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Abstract: Solar-driven photocatalytic transformations of biomass-derived organic wastes into high-value
chemicals and fuels is a crucial and promising strategy for reducing pollution while simultaneously utilizing
renewable sources and generating valuable products, contributing to a cleaner and more sustainable environment.
However, its efficient conversion remains challenging due to its complex macromolecular structure and the
demand for environmentally sustainable processing methods. Graphitic carbon nitride (g-CsN4) has emerged as a
promising photocatalyst for biomass conversion owing to its unique electronic properties, intrinsic stability and
structural tunability. This review comprehensively summarizes recent advancements in the modification of g-
CsNy-based photocatalysts for photocatalytic biomass conversion, focusing on strategies including elemental
doping, defect engineering, and heterojunction construction. These modifications have enabled efficient
conversion of various biomass feedstocks, from simple monosaccharides to complex cellulose structures, while
facilitating simultaneous environmental pollution remediation. Furthermore, this review analyses the challenges
in improving g-CsNy-based photocatalysts for biomass photo-reforming and improving the conversion of complex
biomass substrates. Finally, by critically evaluating current strategies and highlighting future research directions,
this review provides insights for designing advanced g-CsNs-based photocatalysts for biomass conversion and
promotes environmental sustainability.
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1. Introduction

The escalating global energy crisis of depleting petroleum-based resources and the increasing environmental
pollution from organic waste accumulation have intensified the urgency of developing renewable energy sources
while mitigating the impact of anthropogenic emissions on ecosystems and ensuring long-term environmental
sustainability [1-3]. Biomass, derived from organic materials such as agricultural residues, forestry waste, algae
and other organic wastes, has attracted significant attention as a promising alternative to fossil fuels due to its
abundance and carbon-neutral nature. It can be converted into biofuels and a variety of value-added chemicals,
including ethanol, levulinic acid, 5-hydroxymethylfurfural, and furfural, which are essential in the chemical
industry [4—6]. Although biomass mainly consists of three complex polymers, i.e., cellulose, hemicellulose, and
lignin [7,8], its intricate composition poses significant challenges to the efficient conversion into valuable
chemicals and fuels [9—11]. Sophisticated conversion technologies are required to facilitate efficient conversion
with minimal carbon footprint [12,13].

Photocatalysis has emerged as an attractive strategy for both sustainable biomass conversion and pollution
remediation, enabling selective chemical transformations while simultaneously addressing environmental
contamination concerns [14,15]. Biomass can be converted into fuels and chemicals using a variety of established
techniques. Thermochemical methods—such as pyrolysis, gasification, and liquefaction—typically operate at high
temperatures and pressures, often resulting in complex mixtures of hydrocarbons or syngas. While pyrolysis can
yield bio-oils, char, and gases, the high energy demand and subsequent upgrading steps add complexity and cost
to the process [16,17]. Gasification, on the other hand, produces syngas (a mixture of CO and H>) that can serve
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as a feedstock for Fischer—Tropsch synthesis, but large-scale operation and gas cleanup can be challenging.
Biocatalytic (or fermentation-based) methods leverage enzymes or microorganisms to break down biomass,
providing high specificity and moderate reaction conditions; however, long reaction times, sensitivity to inhibitors,
and extensive pretreatment of lignocellulosic biomass limit industrial feasibility [18,19]. Similarly,
thermocatalytic routes [20,21] require harsh reaction conditions or expensive catalysts and can suffer from low
selectivity. In recent years, electrocatalysis [22,23] has gained attention for its controllability, but it often
necessitates an external power supply and intricate reactor designs. Collectively, these methods underscore the
complexity of biomass conversion and the trade-offs in efficiency, selectivity, and sustainability.

In this regard, semiconductor photocatalysis stands out by enabling reactions under mild conditions using
abundant solar energy and reducing undesirable by-products. In a typical semiconductor photocatalytic process,
photons with energy equal to or greater than the semiconductor’s bandgap excite electrons from the valence band
to the conduction band, generating electron-hole pairs. These charge carriers migrate to the photocatalyst surface,
where they then participate in redox reactions with adsorbed molecules. Efficient separation of electron-hole pairs
and effective interaction with reactants are crucial for high photocatalytic activity. The selective conversion of
biomass can be achieved through the generation of active free radicals during this process [24,25]. Among various
photocatalytic systems, semiconductor materials are particularly significant because of their ability to generate and
separate charge carriers upon light absorption, facilitating redox reactions that are essential for biomass conversion.
Since Fujishima and Honda’s groundbreaking discovery in 1972 of water splitting on titanium dioxide (TiO,)
electrodes under ultraviolet (UV) light [26], semiconductor photocatalysis has gained extensive attention for
applications in energy production and environmental remediation. Compared to conventional methods such as
pyrolysis [16,17], thermocatalytic conversion [20,21], biocatalysis [18,19] and electrocatalysis [22,23],
semiconductor photocatalytic biomass conversion offers several advantages [27,28]. It operates at ambient
temperatures and pressures, reduces energy consumption, minimizes the formation of undesirable by-products,
and utilizes abundant solar energy [29-31].

The efficiency of semiconductor photocatalytic processes is largely determined by several catalyst
characteristics, i.e., the visible-light absorption rate, recombination of photogenerated electron-hole pairs, and
active sites [32-35]. To date, traditional semiconductor photocatalysts like TiO, and cadmium sulfide (CdS) have
been widely explored but exhibited drawbacks in terms of light absorption capacity and toxicity. TiO- for example,
has a large bandgap (~3.2 eV for anatase), restricting its light absorption to the UV region, which accounts for
only about 5% of the solar spectrum [36]. Additionally, TiO, suffers from rapid recombination of electron-hole
pairs, reducing its photocatalytic efficiency [37]. While CdS, although having a narrower bandgap (2.4 eV) that
can absorb visible light, the issues of photo-corrosion and toxicity due to the presence of cadmium making it less
suitable for sustainable applications [38]. In this regard, Graphitic carbon nitride (g-C3N4) has emerged as a
promising semiconductor photocatalyst due to its metal-free nature, environmental compatibility, and visible-light-
driven activity, making it an ideal material for mitigating pollution while facilitating resource recovery [39]. As a
metal-free, conjugated polymer semiconductor with a two-dimensional layered structure composed of heptazine
units linked by nitrogen bridges, g-C3N,4 exhibits a moderate bandgap of approximately 2.7 eV, enabling absorption
of visible light up to about 460 nm (Figure 1). It is thermally and chemically stable, exhibiting excellent
environmental friendliness, and can be synthesised from abundant nitrogen-rich precursors like urea, melamine,
and dicyandiamide through simple thermal polymerisation methods [40—42]. To further enhance its performance,
various modification strategies were also explored, including optimising the morphology, increasing the specific
surface area [43,44], modifying the electronic band structure through element doping [45,46], and introducing
defect engineering to alter its electronic properties [47,48]. Additional modification strategies involve the
construction of heterojunctions with other semiconductors [49,50], co-catalyst modifications [51,52], and dye
sensitisation, all aimed at enhancing photocatalytic activity [53,54].

Given the good tunability of g-C3Ny, its application in the selective conversion of biomass and the mitigation
of organic waste accumulation has become increasingly noteworthy. This review explores the latest advances in
the application of carbon nitride-based photocatalysts for biomass photoreforming, with a focus on key
modification strategies including element doping, defect engineering, and the construction of heterojunctions,
which have significantly enhanced the material’s light absorption, charge separation efficiency, and catalytic
performance, further enabling the effective transformation of organic biomass into value-added chemicals while
simultaneously addressing environmental concerns such as organic pollutant degradation. Furthermore, novel
approaches, such as donor-acceptor system construction and integration with biocatalysts have been explored to
improve charge transfer efficiency and broaden the applicability of g-C3;N4-based photocatalysts in environmental
remediation. Moreover, we also discuss how these strategies were applied to achieve selective conversion of
various biomass feedstocks, from simple monosaccharides to complex cellulose structures. This work addresses
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current challenges in the field, including the demand to integrate both oxidation and reduction reactions in biomass
photo reforming to maximise atom utilisation and the difficulties associated with the photocatalytic conversion of
complex macromolecular biomass like cellulose. By critically evaluating these approaches and highlighting
potential solutions, this work aims to provide new insights for the design and modification of g-C;Ns-based
photocatalysts, ultimately contributing to the development of more efficient biomass conversion technologies for
clean energy production, organic pollutant remediation, and environmental sustainability.
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Figure 1. Photocatalytic mechanism of carbon nitride and pathways for photocatalytic biomass reforming to
produce value-added chemicals.

2. Advancements in g-C3N4 Photocatalysts for Biomass Conversion

To date, researchers have been exploring several innovative strategies to boost the activity and selectivity of
these catalysts. These include methods like elemental doping to adjust the material’s electronic properties,
engineering defects to enhance charge separation, and constructing heterojunctions to facilitate better electron flow
[55,56]. Additionally, novel approaches such as creating donor-acceptor systems and integrating biocatalysts have
shown great promise [57,58]. The following sections delve into these strategies in detail, illustrating how these
strategies contribute to more efficient and sustainable conversion of various biomass feedstocks, with key
performance summaries in Table 1.

2.1. Elemental Doping

Elemental doping refers to the process in which atoms or impurities enter the lattice of g-C3N, either through
substituting existing atoms or inserting additional ones. This modification alters the physical and chemical
properties of the photocatalyst, leading to an improved photocatalytic performance. By carefully selecting dopant
elements, it is possible to reduce the bandgap g-Cs;N4, allowing it to absorb a broader spectrum of visible light.
Additionally, elemental doping promotes the delocalization of m-conjugated electrons, which enhances the
conductivity, charge carrier mobility, and facilitates the separation of photo-generated electron-hole pairs [59,60].
Based on the type of elements, doping can be classified into metal doping (e.g., Zn, Fe, Pt), non-metal doping (e.g.,
O, P, B, F, Cl), and metal-nonmetal co-doping.

For example, Ma et al. [61] developed a novel method to prepare Zn-doped carbon nitride (Zn-mCN) with a Zn-
N coordination structure using a calcination-calcination-washing strategy. Compared to carbon nitride, the doping
reduced the bandgap from 2.46 eV to 1.80 eV, significantly broadening the absorption range of visible light and
lowering the photoluminescence intensity. The Zn-doped catalyst exhibited enhanced photocatalytic redox activity,
achieving a lactic acid selectivity of up to 91.0% and a hydrogen production rate of (up to 15,898.8 umol g"'h™! during
simultaneous biorefinery and water splitting. Similarly, Wang et al. [62] synthesised a Pt-doped polymeric carbon
nitride (Pty-C3sNy4) for cellulose photoreforming via the pyrolysis of a preorganised supramolecular assembly of
cyanuric acid, melamine, and Pt-(NH»-bpy), (Figure 2a,b). The presence of Pt introduced a surface plasmon effect,
which shifted the absorption threshold to longer wavelengths and extended the absorption in the UV—visible
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spectrum. Meanwhile, as Pt has a lower work function, electrons are more inclined to migrate to the Pt sites,
promoting effective charge separation. The Density functional theory (DFT) calculations confirmed that Pt doping
significantly lowered the activation energy barrier for water reduction to hydrogen and facilitated the selective
cleavage of the C—C bonds in fructose derived from glucose isomerisation. Another worked conducted by Huang
and co-workers [63], who developed a Fe-doped mesoporous graphitic carbon nitride using a simple and
economical synthesis approach involving urea and tetraethyl orthosilicate, with iron incorporated to enhance its
photocatalytic properties. The introduction of Fe significantly reduced the bandgap, improved visible-light
absorption, and promoted efficient separation of electron-hole pairs, resulting in a notable boost in photocatalytic
performance. This modified catalyst was effectively applied to selectively cleave Ca-Cp bonds in lignin under
mild, visible-light conditions, achieving an impressive 98% conversion rate for a lignin model compound with
excellent selectivity. Moreover, it demonstrated strong capability in depolymerising complex dimer model
compounds and pine kraft lignin, showcasing high selectivity and adaptability for lignin valorisation.
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Figure 2. (a) Schematic illustration of the preparation of Ptx-C3N4. MA: melamine; CA: cyanuric acid; CM:
cyanuric acid-melamine supramolecular complex. (b) Performance map for the catalytic transformation of glucose
to lactic acid in various catalytic systems. (¢) Illustration of the synthetic route and chemical structure of the nitrogen
deficient HCN with oxygen doping. Inset in (c¢) shows the SEM image of HCN-0.01. (d) Band structure alignments.
(e) Photocatalytic H2 evolution of BCN and HCN.
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Non-metal doping is attractive due to its environmental friendliness, as it avoids secondary metal pollution.
Wang et al. [64] demonstrated the feasibility of direct cellulose photocatalytic conversion into value-added
bioproducts (arabinose) at neutral pH for the first time. They fabricated oxygen-doped carbon nitride (OCN-OH)
via a facile solvothermal method using dicyandiamide and cyanuric chloride. Oxygen doping led to greater
delocalisation through heteroatom substitution, thus, increasing the charge carrier density. DFT calculations
revealed that oxygen-doped g-C3;N4 exhibited superior performance in generating arabinose compared to pure g-
C3N4. The proposed mechanism involves oxygen insertion at the C1 position of glucose units within cellulose,
leading to oxidative cleavage of B-1,4 glycosidic linkages and the formation of gluconolactone. This intermediate
hydrolyses to form gluconic acid, which then decarboxylation via C1-C2 a- scissions to produce arabinose and
formic acid. Using cellulose-II as the substrate (1 g/L) at a neutral pH, a conversion rate of approximately 18%
was achieved. Combining multiple dopants can further enhance photocatalytic activity by leveraging the benefits
of each element. For instance, a spiral-tube-shaped carbon nitride photocatalyst (PACN) with P and O co-doping
was prepared by Liu et al. [65] The unique spiral-tube morphology provided more active sites for reactions. P and
O co-doping efficiently narrowed the bandgap and broadened the light-harvesting range. Specifically, phosphorus
atoms, with their five valence electrons [66], contribute electron-rich sites, while the electron-deficient tri-s-
triazine units in g-C3Njy facilitate efficient charge separation, thereby increasing the utilisation efficiency of photo-
generated electron-hole pairs and improving the photocatalytic performance.

Metal-nonmetal co-doping is another effective strategy to modify the electronic properties of g-C3;Ny.
Yang et al. [67] reported a novel K and O co-doped polymeric carbon nitride (K/O@CN-C=N) with cyano groups
incorporated into the structure. The process involved blending urea with diacetylene black and KOH, which melts
at 360 °C. During thermal polymerisation, the molten KOH released OH™ that reacted with the amine groups of
the urea-derived intermediate to form cyano groups [68]. The co-doping of K and O atoms modified the electronic
structure, narrowed the bandgap, and significantly improved the optical properties, leading to enhanced
photocatalytic efficiency.

2.2. Defect Engineering

Defect engineering involves the intentional creation and manipulation of imperfections within the crystal
structure of g-C3N4 to improve its photocatalytic activity. By introducing defects such as vacancies or dopants, the
surface structure and electronic states of the material can be modified, which can result in the enhancement of
electron-hole separation, adjusting the band structure, and ultimately improving catalytic activity and selectivity [69].
However, not all defects are beneficial. Certain defects can serve as recombination centres for electron-hole pairs,
reducing the overall catalytic performance. Therefore, precise control over defect formation is crucial for
optimising photocatalytic properties of g-CsN4. Defects are typically classified by dimensionality, including point,
line, planar, and volume defects, with point defects (vacancies and dopants being the most commonly exploited in
modifying carbon nitride [70].

One effective strategy is the introduction of nitrogen vacancies. Ren and co-workers [71] synthesised one-
dimensional holey carbon nitride nanorods (HCN) using cellulose nanofibers (CNF) as a soft template and
modifier for the photochemical synthesis of lactic acid from monosaccharide photooxidation (Figure 2c). The
abundant hydrophilic functional groups on CNFs, such as hydroxy-carboxylic groups, form hydrogen bonds with
dicyandiamide during high-temperature pyrolysis. This process leads to condensation reactions that generate a
significant number of N vacancies in the carbon nitride structure [72]. These N vacancies enhance visible light
absorption and improve the separation of photogenerated electron-hole pairs. The optimised HCN-0.01 catalyst
demonstrated excellent performance in the photochemical synthesis of lactic acid from fructose, achieving a 95.5%
conversion rate, a 75.5% lactic acid yield and a hydrogen production rate of 2.822 mmol h™! g™! (Figure 2d,e).
Defect engineering can also improve catalytic selectivity. For instance, Bai et al. [73] developed a metal-free
photocatalyst (Ce6@BNCN) consisting of nitrogen-deficient carbon nitride (BNCN) and chlorine e6 (Ce6), a
photosensitiser, for the efficient and selective oxidation of glucose to gluconic acid and glucaric acid. Pristine
carbon nitride was thermally treated with NaBHa to obtain BNCN, resulting in a decrease in -NH, groups and an
increase in N=C- groups, indicating the formation of two kinds of nitrogen defects [74]. The introduction of
nitrogen defects raised the valence band from 1.16 eV to 1.30 eV, enhancing the material’s oxidative power.
Simultaneously, the surface charge characteristics of BNCN were improved after protonation treatment with
hydrochloric acid. Combining BNCN with Ce6 led to a significant redshift in the absorption edge, expanding the
light absorption range. DFT calculations showed that Ce6@BNCN catalyst is thermodynamically more favourable
for the selectively oxidation of glucose to valuable products like gluconic acid and glucaric acid. In addition to
nitrogen defects, another intrinsic defect, carbon defects, can be formed in carbon nitride through the loss of carbon
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atoms. It can also improve charge separation and provide additional active sites for reactions. Pure water
hydrothermal treatment can partially transform melon-based carbon nitride into a melon-poly (heptazine imide)
(PHI) carbon nitride allotropic composite. Chen et al. [75] revealed the intrinsic defects of the presence of carbon
vacancies in the melon-PHI carbon nitride allotropic composite by solid-state NMR characterization. The
modification of carbon vacancies promotes charge separation in the melon-PHI carbon nitride allotropic composite
and enables the parallel processes of hydrogen production from water splitting and the selective oxidation of 5-
(hydroxymethyl) furfural to 2,5-diformylfuran, with activities of 41 and 49 umol g ! h™!, respectively. In addition
to nitrogen and carbon defects, single or multiple defects acting together can improve the catalytic performance of
carbon nitride. By introducing NaNO, and NH;I during the melamine calcination process, a cyano-modified
defective carbon nitride (NICN) was successfully constructed by Du and co-workers [76]. Similarly, the
introduction of defects also enhanced the light absorption ability of NICN and altered its internal electronic
structure, thereby improving its photocatalytic performance. The combined effect of defects, cyano groups, and
halogens increased the active sites of NICN and improved the selectivity of glucose conversion to arabinose
through a decarboxylation process (with a glucose conversion rate of 91.04% and arabinose yield of 0.262 g/L).
Cao et al. [77] prepared ultrathin g-C3N4 with multiple defect sites through a simple self-assembly process and an
in-situ thermal gas-shocking/etching process. On one hand, the introduction of defects optimized the electronic
structure of g-C;Ny, facilitating charge separation and providing more active photogenerated charge carriers for
the reaction. On the other hand, the defects promoted the generation of active free radicals (the activation of O,)
and radical intermediates (C-H activation), which are essential for the reaction. In addition, the multi-defect
structure significantly enhanced the cracking performance of the C-C bonds in lignin model compounds.

2.3. Constructing Heterojunction

Another effective way to enhance the photocatalytic performance of g-C3N4 is by constructing
heterojunctions via the coupling with other semiconductor materials. This strategy expands the range of light
absorption, enhances redox capabilities, and optimises electron transport properties by adjusting the band
structures of different materials [78,79]. In general, heterojunctions of g-CsNy are often constructed by coupling
carbon with transition metal compounds. For instance, Uekert et al. [80] created a heterojunction catalyst by
combining cyanamide-functionalised carbon nitride with a self-prepared nickel phosphide (Ni,P), resulting in a
low-cost and non-toxic photocatalyst (CNx|Ni,P). Due to the strong interaction between the Ni,P and CNy, the
intrinsic photocatalytic activity of CNx|Ni,P was greatly enhanced, which promoted its charge separation, catalytic
efficiency, and stability. The synthesised catalyst enabling the photocatalytic effectively transformed small organic
molecules derived from the hydrolysis of plastics like polyethylene terephthalate and polylactic acid into carbon-
based fuels under ambient conditions.

One innovative approach is the construction of S-scheme heterojunctions. These structures consist of a
reduction photocatalyst (RP) with a smaller work function and higher Fermi energy level, and an oxidation
photocatalyst (OP) with a larger work function and lower Fermi energy level [81]. Unlike traditional
heterojunctions, S-scheme heterojunctions effectively separate electron-hole pairs with strong redox capabilities
through internal electric fields, band bending, and Coulombic attraction. Ling et al. [82] prepared a sulfur vacancy-
enriched heterojunction (Sv-rich-MoS,@GCN) by coupling g-CsN4 with molybdenum disulfide (MoS,)
containing sulfur vacancies. Electron paramagnetic resonance analysis indicated that the formation of S, is
probably attributed to the destruction of S atoms during high-temperature annealing [83]. X-ray photoelectron
spectroscopy (XPS) showed shifts in binding energies, confirming the formation of an internal electric field and
bending associated with the S-scheme heterojunction. DFT calculations further supported these findings. The
synergistic effects of S, and the S-scheme significantly improved the catalyst’s performance in CO, reduction and
selective biomass oxidation without the need for sacrificial agents.

Additionally, g-CsN4 can be coupled with organic semiconductors to form heterojunctions. 3,4,9,10-
Perylenetetracarboxylic dianhydride (PDI) is a high-performance n-type organic semiconductor but suffers from
charge localisation effects and strong intermolecular aggregation tendencies, limiting its photocatalytic efficiency.
Xu and co-workers [84] addressed this issue by constructing an S-Scheme heterojunction (p-CN/P-PDI) (Figure 3a,b).
They first grafted polyhedral oligomeric silsesquioxane (POSS) onto both ends of PDI to obtain POSS-PDI, which
prevents the crystallisation of PDI on the surface of p-CN while promoting electron conduction. This modified
PDI was subsequently coupled with protonated g-C;N4 nanosheets possessing suitable bandgaps and a unique n-n
conjugated planar structure to get p-CN/P-PDI. The incorporation of POSS-PDI resulted in a smooth film on the
g-CsNy surface, which promoted the rapid complexation of electrons and holes at the heterojunction interface and
significantly improved the redox capacity. Meanwhile, an internal electric field was established and the energy
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band structure was optimised. The p-CN/P-PDI demonstrated excellent performance in degrading lignin f-O-4
bond model compounds, achieving 99% conversion and 96% selectivity.

In addition to these examples, recent studies have emphasised the importance of robust S-scheme
heterojunctions in maximising redox potentials. For instance, Li’s group reported a floatable Bi,WOs/C3N4 cloth-
shaped composite that not only harnesses S-scheme charge transfer for highly efficient pollutant removal but also
allows easy recovery in water decontamination [85]. Similarly, an emerging trend involves upgrading classic g-
C;3N4 to C3Ns, which exhibits enhanced electronic properties and denser active sites; S-scheme heterojunctions
built with CsNs have displayed improved photocatalytic performance in both environmental remediation and
energy conversion [86]. These findings reveal the potential of designing S-scheme architectures with carefully
aligned conduction and valence bands, ensuring spatially separated electrons and holes for strong redox
capabilities. From a fabrication perspective, achieving a high-quality interface is crucial, often involving in-situ
growth methods or controlled defect formation to anchor one semiconductor onto another. Such strategies help
promote charge transfer and reduce interfacial resistance, thereby preventing recombination losses and enhancing
overall activity.

Another strategy involves coupling g-C3N4 with solid acid-base catalysts to construct heterojunctions.
Ding et al. [87] used a facile wet-chemical approach to synthesize a ternary heterojunction photocatalyst, named
NTCN/LDH, by combining g-C3N4 with nitrogen-doped nitrogen-doped titanium dioxide (N-TiOz) and nickel—
iron layered double hydroxide (NiFe-LDH). The NiFe-LDH provided Lewis acid sites that selectively adsorb
sugars like glucose and fructose, significantly enhancing sugar isomerisation. The constructed heterojunction not
only enhanced charge separation but also facilitated selective cleavage of C-C bonds by generating superoxide
radicals (03), leading to desired products. The integration of thermal and photocatalysis enabled NTCN/LDH to
convert glucose to lactic acid at 60 °C with 99% yield (Figure 3c,d), overcoming the limitations of traditional
methods that require expensive microbes, long production cycles and high reaction temperature, which also
addressing purification challenges associated with conventional catalysts.
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Figure 3. (a) Transient photocurrent response of different samples. (b) Proposed mechanism of photocatalytic
selective cleavage of the $-O-4 model over p-CN/P-PDI S-scheme heterojunction. Inset in (b) shows the TEM
image of p-CN/P-PDO-3. (¢) Influence of diverse substrates on the synthesis of LA. (d) reaction times on the
synthesis of LA from glucose. (e) Synthesis and morphology structure of GM-CN. (f) the photocatalytic
performance when employing different biomass micro-molecules as the carbon source.
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2.4. Others

In addition to enhancing visible light absorption and photogenerated electron-hole separation through
strategies like elemental doping, defects engineering and heterojunctions construction, researchers have explored
other novel structures and combinations to boost the photocatalytic performance of g-C3N4. Two notable strategies
are the development of donor-acceptor (D-A) systems and the integration of biocatalysts, both of which have
shown significant promise in improving efficiency and selectivity in biomass conversion processes.

D-A systems are gaining attention attributing to their abilities to significantly improve charge transfer within
photocatalysts [88,89]. By reducing the potential barriers for electron hopping and facilitating electron shuttle,
these systems suppress the recombination of photoinduced electron-hole pairs, leading to enhanced photocatalytic
activity [90,91]. Liu et al. [92] demonstrated this by constructing a biochar-welded D-A system within carbon
nitride, denoted as GM-CN (Figure 3e,f). The synthesis was achieved by combining glucosamine (GM)-derived
carbocyclic ring (the donor) with the planar tri-s-triazine units (the acceptor) through sp?-hybridised C-N bonds
using multi-step thermal polymerisation. This D-A structure generated an intrinsic driving force that promotes -
electron delocalisation and increases the degree of conjugation within the material. DFT calculations indicated that
the exciton binding energy of GM-CN decreased from 208.21 meV to 119.62 meV, indicating its excellent
performance in facilitating rapid separation of photoinduced electron-hole pairs [93]. Additionally, the
introduction of the D-A structure reduced the band gap of the pristine carbon nitride from 2.71 eV to 2.48 eV,
allowing the material to absorb a broader spectrum of light. Furthermore, the intermolecular n-n stacking within
the D-A system also provides pathways for electrons to migrate toward the catalyst surface. As a result, GM-CN
achieved an impressive 87.52% yield of xylonic acid in the photocatalytic oxidation of xylose.

Another innovative approach involves creating hybrid structures that combine g-C3N4 with other materials
to enhance light absorption and charge separation. A representative work was done by Ling and co-workers [94]
who used ultrasonic-assisted self-assembly and evaporation-drying strategy to incorporate carbon nitride
nanosheets onto the surface of C. I. Pigment Yellow 53(TiO,-NiO-Sb,0s3, PY53) to prepare a photocatalyst, named
CNs@PY53-x. Attributing the excellent visible light absorption ability and a rutile-type crystal structure with TiO:
of PY53, the synthesised CNs@PY53 exhibited an abundant mesoporous structure with a large specific surface
area. The interfacial interaction between CNs and PY'53 narrowed the bandgap of CNs@PY53-2 to 1.53 eV, which
significantly enhances its ability to absorb visible light. Photoelectrochemical measurements revealed that
CNs@PY53-2 exhibited higher photocurrent density and lower resistance compared to its individual components,
indicating improved charge separation of photogenerated electron-hole pairs. When tested in the xylose-alkaline
system, CNs@PY53-2 achieved a lactate yield of 86.9% and a CO evolution rate of 371.56 pmol g! h'!,
demonstrating its effectiveness in biomass conversion applications.

Biocatalysts offer highly specific biological catalytic power and regeneration capabilities, which can
complement the properties of semiconductor photocatalysts. By integrating biocatalysts with g-CsNa, researchers
can address some of the limitations of traditional photocatalytic systems, such as low selectivity and the need for
harsh reaction conditions [95-97]. Ye et al. [98] explored this by constructing a bio-abiotic photocatalytic system
aimed at converting plastic waste to fuel. In their work, a precursor was first obtained by synthesising carbon dots
via hydrothermal treatment of a-cellulose. These carbon dots were subsequently calcined with melamine and
KSCN to produce carbon dot-functionalised polymeric carbon nitrides (CDPCN). The incorporation of carbon
dots adjusted the oxidation potential of polymeric carbon nitrides to meet the specific requirements of oxidating
microplastics and enhanced charge separation capabilities. Subsequently, the CDPCN was then combined with
Methanosarcina barkeri (M. b), a type of methanogenic archaea, to form biohybrids referred to as M. b-CDPCN.
The CDPCN was attached tightly to the M. b surface through electrostatic interactions. In this system, the
conversion of microplastics to CHs occurred via two parallel pathways. i.e., photo-oxidative methanogenesis
(conversion to CH4 via pyruvate/acetate of the active substance) and photo-reductive methanogenesis (CO,-CH,4
conversion via photo-excited electrons). Notably, this process does not require chemical sacrificial agents. The
self-assembled M. b-CDPCN biohybrids achieved sustainable production of high-purity CHs (>99.5%),
showcasing the potential of combining biocatalysts with photocatalysts for efficient biomass conversion and waste
recycling. Another biocatalyst was developed by Shangguan et al. [99], who covalently immobilised Candida
antarctica lipase B (CALB) onto functionalized graphitic carbon nitride nanosheets (g-CsNs-Ns), modified with
polyethyleneimine (PEI) and glutaraldehyde (GA). This functionalisation improved enzyme stability, thermal
resistance, and catalytic efficiency, enhancing performance under various reaction conditions. The biocatalyst was
employed for the esterification of lutein with succinic anhydride in dimethylformamide (DMF), achieving an
esterification rate of up to 92% within 60 h. Compared to free CALB, the immobilized enzyme demonstrated
significantly greater conversion efficiency and reusability, maintaining a high rate even after multiple cycles.
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Similarly, Xu et al. [100] developed a hybrid system by coupling graphitic carbon nitride (g-CsN4) with Ralstonia
eutropha to stimulate polyhydroxybutyrate (PHB) production under visible light. This integration facilitated the
transfer of reducing power from g-CsN4 to the bacterial cells, enhancing energy metabolism and PHB biosynthesis.
The system was applied to bioplastic production from fructose, showing a 1.2-fold increase in PHB production
without a sacrificial electron donor and a 1.4-fold increase when triethanolamine was added. The hybrid setup
demonstrated a significant boost in PHB yield compared to controls, leveraging light-driven energy transfer to
improve microbial productivity.

Recently, Wang et al. [101] utilised a hybrid photosynthesis system combining g-C3;N4 with Cupriavidus
necator to enhance the production of polyhydroxybutyrate from fructose under visible light. This approach
optimized conditions such as light intensity, aeration, and inoculum size to maximize efficiency. The system was
applied for bioplastic production, leveraging light-driven reducing equivalents to boost microbial synthesis. The
optimized hybrid system achieved a PHB production rate of 7.16 g/L/day with a 60.94% yield, significantly
outperforming previous setups under higher light intensity.

Table 1. Summary of photocatalytic biomass conversion using modified g-C3N4-based photocatalysts.

Modifying Strategies Biomass Substrate Synthesised Product Conversion Rate Yield References
Photocatalyst
. Zn-doped g-C3N,4 (Zn- Lactic acid, 91% (Lactic
Zn doping Pentoses, Hexoses mCN) iyt -- o) [61]
. Lignocellulose Pt-doped polymeric Hydrogen, Lactic o 86% (Lactic
Pt doping (Glucose, etc.) carbon nitride acid 100% (Glucose) acid) [62]
. . Fe-doped mesoporous g- Aromatic 0 98% (Ca—CP
IS ety Lignin C;N4 (Fe/mpg-CN) compounds BERS bonds) [63]
0 doping Cellulose Oxygen-doped g-C5N, Arabm‘;sceiformlc ~18% - [64]
. . P/O Co-doped hollow- Lactic acid, 93.0%
O Co-slopi HIGHEERTETHES tube-shaped g-C3N, Hydrogen ) (Lactic acid) [63]
. Xylose, Pentoses, Lactic acid, o 90.5%
K/O Co-doping Hexoscs K/O Co-doped g-C;5Ny4 Hydrogen 95% (Xylose) (Lactic acid) [67]
Engineering Defects . o
(Nitrogen Vacancies +  Monosaccharides 11D IE ey (G N USS Lactic acid, H» - 75.’5 % . [71]
Nanorods (HCN) (Lactic acid)
Oxygen Dopants)
. Ce6-modified nitrogen- N o
Engineering Defects + . Gluconic acid, o 70.9% (Total
Ce6 Modification Glucose deficientg-C;Ny Glucaric acid 62.3% selectivity) (73]
(Ce6@BNCN)
41 pmol g
. h™! with
Engineering Defects H,O I\\//;ilei)rilc-i:s}f:laxl(t)}rll ;?trrl;grel H, _ (TEOA and [75]
(Carbon vacancies) 5-HMF . . 2,5-diformylfuran Pt)
allotropic composite ,1
49 umol g
hfl
Engineering Defects Cyano-modified T:;l}a/ilids: '
&l ) Glucose defective carbon nitride Arabinose 91.04% [76]
(Single defects) reaches 0.262
(NICN)
g/L
102%
. increase in C-
. . Ultrathin g-C3N, .
ESReR g DEEES o o meinl i ol Gt Tl - Cokmazs ay
(multiple defects) ; compounds activity and
sites
90%
selectivity
Cyanamide- Maintained
functionalized carbon PET and PLA (plastic CNx | Ni,P H, and organic conversion ) [80]
S . . substrates) chemicals efficiency on
nitride with Ni,P .
upscaling
Constructing S-scheme CoermimG
. _ g g =i 0
e Xylose S-MoS,@GCN Xylonic acid of 68‘3hEL|m01 g 64.2% [82]
16.42-fold 35-fold
Constructing S-scheme Aromatic increase in increase in
g o Lignin f-O-4 model p-CN/P-PDI conversion selective [84]
heterojunction compounds L
compared to initial ~ cleavage
materials yield
Constructing Ternary Glucose, Fructose, g-C;3N4/N-TiO,/NiFe- . . o o
heterojunctions Xylose LDH Lactic Acid Up t0 99% 92% (871
g-C;Ny with biochar- Xylonic Acid 87.52%
Donor-acceptor systems Xylose welded D-A structure Formic acid - 26.91% [92]
(GM-CN) Lactic acie 5.55%
o .
Hybrid structures Xylose CNs@PY53-2 CO and Lactic Acid 86.9 a/gig)acuc [94]
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Table 1. Cont.

Modifying Strategies Biomass Substrate Synthesised Product Conversion Rate Yield References
Photocatalyst
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Methan(r)lsar_cgn; et non-biodegradable  g-C;N4 with M. barkeri ~ Methane (CHy) mineralization 99'11 /:i CiH4 [98]
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.. 60.94% PHB
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8GNy (H3E) fructose

2.5. Comparison of g-C3N4 Modification Strategies

To date, research on g-C3N4 modification has primarily focused on strategies such as elemental doping, defect
engineering, heterojunction construction, donor—acceptor systems, and biocatalyst integration. Each approach
provides distinct benefits but also entails certain limitations, as summarised in Table 2. For instance, elemental
doping effectively extends the visible-light absorption range and introduces new active sites for catalysis, yet
maintaining uniform dopant distribution poses a challenge at larger scales [59,60]. Similarly, defect engineering
enhances charge separation and catalytic specificity by introducing vacancies, but overly high defect densities can
foster recombination centres or compromise structural integrity [69,70,74,77]. Constructing heterojunctions,
whether S-scheme or conventional type-II, optimises charge transport and broadens the absorption spectrum.
Nonetheless, synthesising robust heterojunctions can require complex procedures and the use of costly secondary
materials [78-80,87]. D—A systems help lower exciton binding energy and promote selective redox processes, but
designing stable D—A architectures often involves multiple synthetic steps and precise alignment of donor—
acceptor moieties [88—92]. Finally, integrating biocatalysts confers high specificity under mild conditions, albeit
with the risk of enzyme or microbial deactivation under prolonged irradiation and potential toxicity from doping
components [95-99].

Table 2. Comparison of common modification strategies for g-C3Ns-based photocatalysts.

Modification Strategy Advantages Disadvantages
. Tailors the band structure to broaden visible-light Possible dopant leaching under prolonged
absorption; use (especially metal doping);
Elemental Doping (Metal or  ® Can create new active sites and reduce exciton . Uniform doping is challenging at large
Non-Metal) recombination; scale;
. Potentially enhances selectivity for specific U Overdoping can introduce new
biomass substrates. recombination centers.
. Enhances charge-carrier separation by forming Defect concentratl.on and type can be
. . localised energy states; dlfﬁc‘.ﬂt fo control, N
Defect Engineering (e.g., i I Certain defects may act as recombination
. N Improves targeted bond cleavage in biomass . .
Nitrogen or Carbon Vacancies) molecules: centers if poorly managed;
’ . . High defect loading may compromise long-
. Can be metal-free, avoiding secondary pollution. -
term structural stability.
. Promotes spatial separation of photogenerated e- * Complex synthesis and interfacial
Heterojunction Construction /h+ pairs, increasing redox efficiency; engineering are required;
(Conventional Type-Il or S- Potentially extends visible-light absorption range; ® Secondary semiconductors or co-catalysts
Scheme) . Can reduce or eliminate the need for sacrificial can be expensive.
agents. . Band alignment must be precisely tuned.
. - S . Requi 1 selecti ign of
. Lowers exciton binding energy, facilitating charge equires carefu seiection and design o
. donor/acceptor moieties.
separation;

Increased synthetic complexity and cost.
Structural stability may be sensitive to
harsh reaction conditions

Donor—Acceptor (D-A) Systems,, Enhances n-electron delocalisation and improves

selectivity in redox reactions.

. High specificity for target products (e.g., fine U Biomolecules can be inactivated by
chemicals); prolonged light or extreme pH;
Integration with Biocatalysts © Operates under mild reaction conditions (near-  ® Possible toxicity of dopants or catalyst
(Enzymes, Microbes) neutral pH, moderate temperature); materials to living cells;
. Potential for tandem processes (photocatalysis + ¢ Enzyme loading, reusability, and long-term
biocatalysis). stability may be challenging.

In practice, researchers often employ a combination of these modifications to achieve synergetic
improvements in photocatalytic performance, especially when targeting complex biomass feedstocks or diverse
product streams. Despite these advancements, significant hurdles remain in scaling up production, maintaining
long-term stability, and addressing the recalcitrant nature of biomass. Consequently, continued efforts to tackle
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these overarching challenges are crucial for realising the full potential of g-C3;Ns-based photocatalysts in
sustainable biomass conversion.

3. Challenges in Enhancing g-C3N4 Photocatalysts for Biomass Conversion

Despite progress in developing various kinds of modified carbon nitride for biomass conversion, several
challenges remain. One major issue is the insufficient integration of oxidation and reduction half-reactions during
photocatalysis. Current research often emphasizes either hydrogen production (reduction) or the synthesis of value-
added chemicals (oxidation) without fully combining both processes. This separation results in inefficient
utilisation of atomic resources and limits the overall efficiency of the system [102,103]. Developing photocatalysts
that can simultaneously facilitate both half-reactions with high selectivity and efficiency remains a significant
challenge.

Another substantial obstacle is the complex nature of biomass substrates such as cellulose and lignin, which
impedes high selectivity and efficiency in their conversion. These macromolecules possess intricate and
recalcitrant structures, making it difficult to selectively target specific bonds or functional groups. The rigid
crystalline structure of cellulose and the heterogeneous, highly branched architecture of lignin limit the
accessibility of active sites on the photocatalyst. Consequently, photocatalytic conversion often yields low
conversion rates and a mixture of products, complicating downstream processing. Furthermore, the variability of
cellulose derived from different sources and pretreatment methods adds another layer of complexity to its
interaction with photocatalysts, often leading to inconsistent performance and selectivity [104].

Furthermore, the specific hurdles in photocatalytic biomass conversion vary considerably based on the target
products. For instance, the production of biofuels (e.g., hydrogen, bio-oil precursors) typically requires high
throughput, robust catalyst stability, and consistent performance over large volumes of feedstock. Achieving high
conversion efficiency under mild conditions can be difficult, especially when dealing with unrefined
lignocellulosic biomass. The synthesis of platform chemicals (such as 5-hydroxymethylfurfural (HMF), furfural,
levulinic acid, or lactic acid) demands excellent selectivity [105,106]. Partial or over-oxidation of intermediates
can lead to undesired side products or catalyst deactivation. The wide range of functional groups in biomass
molecules increases the likelihood of parallel reactions, making it challenging to preserve catalyst integrity and
maintain yield over multiple cycles. Fine chemicals, on the other hand, typically have lower volume but higher
value. They often require multi-step transformations under mild, carefully controlled conditions to preserve
complex functional groups. In such processes, even minor deviations in reaction parameters can result in
significant yield losses, further complicating catalyst design and reaction optimisation [107,108]. Moreover, the
presence of various phenolic and carbohydrate structures in biomass feedstocks can deactivate or foul active sites,
demanding sophisticated engineering of the photocatalyst surface. Addressing these product-specific challenges
requires precise control over redox potentials, functional-site engineering, and reactor design. At the same time,
efforts to tailor the catalyst for each desired product type must also be reconciled with the broader concerns of
scalability and cost-effectiveness, which remain formidable obstacles to the practical deployment of modified g-
C3Nsmaterials.

The scalability and cost-effectiveness of synthesis methods for modified g-C;N, materials also present
significant challenges. Many enhancement strategies—such as precise elemental doping, controlled defect
engineering, and the construction of complex heterojunctions—involve intricate procedures that are difficult to
replicate on an industrial scale. Achieving uniform doping or defect distribution necessitates meticulous control
over synthesis conditions, which may not be feasible for large-scale production. Additionally, some modification
methods utilize rare or expensive elements like platinum or require multi-step synthesis processes, increasing
overall costs and limiting commercial viability. Therefore, developing cost-effective and scalable synthesis
methods using abundant and non-toxic materials is essential to overcome this obstacle.

Ensuring the stability and durability of modified g-Cs3N4 photocatalysts under operational conditions
constitutes another significant hurdle. Photocatalytic reactions often occur in harsh environments, including
exposure to strong oxidising or reducing agents, extreme pH values, and prolonged light irradiation—all of which
can lead to photocorrosion or structural degradation of the catalyst. For instance, metal-doped photocatalysts may
suffer from metal leaching, diminishing their activity over time and posing environmental risks due to metal
contamination. Similarly, integrating biocatalysts introduces concerns regarding the compatibility and stability of
biological components within photocatalytic systems, such as enzyme denaturation or microbial viability under
reaction conditions. Maintaining long-term stability without sacrificing catalytic performance remains critical for
practical applications.
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4. Conclusions and Future Perspectives

The photocatalytic conversion of biomass provides a sustainable route for clean fuel and high-valued
chemical production and serves as an effective strategy for environmental pollution control, particularly in
addressing organic waste accumulation. g-C3N4 has emerged as a highly promising photocatalyst in this field due
to its visible light absorption capabilities by converting the abundant solar energy into chemical energy, chemical
stability, and ease of synthesis from abundant materials. This review has summarized recent advancements in
enhancing the photocatalytic performance of g-CsN4 through strategies including elemental doping, defect
engineering, heterojunction construction, and innovative approaches like donor—acceptor systems and biocatalyst
integration. These modifications have enabled the effective conversion of a wide range of biomass feedstocks from
simple sugars to complex cellulose structures, reducing environmental risks associated with uncontrolled biomass
decomposition. However, challenges persist, including the scalability of synthesis techniques, the stability of
photocatalysts under operational conditions, and the effective conversion of structurally complex biomass
substrates.

Future research should focus on addressing these challenges to fully realize the potential of g-C3;N4
photocatalysts in practical applications. One of the most critical research directions is the development of
photocatalysts capable of simultaneously driving both oxidation and reduction reactions. Achieving this balance
is essential to maximize atom economy, improve overall energy efficiency, and expand the applicability in waste-
to-energy conversion and pollution mitigation. Moreover, designing g-C3;N, materials with tailored band structures
and active sites that facilitate synergistic half-reactions could significantly enhance performance. A major
challenge in biomass conversion is the efficient breakdown of complex macromolecular biomass such as cellulose
and lignin, which exhibit high recalcitrance and structural heterogeneity. Overcoming this limitation may require
modifying the surface properties and morphology of g-C3Ns to improve substrate interaction, introducing
functional groups to enhance catalytic selectivity, and engineering hierarchical porous structures to increase active
site accessibility. Future efforts should be directed towards developing scalable and environmentally friendly
synthesis methods, utilizing abundant and non-toxic elements for doping, and simplifying fabrication processes
that minimize environmental impact. Ensuring the stability and durability of g-CsN4 under operational conditions
is also crucial, which may involve designing robust structures or protective coatings to prevent degradation.
Additionally, advancing the understanding of photocatalytic mechanisms through sophisticated characterisation
techniques and theoretical modelling will guide the rational design of more efficient and selective catalysts.
Addressing these challenges will enable the development of more efficient, sustainable, and economically viable
biomass conversion technologies using g-C3;Ns-based photocatalysts, thereby contributing to clean energy
production, pollutant remediation, and global environmental sustainability.

Moving forward, more specialised catalyst designs and larger-scale testing will be essential to translate
laboratory successes into industrial applications. For instance, ribbon-like or fibrous g-CsN4 architectures could
simplify recovery in water purification processes by combining high surface areas with straightforward separation
methods. Scalable production strategies and techno-economic assessments are needed to confirm the feasibility of
these novel architectures at commercial scales. Furthermore, integrating advanced in situ diagnostic tools can
provide real-time insights into catalyst stability and performance, ensuring that oxidation and reduction reactions
are systematically optimized for practical applications. Although co-catalyst modifications have proven successful
in other photocatalytic fields (e.g., water splitting), their direct application to g-C3N4-based biomass conversion is
relatively unexplored. Tailoring co-catalyst strategies to specific biomass substrates may unlock new pathways for
improving selectivity and reaction efficiency, ultimately paving the way for high-performance g-C;Njs-based
biorefineries. By advancing material design, improving process scalability, and deepening the understanding of
reaction mechanisms, g-C3Ns-based photocatalysis can play a transformative role in sustainable energy production,
waste valorization, and environmental remediation.
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