawing substituents, such as bromo and chloro, at
the para position significantly enhanced the conversion of lignin model
compound compared to electron-donating substituents like methyl and
methoxy at the same position. As expected, the highest conversion of 2-
phenoxy-1-phenylethanone reached 99% in a 2 MPa CO, atmosphere
and an EtOH-H0 (2:1) solution over zinc powders.

Stephenson et al. proposed an attractive two-step visible-light lignin
degradation perspective for cleaving C-O using a [Ir(ppy)2(dtbbpy)]1PF.
This reaction can be performed under ambient conditions with the
presence of N,N-diisopropylethylamine (DIPEA), MeCN and formic acid.
The authors demonstrated chemoselective oxidation on the benzylic
position in lignin with the synergy of recyclable [4-AcNH-TEMPO]BF,,
DCM (dichloromethane) and silica. This step was followed by a selective
reduction cleavage of C-O bonds in lignin models [56]. Table 3 showed
high yields of the final products collected when various lignin model
substrates were subjected to this system. The yields reported in Table 3
represented an average of two runs and were isolated using column
chromatography.

An interesting dual light wavelength switch method was reported by
Wang’s research team [68]. According to this study, Pd decorated
ZnInyS4 and TiOy were separately subjected to oxidation and reduction
by different wavelengths. Then, p-O-4 ketone can be harvested by
oxidizing a-C-OH in p-O-4 linkage under illumination at the wavelength
of 455 nm on Pd/ZnInyS4 (Fig. 41). Whereafter, the reduction will occur
on the surface of TiO3-NaOAc under illumination with the wavelength of
365 nm to decompose the C-O bond by ethanol (hydrogen donor) (Fig. 4-
Step 2). It is noteworthy that the hydrogenolysis of f-O-4 ketones does
not exclusively depend on photogenerated electrons from TiO,.
Certainly, Ti** can trap the photogenerated electrons to produce Ti®*
and pass the electrons to f-O-4 ketones, which matched well with the
work from Shiraishi [127]. Meanwhile, this theory can be also verified
by the work from Feng and Ye in 2018 [128]. A series of noble metals
decorated TiOy were investigated by the authors to understand the
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Table 3
Two-step conversion system of lignin models [56].
o]
[Ir(ppy)2(dtbbpy)IPFg
(1.0 mol %) R
OH OMe [4-ACNH-TEME’O]BF4 DIPEA (3.0 equiy) Ry
N o (1.05 equiv) OAr HCOZH (3.0 equiv) - +
R— - R— .. . OMe
P R! silica, DCM, RT R visible light, MeCN, RT HO
Substrate Oxid. time (h) Red. time (h) Products
OH OMe 15 16
O)\’O‘Q @ @
OMe 18 20 OMe
@*{ 1@ J@*L “"7@
15 14
e0 OH

importance of Ti®* rather than the electrons. The conversions in C-O
bond dissociation within 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)
ethenone over Ni, Co and Ag decorated TiO5 were lower than that of
pure TiO5 [128], which indicated that the exposure of active site on bare
TiO; is the essential factor to promote the reduction process. Notably,
based on this two-step system, they speculated a mechanism for the
oxidation-hydrogenolysis process. Meanwhile, this system can also work
well with the mixed light illumination at 455 and 365 nm, showing a
good performance and the yields of phenols can be achieved 97%.

MnO; is an another effective catalyst to work for the oxidation step of
the lignin model compound such as 1-pheylethanol by the irradiation of
blue light [129]. MnO with different phases, for example, o-, -, y- and
8-, were employed to oxidize the alcohol into ketone for the further
depolymerization of lignin structure. It was found that §-MnO; can offer
the best performance than other crystalline types under the light irra-
diation at the wavelength of 470 nm and oxygen atmosphere. Notably,
the oxygen atmosphere is a significant factor for the generation of ke-
tones because O3 could efficiently support the alcohol oxidization and
prolong the stability of MnOy [130]. The collapse in MnO2 bond will
appear, if this kind of oxygen specie releases from the bulk MnO,
[131,132]. However, in this study, hydrogen can be abstracted and
oxidized by oxygen species from alcohol group to emit a acid environ-
ment on the surface of §-MnO,, which can impede the exposure of O3
from 8-MnO; to prolong the catalyst stability [133]. Therefore, more
metal oxide photocatalysts may provide new perspectives to improve
the lignin reformation process.

Moreover, the two-step strategy photocatalytic reforming can bring
impressive efficiency to the conversion during the lignin model com-
pound dissociation. However, the redox reaction can hardly take place
in a relative complete process in this strategy, which can make the
system become tedious, e.g., difficulties in separation and collection of
products and catalysts after the reaction. Thus, the integrated step with
an exclusive photocatalyst was meaningful to be studied, offering more
convenient to promote the reforming.

6.1.2. Dissociation of -O-4 linkage via an integrated step
The two-step strategy for lignin conversion has shown impressive
yields, but it can be complex and cumbersome due to the need for

different catalysts for each step. As compared with the photocatalytic
cleavage of p-O-4 linkages step by step, the sacrificial reductants and
oxidants have opportunities to be abandoned in the direct reaction route
to save energy [134]. Hence, replacing the tedious two-step system by
an integrated one-pot step over the exclusive photocatalyst becomes a
hot topic.

A superior C-C bond decomposition strategy (Fig. 4-Step 1) of p-O-4
alcohol was achieved on modified graphitic carbon nitride (mpg-C3Ny4)
with a mesoporous structure, synthesized by the modification of urea
condensation [135]. In this study, mpg-CsN4 was synthesized by modi-
fying urea condensation, while C3N4-M and C3Ny4-U were obtained by
calcination of melamine and urea, respectively, for comparison. The
specific surface area of mpg-C3N4 was significantly enhanced to
approximately 206 m? g! with a larger pore size of 3.6 nm, compared to
C3N4-M (6.6 m? g'l) and C3N4-U (48.2 m? g'l). Meanwhile, various
photocatalysts were tested for breaking the $-O-4 linkage of PP-ol to
determine the optimal reaction conditions and achieve the highest
conversion on mpg-C3Ny. A remarkable 96% conversion of PP-ol was
achieved under 455 nm LED (6 W) irradiation in the presence of O,
surpassing the conversions obtained with C3N4-M (46%) and C3N4-U
(67%) under the same conditions (Table 4). Notably, acetonitrile was
found to be the most efficient solvent for this conversion over mpg-C3Ny.
Other solvents such as CH3COCH3, CoH4Cl, and CH3CH,OH were also
tested but exhibited lower efficiency compared to acetonitrile. Further
investigations were carried out using other lignin model substrates with
additional methoxy groups. Excellent conversions of these substrates
were also achieved over mpg-C3N4 under highly efficient conditions
using acetonitrile as the solvent and irradiation in an O, atmosphere.
The proposed mechanism for this process is depicted in Fig. 5, where
photogenerated holes and surface basic sites work together to abstract
hydrogen from the Cy position, forming the Cg-centered radical (A).
Furthermore, benzylic alcohol undergoes deprotonation through reac-
tion with O™, which results from the reduction of photoexcited elec-
trons with Oz molecules. These radicals then combine with oxygen and
hydrogen to generate a peroxide intermediate. The phenyl formate and
aromatic aldehyde were harvested by the clevage of C,-Cg and O-O bond
owing to the migration of electrons within the rings. Additionally,
benzoic acid can be obtained through further oxidation of some of the
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Table 4
Photocatalytic valorization of 2-phenoxy-1-phenylethanol (PP-ol).
Photocatalyst Solvent Mass of Light Source Atmosphere  Irradiation Conversion Products Ref.
Substrate Time (h) (%)
mpg-C3N4 (10 mg)  CH3CN 0.05 mmol 455nmLED (6W) O 10 96 2-phenoxy-1-phenylethanone, [135]
benzaldehyde, phenyl formate and
benzoic acid
C3N4-M (10 mg) CH3CN 0.05 mmol 455 nm LED (6 W) 0, 10 46 2-phenoxy-1-phenylethanone, [135]
benzaldehyde and phenyl formate
C3N4-U (10 mg) CH3;CN 0.05 mmol 455 nm LED (6 W) (2% 10 67 2-phenoxy-1-phenylethanone, [135]
benzaldehyde, phenyl formate and
benzoic acid
CdS QD-4.4 nm CH5CN 0.1 mmol 420-780 nm Xe Na 3 99 Acetophenone and phenol [136]
(10 mg) lamp (300 W)
Ag,S(2%)@CdS CH3CN 10 mg Blue light- Ar 3 99 Acetophenone, phenol and 2- [138]
(1 mg) emitting diodes phenoxy-1-phenylethanone
LED (6 W)
Ni/CdS (20 mg) CH3CN/0.1 5 mM 440-460 nm LED Ny 3 >99 Acetophenone and phenol [139]
M KOH (2:8) ‘8w
ZnIn,S4 Sphere- CH3CN 0.1 mmol 455 nm blue LEDs  Ar 4 >99 Acetophenone, phenol and 2- [50]
like (5 mg) (9.6 W) phenoxy-1-phenylethanone
Zn4In,S; (10 mg) CH3CN/H,0 0.1 mmol 400-780 nm Xe Ny 4 99 Acetophenone, phenol and 2- [140]
(1:1) lamp (600 mW phenoxy-1-phenylethanone
cm'z)
solution with a series of semiconductors and CdS QDs of varying sizes
W on (Fig. 6d and e), under visible and UV-Vis light in the presence of Ny
) (9 atmosphere (Fig. 6a-c). The highest performance (>90%) in the con-
o H,0 wo H o H version of PP-ol was observed with CdS QDs having a diameter of 4.4 nm
I o '>/ o —~ o9 (Fig. 6b and Table 4). The conversion occurred via oxidative dehydro-
ﬁ o . . . L
i genation (ODH), whereby the holes generated Ca radical intermediates,
3 4 c °\© followed by the reductive dissociation of the p-O-4 linkage with elec-
major product trons. It is worth noting that CdS QDs not only dissociated the lignin
. H T model compounds, but also converted birch woodmeal at room tem-
visible N 7 OH O perature, yielding 27 wt% of functionalized aromatic monomers.
o - A 5 NP tas ! . . . . . .
° light 8 P8R ©)\r° Meanwhile, this reaction can also maintain the intact structures of
2 \© % o0 Y g ° hemicellulose and cellulose.
minor ‘ T © In addition, the successful depolymerization of native lignin was

Fig. 5. Illustration of the conversion of 2-phenoxy-1-phenylethanone on mpg-
C3N, [135].

aldehyde species.

In addition to modified C3Ny, there are other photocatalysts that can
facilitate the solar-driven conversion of lignin model compounds. For
instance, metal-based sulfides like CdS and ZnIn,S4 have been reported
to enable the valorization of native lignin and lignocellulose structures
using solar energy. Wu et al. reported that -O-4 in lignocellulose can be
converted into functionalized aromatics while preserving the cellulose
and hemicellulose structures through a photocatalytic reaction on cad-
mium sulphide quantum dots (QDs) [136]. The study employed a simple
reversible aggregation-colloidization approach to facilitate easy collec-
tion of the catalyst after the reaction. The CdS QDs-MPA, where QDs
refer to quantum dots, were prepared by introducing 3-mercaptopro-
pionic acid, a hydrophilic ligand that imparts high solubility to CdS
QDs. This ligand-modified catalyst can be easily dispersed in the solu-
tion as solubilizing catalysts, eliminating the low efficiency that arises
from solid-solid contact within the biomass and heterogeneous phase.
Additionally, the catalyst can be easily collected by inducing aggrega-
tion with mixing acetone to the reaction solution.

The photocatalytic conversion of PP-ol was carried out in a CH3CN
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achieved through the incorporation of CdS QDs and surface ligands.
Wang’s group investigated the effects of several organic ligands for
enhancing the conversion of native lignin [137]. The connection be-
tween the organic ligand and the core of CdS QDs had many benefits,
including enhanced solubility and electron-transfer (ET) processes.
Mercaptoalkanoic acids (MAAs) with different numbers of n in con-
trolling the alkyl-chain lengths, HS(CH3),COOH, have been anchored on
the surface of CdS QDs as the mediates of electron-transfer. The exper-
iments adopted three different n values (2, 5, 10), and the samples
derived from these values were named CdS-C3, CdS-C6 and CdS-C11 in
sequence (Fig. 7a). The best performance in the reformation of native
lignin, 27 wt%, was achieved with CdS-C3 under ambient conditions and
visible light irradiation (Fig. 7b). The photoelectrochemical character-
izations were proceeded on the lignin model compound solution (PP-ol),
simulating the real lignin structure (Fig. 7c-f). The shortest length of
ligand on the surface of CdS-Cx QDs easily offered the highest photo-
current upon light exposure, and this result was consistent with the
tendency observed from linear sweep voltammetry. The electrochemical
impedance spectra displayed that the ability of charge-transfer was
lowest when the length of alkyl chain was prolonged. These phenomena
indicated that the ligand was a significant factor in the charge trans-
formation between the core of CdS QDs and the targeted biomass. The
electron-hole coupled (ECHO) photoredox mechanism was used to
describe and exhibit the lignin conversion process in a previous work. In
this mechanism, oxidative dehydrogenation generates a C, radical and
proton through the reaction between photogenerated holes and reactant
(Fig. 4I1I). The bond dissociation energy (BDE, 7.8 kcal mol'l) of f-O-4 in
the C, intermediate is lower than the BDE (55 kcal mol) in PP-ol
structure. The electrons will be transferred by the ligand from the core
of CdS QDs to participate the next step, producing acetophenone and
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phenoxy anion. Finally, the proton can be accepted by phenoxy anion to
generate phenol. Therefore, modifying the ligand can increase the effi-
ciency of breaking the p-O-4 linkage.

Besides, another highly efficient CdS based catalyst, Ag"-exchanged
CdS, was prepared via a facile vigorous stirring in the mixture of Ag™
solution and dispersed CdS nanoparticles [138]. Ag* can substitute Cd**
to induce Ag»S on the surface of pristine CdS, and the resulting sample
shows higher photocatalytic ability than pure CdS. The Fermi level
migrated to the VB due to the support of Ag*, accelerating the reductive
cleavage on p-O-4 via electrons transfer in the CB rather than accumu-
lation. Meanwhile, the recombination of photoexcited electron-hole can
be restrained because of the growth in the state of Ag™ exchange. The
binding energy of sulfur was toward the negative values, resulting in a
growth in the H affinity of sulfide ions on this photocatalyst for forming
the active site. Consequently, -O-4 of PP-ol can be easily dissociated by
the abstracted H" and electrons after the dehydrogenation by holes.
Therefore, the highest conversion of PP-ol can be collected by Ag,S(2%)
@CdS compared with other metal sulfide photocatalysts.

To promote the efficiency in the photocatalytic depolymerization
process, a variety of transition metals (Mn, Ni, Co, Cu, and Fe) were
reduced and decorated on the ultrathin CdS nanosheet by the reduction
over NaBH4 and their metal chloride salts [139]. Ni decorated CdS was
found to provide the highest performance in dissociating the $-O-4 bond
through the cooperation of CHsCN and KOH. The mixed solvent of
CH3CN/H30 (volume ration is 2:8) and KOH (0.1 M) make the absorbed
hydrogen species preferably move to the p-O-4 linkage, generating
phenol and acetophenone. The thin layer of NiOx or Ni(OH)2 was bred
by the additional alkaline condition, promoting the migration of
absorbed hydrogen species to C3-O bond because the hydrogen evolu-
tion reaction is hard to be carried out on these oxidized nickel
compounds.

Another sphere-like sulfide catalyst, ZnIn,S4, with a size of 0.5-6 um,
was introduced to dissociate the p-O-4 linkage through the catalytic
transfer hydrogenation (CTH) over the proton from the oxidized sub-
strate (Fig. 8a-e) [50]. The mapping results can support the successful
synthesis of the catalyst (Fig. 8f). A ‘hydrogen pool” was created on the
surface of ZnIn,S4 due to the aggregation of protons. Different solvents
and atmospheres were chosen to work with ZnIn,S4 under 9.6 W blue
LEDs light for optimizing the best condition to convert the PP-ol. It was
also found that the source of hydrogen from the solvent and gas was not
the exclusively dependent factor for the hydrogenolysis. The conversion
driven by Ar and H, atmosphere in the fragmentation of PP-ol was
similar, while ZnIn,S4 was working in the same condition such as CH3CN
solution, 9.6 W blue LEDs (455 nm) and 42 °C (Table 4). Besides, three

Fig. 8. Morphology of ZnIn,S,. (a-b) SEM images. (c) TEM image.
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different solutions including THF, acetone and ethanol were respectively
introduced into the reaction to differentiate the effect of hydrogen-
donor solution during the hydrogenolysis. The yields of acetophenone
and phenol reached 95 and 96% in the ethanol solution, respectively.
According to the results, the dissociation of PP-ol in the ethanol solution
was similar to the reactions in THF and acetone, proving that the
hydrogen-donor solvents were not essential in this system.

It has been concluded that ZnInyS4 is capable of promoting the
hydrogenolysis of lignin through a self-hydrogen transfer mechanism.
This was demonstrated by the catalysis of dioxanesolv poplar lignin to
produce a 67% yield of p-hydroxylacetophenone in a solution of acetone
and isopropanol. The depolymerization of lignin and its models were all
established on the mechanism predicted by the time-on-course process
over PP-ol. In this process, the lignin model compound was initially
oxidized by photoinduced holes, releasing the radicals after the H-
abstraction of a-OH groups. Subsequently, a 5-6% yield of 2-phenoxy-1-
phenylethanone was obtained through the H-abstraction of a-CH. Pro-
tons, which were generated from the oxidization of abstracted H and
holes, would be absorbed by the catalyst, creating a ‘hydrogen pool’.
The final products, acetophenone and phenol, will be produced by
cleaving Cp-O bond via the reaction of 2-phenoxy-1-phenylethanone and
‘hydrogen pool’ (Fig. 4 II).

Furthermore, a series of ZnyInySy 3 (m = 1, 2, 3, 4, 5, 6) were
prepared via a facile hydrothermal approach (low-temperature) for
understanding the mechanism in the $-O-4 bond dissociation process
(Fig. 9a). The multi-layered structure was proven by the images of TEM
and HRTEM of Zn4In,S; in Fig. 9b-j. Also, the crystallographic plane
(102) matched well with the interplanar spacing of 0.32 nm. As depicted
in Fig. 9k-m, the increase of band-gap energy can be varied by the in-
cremental atomic scale of S, In and Zn, shifting to the shorter wavelength
of absorption edge. Notably, Zn4In,S7 can provide the highest conver-
sion of PP-ol under a 4-h visible light illumination due to its competitive
physicochemical property (Table 4). A more plausible mechanism was
proposed in this work over ZngInyS; [50,136]. This mechanism was
established by the cleavage of C,-H to C, radical, which can weaken the
bonding energy of $-O-4 from 55 to 7.8 keal mol™l. This mechanism is
similar to that proposed in previous work on CdS QDs (Fig. 41II) [136].
There was no doubt that the key factor was the selectivity of cleavage in
benzylic C,-H bond during the major pathway. It can conclude that thiyl
radicals can be generated by the oxidation of the surface groups, -SH, to
generate C, radical intermediate, preparing for the further dissociation
of -O-4 linkage. These thiol groups could drive the C-H activation as the
active centre on the surface of sulfide catalysts. Therefore, it was
possible to achieve a yield of 18.4 wt% by the conversion of organosolv

A e

(d-e) HRTEM images. (f) Element mappings [50].
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structure of ZnpyInsSp 3 [140].

birch lignin over Zn4In,S; with the support of -SH under visible light
irradiations.

According to the studies above, most of integrated step approaches
can be proceeded by modified C3N4, binary (CdS) and multinary sulfides
(ZnpIngS 4 3). It is worth noting that modified transition metal sulfides,
CdS and Znp,InySh 13, can provide better performances of conversion of
PP-ol than modified C3N4 in the short period of irradiation. Specifically,
the preparation of multinary sulfides (Zny,InsSh, 1 3) can give few creative
ideas to modify the chalcogenide because the incorporation of cation in
binary sulfides (ZnS) can narrow the bandgap, obtaining a wide spec-
trum responding ability. Meanwhile, a reasonable change in the
composition and stoichiometry can also vary the band structure to tune
the redox potentials. All the modifications can make these catalysts
exhibit high performances in the real lignin valorization system.

6.2. Photocatalytic dissociation of -5 linkage

The photocatalytic dissociation of p-O-4 linkage has been extensively
studied, while the studies on the photoreforming of -5 linkage has been
rarely explored and reported. -O-4 linkage accounts for only 45-50% of
lignin, while f-5 and 5-5' biphenyl comprise 9-12% and 19-22%,
respectively, in softwood species [141]. Therefore, exploring photo-
catalytic reforming of p-5 and 5-5' biphenyl is important to acquire a
deeper insight of the photoreforming of lignin. Recently, it is noteworthy
that the photocatalytic dissociation of the -5 model dimer was firstly
reported by TiOy (P25/P20) with UV-LED [142]. The p-5 linkage can be
completely dissociated in 45 min irradiation with the degradation rate
(0.0063 mg ml min?) in the mixture of Hy0 and CH3CN (1:1). This
pioneering study on the photocatalytic conversion of -5 linkage offers a
new direction for investigating the photoreforming of lignin.

6.3. Photocatalytic hydrogen evolution in lignin reforming process

Monitoring hydrogen evolution from biomass substrates is another
significant indicator to express the efficiency in photoreforming. As

13

shown in the previous reports, metal sulfide photocatalysts can work
well in dissociating the p-O-4 bond. Therefore, CdS, a metal sulfide
photocatalyst, was investigated for hydrogen collection by reforming
lignin substrates due to its outstanding properties in bond dissociation of
the lignin structure under visible light irradiations. CdS has appropriate
conduction band (CB) and valence band (VB) energy levels (-0.5 eV and
1.9 eV, respectively) versus the normal hydrogen electrode (NHE),
which can facilitate proton reduction and saccharide oxidation
[143,144].

Recently, Wakerley et al. prepared ligand-free CdS quantum dots
(QDs) with a size of 5 nm (Fig. 10a and b) covered by a monolayer and a
few layers of CdOy (Cd(OH); and CdO) shell in a high concentration
alkaline solution [20]. The surface of CdS QDs were passivated by N, N-
dimethylformamide and tetrafluoroborate anions which can easily allow
OH™ to connect to the surface sites of Cd in the basic solution. Besides,
Cd-O™ can be created on the surface of CdS QDs with the decline in an
average particle size of 0.6 nm after the isolation from KOH (10 M)
(Fig. 10c and d). They also observed a decrease in surface charge with
an increase in pH value above 12, which is consistent with the previous
observation on ZnS/Zn(OH), [145]. These phenomena can demonstrate
that Cd-O™ formed on the particle surface. The shell is thin enough to
allow the mobility of photoexcited electron-hole from core to the solu-
tion (Fig. 10e). Meanwhile, the photocorrosion is suppressed as well
during the photocatalytic reaction.

The lignocellulose and a variety of raw biomass were introduced into
the photoreforming reaction in the alkaline solution using CdS/CdOyx
and Co(BF4), cocatalysts, showing impressive performances in hydrogen
generation. The higher reformation rates were found for cellulose and
hemicellulose because of their similar chemical compositions. Also, the
higher H; generation can be ascribed to the better solubility of hemi-
cellulose than cellulose. On the contrary, the reformation of lignin was
with the lowest hydrogen evolution rate (0.26 mmol giih™), compared
with the rates of hemicellulose and cellulose due to its stubborn struc-
ture and strong light-absorbing ability, making it challenging to study its
oxidation-driven hydrogen release [63,146]. Nevertheless, a remarkable
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Fig. 10. (a) TEM image for ligand-free CdS QDs. (b) Size distribution of CdS QDs. (c) Morphology of CdS/CdOy after collection from KOH solution (10 M). (d) Size
distribution of CdS/CdOy catalysts. (e) Schematic illustration of H, evolution from the photocatalytic reformation of lignocellulose over CdS QDs [20].

hydrogen generation rate of wooden branches was observed (5.59 mmol
gach™) (Table 5) in this catalytic system owing to the high pH reaction
environment. The alkoxide groups formed when substrates were bonded
on the surface of CdOy. Meanwhile, the lignocellulose and raw biomass
were connected to CdS/CdOy by Cd-O-R bonds. This bond was similar as
Ti-O-R, which can promote the formation of decarboxylation substance,
CO3". Thus, Cd-O-R can facilitate the migration of holes to oxidize the
lignocellulose to receive aldehydes and cleave the C-C bond, producing
the hydrogen in an efficient pathway.

In addition to 0D CdS QDs, 1D CdS coated by NiS particles can also
reform the lignin in an efficient way for the hydrogen collection. Those
NiS particles can be tightly deposited on the CdS nanowire, reinforcing
the separation of photoexcited electron-hole. Hence, 0.2-NiS/CdS dis-
played the highest hydrogen evolution rate (1.512 mmol giich™) when
irradiated with visible light and using a mixture of lignin and lactic acid
(Table 5) [147]. Additionally, the spectra of UV-Vis showed that the
degradation of lignin took place with the gradually decreasing absorp-
tion intensity at approximately 210 nm, which is in accordance with the
unsaturated chains in lignin structure [146]. This result can demonstrate
the decomposition of lignin. Specially, 0.2-NiS/CdS showed the distin-
guished activity both in the hydrogen generation and lignin decomposed
process because of the longer charger carrier lifetime among all the NiS
modified CdS. The hydrogen may came from the contribution of by-
products, e.g., oxalic acid, formic acid, ethanol, methanol and formal-
dehyde, derived from the decomposition of lignin [148].

Modified carbon nitride is another excellent photocatalyst candidate
to oxidize the lignocellulose biomass by holes to release hydrogen. It was

reported that mesoporous mpg-C3N4 can efficiently decompose the
lignin model structure with a 96% conversion of PP-ol under the 455 nm
LED (6 W) irradiations in the previous study [135]. It was concluded that
the engineered carbon nitride can show a high performance in the
hydrogen evolution during the dissociation of lignocellulose biomass.
After that, cyanamide-functionalized N°NCN, was synthesized to effi-
ciently oxidize the substrates after the activation in the potassium
phosphate (KP;) solution by sonication [149]. The pristine HZNCNX , bulk
NCNCN, and activated NNCNy were compared with the a-cellulose
reformation process in the same reaction condition, i.e., 3 mL KP; so-
lution (0.1 M and pH = 4.5), as shown in Fig. 11a. The best performance
is found to be the activated V*NCN, rather than pristine H2NEN, and bulk
NCNCN,. Activated NNCN, possessed a smaller aggregate size, and
enlarged surface area by the sonication process (Fig. 11d and e).
Furthermore, the activation process provided a higher surface area than
the bulk N°NCN,, which is 97.4 + 0.6 m? g'l. The volume of activated
NCNCN, is higher than the bulk one at the same weight (Fig. 11f).
Therefore, more active sites can be acquired by a large surface area on
the photocatalysts to drive the oxidization of xylan, a-cellulose, lignin
and raw biomass substrates become real, releasing the hydrogen under
irradiations from visible light as in Fig. 11b and c. As such, the hydrogen
generation rate (0.015 mmol gi:h™l) of lignin is shown in Table 5.
Notably, the organic substrates were dispersed and stirred in KOH (10
M) at room temperature for 24 h before the reaction in Fig. 11c.

Based on the studies discussed above, it has been shown that both
C3Ny4 and chalcogenide materials are effective in bond dissociation and
hydrogen evolution from the reforming of lignin. As such, among the

Table 5
Photocatalytic hydrogen production in the reforming process of biomass.
Photocatalyst Solvent Substrate Light Source Atmosphere Illumination Time  Hydrogen Generation Ref.
(h) (mmol gizh™)
CdS/CdOy (0.5 pM) KOH solution (25 °C) with ~ Wooden branch 100 mW cm™2 N, and 2% 24 5.59 [20]
Co(BF4)2 CH4
0.2-NiS/CdS (100 Aqueous solution Lignin and lactic Xe lamp (300 W) Vacuum 3 1.512 [147]
mg) acid
Activated N°NCN, (5  KOH solution (25 °C) Lignin Xelamp (100mW N and 2% 288 0.015 [149]
mg) cm'z) CHy4
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chalcogenide materials, CdS/CdOx and 0.2-NiS/CdS exhibited more
promising performances in hydrogen production compared to modified
C3Ny. In fact, many studies have demonstrated excellent results ach-
ieved through a variety of modified metal sulfides, suggesting the great
potential of sulfides in this field. While most metal sulfides can show
excellent performances in the short period reaction, their performances
always decline in the long-term photocatalysis. This is because of the
main chronic drawback of metal sulfides, which is the instability due to
photocorrosion. Hence, finding innovative strategies to prolong the
lifetime of metal sulfides should become the primary focus in future
research.

7. Conclusions and perspectives

Converting renewable biomass into valuable chemicals and fuels by
solar energy holds a great promise for future energy sustainability. This
review presents the latest advances in photocatalytic reforming of
glucose, lignocellulose, and their model compounds. With the compar-
ison of the variety of valorizations in this review, photocatalytic con-
version of biomass is demonstrated to possess impressive performances.
However, most investigations have been limited to laboratory scale due
to the low efficiency compared to conventional processes. To realize
practical-scale photoreforming of biomass, two essential factors are
highlighted: i) controlling the redox potentials of photocatalysts to
improve the bond cleavage efficiency, and ii) using different solvents
with various pH values to enhance the solubility of biomass and optical
properties of photocatalysts. It is noteworthy that metal sulfides, e.g.,
CdS, NiS, AgsS and ZnyInySy 43, can support most of the photocatalytic
biomass conversions through the breakage of C-O and C-C bonds. The
redox potentials of these chalcogenide materials can be tuned and
modified to harvest the desired selectivity in the photocatalytic cleavage
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of biomass. Besides, the different solvents and pH values can also rein-
force the photocatalytic properties of metal sulfides, for instance, the
high concentration of -OH can provide a hydroxide or oxide (CdOy/Cd
(OH)) cover the surface of CdS. Thus, by following these essential
factors, it may be possible to introduce photocatalytic reforming of
biomass into the commercial stage.

According to the studies in this review, converting biomass to valu-
able chemicals and clean fuels by solar energy contains a huge potential
to replace the conventional chemocatalytic process. However, some
critical issues regarding photocatalysts and solvents are still existing in
the photocatalytic reforming even when the redox potential is fulfilled.
Notably, three basic properties of photocatalysts, e.g., stability, toxicity
and recoverability, always are the first mission to be considered and
discussed. The excellent merits of photocatalysts can attract attention
via the high selectivity of the biomass cleavage (C-O and C-C bonds) and
the generation of hydrogen, but not all the materials can successfully
avoid the photocorrosion. Based on the previous studies, a considerable
of metal sulfides were introduced into the photoreforming systems,
showing attractive performances as the typical highly efficient photo-
catalysts. Nonetheless, they are more toxic and unstable than other
photocatalysts such as metal oxide because S is easily to be oxidized,
collapsing the structure of themselves during redox reaction. Metal
sulfides can also unconsciously introduce the difficulties to purification
and recovery procedures. On the contrary, modified carbon nitride, as a
typical metal free nanomaterial, can overcome the shortcomings from
metal sulfide because they are friendly to environment and more stable.
This material has the prospect to be investigated in bond dissociation
though a few reports work with them right now. Thus, finding a balance
between merits and disadvantages among these two efficient materials
will be focused in the future studies.

Besides, another important factor should be carefully treated and



X. Xu et al.

considered is the choice of solvent. Most of previous reports show that
the acetonitrile and basic solution can support the photoreforming by
enhancing the solubility of biomass in the solution, leading to the dif-
ficulties in the purification. This is because different final products and
raw biomass in these solvents will show the distinct polarities. Based on
this dilemma, the future efforts should be moved to design the most cost-
effective plan to separate and purify the solutes, solvents and photo-
catalysts after the reaction via a facile step.

Moreover, the following three critical concepts should be addressed
to realize the feasibility of photoreforming at the industrial scale: 1)
Various visible-light-driven photocatalysts were successfully employed
in the photoreforming reactions. Nonetheless, the poor selectivity and
efficiency in the biomass conversion performance always exist. Thus,
modifying the physiochemical properties, e.g., crystal and space struc-
ture, surface states and chemical composition, should be investigated to
achieve the utilization of full solar energy and charge mobility to reduce
the charge recombination. 2) The specific mechanisms of photocatalytic
reforming on native lignin still cannot be clearly explained. Thus, con-
trolling pathways of lignin conversion process is another challenge. To
overcome this challenge, in situ technologies, e.g., in situ NMR spec-
troscopy, Raman and FT-IR, can be employed in the photoreforming of
native lignin to illustrate the reaction pathways. 3) A variety of pre-
treatment processes of lignin could introduce the variations in their
purity and structure. These random and irregular properties can hinder
the efficiency of photocatalysts. In the meantime, the photocatalytic
conditions are also impacted by these properties. As such, the interac-
tion of different views via not only photocatalysis, but other scientific
fields are also a feasible and valuable orientation to be considered in the
future work. The integration may have a potential to convert native
biomass into the desired products efficiently.
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