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Once largely overlooked, selective photocatalysis has recently seen rapid development and now
includes several new applications. One of the most sought-after applications is the photocatalytic
oxidation of alcohols to their corresponding aldehydes. There is significant interest in the selective
production of compounds such as benzaldehyde, cinnamaldehyde, and vanillin using this technology,
among various other valuable components. This work examines common production methods and
alternative synthesis routes for aldehydes from their alcohols, focusing on g-CsN4-based photocatalytic
schemes. The discussion includes an analysis of g-CsN4 structures that have shown significant results in
the selective oxidation of alcohols and provides a critical review of the mechanism, highlighting the
importance of reporting quantum yields of the reaction. Literature data suggest that photocatalysis is a
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1. Introduction: the
aromatic aldehydes

importance of

Organic synthesis is a fundamental discipline of the modern
chemical industry, responsible for producing versatile feed-
stock molecules for numerous applications. These compounds
play a critical role as intermediates in the manufacture of end-
use products, contributing to technological advancement and
improving the quality of life for a growing population."™ In
modern chemistry, aldehydes have particular importance due
to their high reactivity, which stems from the presence of the

Pablo Jiménez-Calvo earned his
PhD in Materials Chemistry and
Physics from the University of
Strasbourg (2019) and completed
postdoctoral research at the
University of Paris-Saclay (2020)
and Max Planck Institute of
Colloids and Interfaces (2022).
He is a European Marie
Sktodowska-Curie ~ Postdoctoral
Fellow at Friedrich-Alexander-
Erlangen-Niirnberg,
Germany. His research concerns
photoelectrocatalysis, electrode
design, and device engineering, with emphasis on carbon nitride
interfaces for electrolyzers and photoreactors aimed at Solar-to-X
applications such as water splitting, CO, reduction, and ammonia
oxidation. He received the Rising Star of Materials Today Catalysis
award (2023) and was a finalist for the European Young Chemist
Award (2020).

Universitdt

P. Jiménez-Calvo

Rafael Rodriguez Solis is a pro-
fessor working in the Department
of Chemical Engineering at the
University of Granada (Spain). He
has a BSc, MSc and PhD in
Chemical Engineering from the
University of Extremadura (Spain).
His PhD was focused on Advanced
Oxidation Technologies based on
photocatalysis, ozone and per-
oxides for water treatment. He
performed a postdoctoral stay at
the University of Cincinnati (USA)
and then joined the Autonomous
University of Madrid. In 2021 he joined the University of Granada
where he researches novel materials with photocatalytic properties, and
the valorization of residues with energy and environmental
applications.

R. R. Solis

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

carbonyl functional group (C=O). This group features sp>
hybridization with a trigonal planar geometry, enabling dipolar
motion. Additionally, the polarized carbon-oxygen double
bond, resulting from the significant electronegativity difference
between the two atoms, makes the carbonyl carbon a strong
electrophile, prone to nucleophilic addition reactions.*™®
Aldehydes can be classified as aliphatic or aromatic. Alipha-
tic aldehydes are characterized by linear or branched carbon
chains, while aromatic aldehydes contain an aromatic ring in
their structure. The aromatic ring enhances intermolecular
interactions due to electron delocalization and inductive effects
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from substituents.®® These properties, coupled with their syn-
thetic diversity, make aldehydes highly valuable as raw materials
for high added-value product synthesis, such as dyes, pesticides,
pharmaceuticals, cleaning agents, flavorings, and fragrances.”™*

The broad range of applications of aromatic aldehydes has
garnered significant attention in the global market. In 2022, the
market for these compounds reached an estimated value of
$6.3 billion, with projections suggesting growth to $8.5 billion
by 2031, at a compound annual growth rate of 3.9%."> The most
widely used aromatic aldehydes in the industry are benzalde-
hyde, cinnamaldehyde, and vanillin. Benzaldehyde stands out
as the simplest aromatic aldehyde, consisting of a benzene ring
with a carbonyl substituent."® It is widely used with an annual
consumption of approximately 20 tons and a market price of
around $260 per kilogram.'* Cinnamaldehyde, which occurs
naturally as trans-cinnamaldehyde, has a chemical structure
comprising a phenyl group attached to an unsaturated
aldehyde."'® This aldehyde has gained interest in the world
market, reaching values of $189 million in 2021, in addition to
having a projection of $241.2 million in 2028."7 Meanwhile,
vanillin is one of the most widely used flavors globally. It has a
structure composed of a phenol substituted with an aldehyde
and a methoxy group.'® Market forecasts project that the global
vanillin market will reach $706 million by 2027, underscoring
its growing relevance across multiple industries."

Due to their recognized presence in the market, aldehydes
have been considered compounds of great interest over the years,
as they have applications in a wide range of fields, from food
additives, plastics, cosmetics, and fragrances to pharmaceuticals.
Consequently, both industry and the scientific community have
focused on different ways to produce these organic compounds.

2. Obtaining aromatic aldehydes: from
natural to catalytic schemes
To meet the aromatic aldehyde consumption, diverse processes

have been implemented to produce them from their alcohol or
acid derivatives, as summarized in Fig. 1. The most popular

Natural extraction

Chemical Production
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synthesis routes mainly include methodologies, such as direct
extraction of natural products or redox processes based on bioca-
talytic processes, microbial synthesis, and chemical production.

2.1. Natural extraction

Some aromatic aldehydes of interest are found in natural
extracts, for example, benzaldehyde, which is mainly present
in almonds. It is also in the seeds of some fruits, such as
apricots, peaches, and cherries. The hydrodistillation of peach
and cherry leaves has been stated as favourable to obtaining
benzaldehyde. Hence, under a temperature of 130 °C for 2 h,
the aldehyde yielded 95.5% and 99.7% for peach laurel and
cherry laurel, respectively. However, pilot-scale production has
become a challenge, as it has been documented that 200 to 300
kg of leaves are required to obtain just 1 kg of benzaldehyde.
This, in turn, makes industrial-scale production difficult.>®
Cinnamaldehyde is primarily extracted from the bark of the
evergreen aromatic trees of the Cinnamomum genus. The typical
procedure involves steam distillation, where a stream of steam
acts on the crushed cinnamon to release the essential oil,
obtaining a mixture of cinnamaldehyde and other compounds.
The oil is recovered from the mixture by condensation and
decantation, allowing the collection of an essential oil rich in
cinnamaldehyde.>"** Although this aldehyde is obtained natu-
rally, it presents difficulties since it is time-consuming and
energy-consuming, resulting in scarce yields. For instance, in a
study carried out by R. Yitbarek et al., oil was obtained by
employing the steam distillation method on 600 g of cinnamon
leaves in a time of ~175 min and an extraction temperature of
105 °C. Finally, the yield of cinnamon leaf essential oil was
2.9%, containing 34.6% of cinnamaldehyde. This data suggests
that the cinnamaldehyde extraction process is not yet ready to
be applied at an industrial level due to its economic disadvan-
tages. Alternatively, the cinnamaldehyde obtained by chemical
synthesis through the reaction between benzaldehyde and
acetaldehyde presents problems of unwanted parallel reactions
leading to derivatives and stereoisomers, which challenges the
purification of the targeted cinnamaldehyde.”® Vanillin is
obtained from the pods of Vanilla planifolia, a member of the

Biocatalytic Processes
29y
v ©
QK

Photocatalytic Synthesis

Aldehyde

Fig. 1 Schematic representation of alternatives to produce selectively high-added value aldehydes.
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orchid family. This process requires intensive labour because of
the crops’ low natural pollination rate. As a result, vanilla
represents only 1-2% (w/w) of the cured pods and supplies just
1% of the global vanillin market, with selling prices reaching
around $25 000 per kilogram.>* Natural extraction techniques
result in excessive consumption of plant material and pro-
longed production times, making product prices excessively
high and the natural production of vanillin unaffordable.

2.2. Biocatalytic processes

Biocatalysis involves two different approaches. Firstly, the de
novo synthesis approach under microbial action, which uses
natural or engineered organisms to metabolize simple sub-
strates, generates the desired final product. Secondly, the
biotransformation or bioconversion of substrates, where var-
ious enzymes convert the precursor to the product through one
or several steps.>® The biosynthesis of benzaldehyde occurs
under the action of enzymes such as phenylalanine ammonia-
lyase, which can generate cinnamic acid, subsequently trans-
formed into benzaldehyde via B-oxidative and non-B-oxidative
pathways, the latter being either dependent on coenzyme A (Co-
A) or not. The CoA-independent non-B-oxidative pathway gen-
erates benzaldehyde and glyoxylic acid from cinnamic acid
through the direct cleavage of its double bond by the dioxygen-
ase enzyme. Alternatively, the attack can occur at the double
bond of the branched chain of cinnamic acid, which undergoes
hydration to form 3-hydroxy-3-phenylpropanoic acid as an
intermediate, subsequently producing benzaldehyde and acet-
ate via a hydratase/lyase enzyme."

The biocatalytic method for cinnamaldehyde production
has not been extensively studied yet. A pathway for synthesizing
cinnamaldehyde studied by R. Zhang et al. involves the genera-
tion of cinnamyl alcohol, with cinnamaldehyde as an inter-
mediate. In this case, artificial biosynthetic pathways (in vitro
assays) are used, where the substrate (i-phenylalanine) is
treated with phenylalanine ammonia-lyase 2, producing cin-
namic acid. Finally, carboxylic acid reductase is used to convert
cinnamic acid into cinnamaldehyde.>® The biocatalytic synth-
esis of vanillin includes the use of a versatile enzyme called
feruloyl esterase obtained from microorganisms such as Asper-
gillus niger, to extract an intermediate like ferulic acid from
wheat bran. This reaction conducted in a packed column
reactor, followed by an adsorption step on Amberlite resin,
has reported 99.5% of vanillin using methanol as a reusable
eluent. However, the process is highly dependent on para-
meters such as enzyme load, reaction time, pH, and tempera-
ture to obtain a good amount of ferulic acid, the precursor of
vanillin, necessitating strict control of different parameters,
making the process economically unviable.?”

The biocatalytic processes belong to a developing field that
displays advantages such as the reduction of chemical solvents
and competitive selectivity toward the aldehyde. However, the
high costs of enzymes and external cofactors, the non-
reusability of enzymes, and the low stability of biocatalytic
intermediates when exposed to different temperature and pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions make this methodology difficult to apply in the
industry.*®

2.3. Microbial synthesis

The microbial synthesis of benzaldehyde is carried out by
various microbes such as Lactobacillus plantarum, Streptococcus
thermophilus, and L. helveticus, capable of producing phenyl-
methanal through amino acid catabolism.>® The method used
by Y. Takakura et al. for benzaldehyde production involves the
use of Escherichia coli to which four different enzymes are added,
such as r-amino acid deaminase, 4-hydroxymandelate synthase,
(Symandelate dehydrogenase, and benzoylformate decarboxy-
lase, using L-phenylalanine as the precursor source. This method
presents low yields due to the accumulation of intermediates
such as phenylpyruvic acid. The process has been enhanced by
modifying the 4-hydroxymandelate synthase from Actinoplanes
teichomycetus, obtaining a mutant that demonstrated 2.4 times
higher activity than the E. coli strain.*®

In a study conducted by H. B. Bang et al., cinnamaldehyde
was produced by designing Escherichia coli using three biosyn-
thetic enzymes, such as phenylalanine ammonia-lyase, 4-
coumarate: CoA ligase, and cinnamoyl-CoA reductase. Addition-
ally, in this study, the metabolic pathways of this microorganism
were modified to increase the intracellular accumulation of the
main substrate of cinnamaldehyde, which is r-phenylalanine.
The procedure was carried out in three steps involving enzy-
matic interference. The first step consists of the deamination of
t-phenylalanine into cinnamic acid by phenylalanine ammonia-
lyase, followed by the acid-thiol ligation of cinnamic acid to
cinnamoyl-CoA by 4-coumarate: CoA ligase, and finally, the
reduction of cinnamoyl-CoA to cinnamaldehyde by cinnamoyl-
CoA reductase.”

In a study conducted by F. Luziatelli et al. to obtain vanillin,
genetic engineering was used to optimize the E. coli strain and
make it more stable, integrating genes from Pseudomonas that
encode feruloyl-CoA synthetase and enoyl-CoA hydratase/aldo-
lase into the chromosome. These enzymes allow, in the first
step, the production of feruloyl-CoA mediated by feruloyl-CoA
synthetase and, in the second step, the conversion of this
compound into vanillin and acetyl-CoA by enoyl-CoA hydra-
tase/aldolase. To optimize the procedure, a fed-batch operation
mode was used in which ferulic acid was encapsulated and
released in a controlled manner. Additionally, an optimal
process temperature of 30 °C and a pH of 9 was established,
and resting cells were used, favouring substrate entry into the
cell and inhibiting endogenous enzymes responsible for vanillin
reduction.”>*" Some drawbacks of the microbial synthesis of
aldehydes include the bioaccumulation of intermediates and
the low genetic stability of microorganisms, preventing the
effective formation of the product of interest. To reduce process
failures, genetic engineering is currently under research, which
often requires complicated and expensive procedures. Addition-
ally, sometimes it is difficult to maintain the genetic modifica-
tions over time, making the application of this methodology at
an industrial scale challenging.

Mater. Adv,, 2025, 6, 3760-3784 | 3763
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2.4. Chemical production

Most benzaldehyde production worldwide takes place through
the oxidation of toluene with air, either in the vapour or liquid
phase. This process, which requires high temperature and pres-
sure conditions, employs metal-based catalysts. However, it yields
low selectivity and efficiency due to the formation of multiple
byproducts.*” Additionally, several studies indicate that other
commonly used methods, such as the hydrolysis of benzyl chlor-
ide, tend to generate chlorine-containing waste. Cinnamaldehyde
is commonly synthesized through the Perkin reaction, which
requires an aldol addition using benzaldehyde and acetaldehyde
under alkaline conditions at room temperature. The reaction is
conducted in the presence of a polyethylene glycol-based ion
exchange resin catalyst, yielding efficiencies between 75% and
85%.%*** The predominant method for industrial vanillin synthesis,
accounting for 85% of global production, is oxidative decarboxyla-
tion. The process includes two steps: (I) the reaction of guaiacol with
glyoxylic acid, starting with base-promoted condensation, followed
by (II) the oxidative decarboxylation of vanillylmandelic acid to
vanillin, catalyzed by Cu** in an alkaline medium at 80-130 °C.
The vanillin is then purified by vacuum distillation and
recrystallization.>® Another approach is the alkaline aerobic oxida-
tion of Kraft or sulfonated lignin, a macromolecule found in woody
biomass. Several parameters have been studied in this reaction,
such as temperature, oxygen pressure, and NaOH concentration.*®
For example, Y. Zhu et al. reported a maximum vanillin yield of 21%
under 160 °C, 1 h, 7.5 wt% NaOH, and 1 MPa O,.*” This oxidation
process is followed by precipitation using an acid, which generates
undesired byproducts, imposing solvent-based extraction. A study
by A. Kaufmann et al. evaluated the effect of various solvents, such
as esters, ethers, terpenes, and terpenoids, achieving a 95% extrac-
tion efficiency with butyl acetate at either 25 °C or 50 °C.*®

The aldehyde industry has leaned toward chemical produc-
tion due to its economic advantages for large-scale enterprises. A
striking example is natural vanillin, which sells at $25 000 per kg,
compared to synthetic vanillin at $15 per kg. This stark difference
has limited natural vanillin extraction to less than 1% of the
16000 tons sold annually.>® While chemical methods provide
significant utility for aldehyde synthesis, they face challenges
such as racemic product generation, demanding purification
processes, hazardous intermediates handling, and certain envir-
onmental concerns. In response, efforts have focused on devel-
oping more versatile and sustainable processes aligned with
market demands and green chemistry. A promising advancement
is the selective photocatalytic oxidation of alcohols, which aligns
with green chemistry principles and offers an alternative to
conventional approaches.*’

2.5. Photocatalytic synthesis

In recent years, heterogeneous photocatalysis has garnered
significant attention for addressing environmental and energy
challenges. This technology offers attractive operating condi-
tions, including the application of light to drive chemical
reactions, under room or mild temperatures and pressures,
and reduced use of chemical reagents.*'™*
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Photocatalysis operates on the principle that when a semi-
conductor is irradiated with a photon of energy equal to or
greater than the bandgap (E,), typically below 3.0 eV,*® it
generates a charge pair consisting of an excited electron (e")
and a positive hole (h*).*” These charge carriers can dissociate
and migrate to the catalyst’s surface, where they may drive redox
reactions. However, some excitons undergo undesirable recom-
bination, either in the bulk or on the surface, reducing
efficiency.® The process relies on semiconductor materials with
distinct valence and conduction bands, where the energy gap
between them determines the photocatalytic activity.**™"
Although this mechanism has been successfully evaluated for
selective photocatalytic oxidation of alcohols, offering an intri-
guing alternative for aldehyde production, challenges persist.>*
These include unfavourable semiconductor band positioning,
which shortens the lifetime of e~ and h', leading to charge
recombination. During recombination, excited electrons quickly
return to the valence band, reducing the formation of reactive
species and hindering selective reactions. Addressing this issue
requires strategies such as photogenerated charge trapping or
defect engineering to develop photocatalysts that mitigate
recombination and possess a bandgap that effectively absorbs
photons to drive desirable chemical transformations.*>>*>

To date, photocatalytic systems composed mainly of metal
oxides, ferrites, metal-organic frameworks (MOFs), and sulfur
compounds (CdS and MoS,), among others, have been predomi-
nantly employed. These materials have different energy bands
and bandgap widths,*® which gives them interesting electronic
and photocatalytic properties, see Fig. 2. A widely studied arche-
typical metal oxide is titanium dioxide (TiO,),>” a benchmark
semiconductor due to its high thermal and chemical stability,
great availability, and large-scale synthetic process.”®>°

The photocatalytic activity of TiO, has been largely explored.
For example, in a study conducted by X. Lang et al., TiO, was
used with peroxo species laterally anchored and loaded with
small amounts of Brgnsted-Lowry acids on the surface. Upon
irradiation, this system weakens the O-O bonds, and through the
O, transfer pathway, generates oxidizing species of interest, such
as superoxide radicals, resulting in improved catalytic activity
without affecting selectivity.”” Similarly, C. Xu et al. employed
carbide/titanium dioxide nanowire (Ti;C,/TiO,) photocatalysts
for the selective oxidation of aromatic alcohols, achieving benzyl
alcohol conversions of 92%, attributed to the introduction of
carbide, which in turn contributes to the reduction of the
bandgap and improves light absorption. Additionally, charge
separation is enhanced due to the Schottky barrier between
Ti;C, and TiO, nanowires.®® C. M. Crombie et al. used bimetallic
(Pd-Fe) catalysts supported on TiO, for the synthesis of benzal-
dehyde, where H,0, was generated in situ from molecular H, and
0,, obtaining alcohol oxidation rates higher than those observed
in materials composed of Pd-Au or Pd.®" However, this material
presents some difficulties related to the bandgap, which reaches
a value of 3.2 eV,*>®? limiting the material’s activity to only under
ultraviolet light, resulting in low reaction efficiency and selectiv-
ity, and it does not act alone with molecular oxygen, suggesting
that this type of catalyst has limited catalytic activity.®***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Band alignment of different semiconductors. Reproduced with permission from ref. 56.

Meanwhile, H. Li et al. have worked with other semiconduc-
tors such as BiOCl, which has been modified with Au and used
for the oxidation of benzyl alcohol, under O, as the electron
acceptor. This material proved to be effective as it contains
oxygen vacancies that allow electron capture and transfer. This,
in turn, facilitates interaction with adsorbed oxygen, generating
superoxide radicals (0,*).°> WO; has also been widely studied.
For instance, a study conducted by O. Tomita et al. includes the
use of this catalyst loaded with PdO, as a co-catalyst, reporting a
selectivity of 80%, improved values compared to catalysts such as
platinum supported on tungsten trioxide, and palladium and
platinum supported on titanium dioxide (Pt/WOj3, Pd/TiO, and
Pt/TiO,). The study reveals a particular advantage in containing
molecular O,, offering the opportunity to function in aqueous
environments. The use of ferrites in the oxidation of alcohols to
aldehydes has been studied by X. Zhu et al., where they synthe-
sized copper ferrite (CuFe,0,) nanoparticles stable to oxygen and
easily reusable due to their magnetic properties. Ferrites were
particularly attractive due to their ability to act in an aqueous
medium, without requiring the addition of any base, ligand, or
additive.®® A study conducted by S. Gyu Lee et al. includes the
synthesis of CdS-based materials, modified with Au and S for the
photocatalytic oxidation of benzyl alcohol. The catalysts were
prepared through a cation exchange procedure, and a selectivity
of 99% was obtained, influenced by the exchanged cationic
species and their improved transfer of photogenerated electrons
and holes.®”

Other materials such as MOFs have been used. For example,
W. Jumpathong et al. started with iron acetylacetonate to
incorporate iron into the Zr node of MOF-808, performing an
exchange of the -OH group in the Zr node and the acetylace-
tonate ligand, obtaining a metal-organic framework based on
iron (Fe-MOF-808) for the oxidation of benzyl alcohol. Finally,
conversions and selectivity of 99% and 96%, respectively, were
obtained, which are high values compared to those of materials

© 2025 The Author(s). Published by the Royal Society of Chemistry

such as metal-organic frameworks based on iron, derived from
Ui0-66 (Fe-Ui0-66).°%%°

The use of metal semiconductors other than TiO, presents
difficulties. These materials require meticulous control during
synthesis to generate vacancies in the crystal structure and
obtain the necessary morphologies. Additionally, synthesis
requires the use of pricey metallic reagents. Similarly, metal-
organic frameworks (MOFs) face difficulties related to cycles of
reuse, as they are prone to leaching of their metallic species.
This hinders the development of effective photocatalytic and
quantum reactions, significantly obstructing their practical
applications. Therefore, there is an urgent need for a more
robust alternative photocatalytic system. In this context, graphi-
tic carbon nitride g-C;N, emerges as a promising option since it
represents a metal-free photocatalyst that can be prepared from
abundant natural resources such as melamine or urea.*

3. Carbon nitride: a non-metal
semiconductor

Graphitic carbon nitride (g-C;N,) is one example of the earliest
known polymers, typically featuring a stoichiometric composition
of 3C:4N, with sp>bonded nitrogen forming aromatic ring
structures.”®’ It was first synthesized in 1834 by Jéns Jacob
Berzelius and Justus Von Liebig, who named it “melon”. The
approximate elemental composition was defined by a stoichio-
metric ratio between carbon and nitrogen 3 :4.”>”* In the 1980s,
¢-C3N, gained importance after a theoretical article was pub-
lished proposing the hypothesis that cubic carbon nitride could
contain a solid structure, like or superior to that of diamond.
Therefore, during this decade, efforts were focused on obtaining
this ordered solid, but this objective was not achieved.”* Conse-
quently, the study took another direction, focusing on the synth-
esis of carbon nitrides (C,N,H,).”* Subsequently, a study based on
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computational simulations, conducted by Liu and Cohen,
demonstrated the existence of five different phases of carbon
nitride, focusing on a graphitic phase, which they identified as
one of the most stable allotropes under ambient conditions.”® In
the mid-2000s, g-C;N, began to be used in the field of hetero-
geneous catalysis, and later, Lotsch et al. experimentally dis-
covered the exact structure of melon, describing it as melamine
(tri-s-triazine) monomers with NH bridges linked with hydrogen
in a zigzag geometry, naming it polymeric carbon nitride
(PCN).””"7® It was not until 2009 that a polymeric photocatalyst
study conducted by Wang et al. made a breakthrough in the
field. Thermally polymerized g-C;N, undergoes water-splitting
half reactions under visible light in the presence of sacrificial
agents. Since then, there has been an increase in the number of
articles globally containing the keywords metal-free and inor-
ganic conjugated polymers.”””®

g-C3N, is employed in photocatalytic processes due to its
remarkable thermal, optical, electrical, structural, and chemical
properties. Its unique electronic structure gives it excellent ther-
mal stability, withstanding temperatures up to 600 °C. This
material possesses outstanding optoelectronic properties, related
to its medium optical band gap value estimated at 2.7 eV and its
valence and conduction band potentials of +1.6 eV and —1.1 eV
vs. normal hydrogen electrode (NHE), respectively. These values
make the material sensitive to visible light, specifically at a
wavelength lower than 460 nm, allowing catalytic activity to be
achieved with lower energy input.””"*

The morphology of g-C;N, can be tuned, allowing the
formation of nanosheets, nanotubes, and quantum dot nano-
structures. Additionally, this material can be synthesized
through simple and low-cost methods, starting from abundant
carbon- and nitrogen-rich precursors. This reduces synthesis
costs and, being metal-free, ensures its benign decomposition,
making it environmentally friendly and biocompatible.**%*

g-C3N, has emerged as a highly versatile material capable of
addressing critical challenges in chemical transformation, the
development of environmentally friendly processes, and advan-
cing sustainability goals. Its unique properties, including a tun-
able electronic structure, high chemical stability, and metal-free
composition, make it particularly attractive for a wide range of
applications. As a photocatalytic material, g-C3N, has gained vast

Fig. 3
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attention due to its ability to harness solar energy for processes
such as water splitting, CO, reduction, N, fixation, and pollutant
degradation. In fact, the number of publications involving it has
risen exponentially to over ten thousand articles in the last
decade, reflecting substantial progress in understanding and
optimizing its photocatalytic behaviour. This growing body of
research highlights g-C;N,’s potential to drive innovations in
renewable energy, environmental remediation, and sustainable
chemical production, making it a key material for addressing
global energy and environmental challenges.

3.1. Structural properties

g-C3N, is a polymeric material containing sp>-hybridized carbon
and nitrogen atoms with covalent bonds organized in a flat
pseudohexagonal network. This structure comprises trigonal
planar geometry and the formation of delocalized n-n bonds,
endowing it with favourable electrical conductivity and optical
characteristics.®® This polymer is of great interest due to its
graphite-like layered structure. Each layer is composed of build-
ing blocks, either s-triazine (C;N3) or tris-s-triazine (C¢N;) units
or even a mixture of them, see Fig. 3. Tri-s-triazine, also known
as heptazine, is the most stable phase at room temperature.
Intraplanar, these units are linked by tertiary amines, while the
layers are held together by van der Waals forces, forming a
three-dimensional porous structure like a honeycomb. Graphi-
tic carbon nitride comprises interlayer distances ranging from
0.315 nm to 0.335 nm, facilitating the homogeneous insertion
of various chemical compounds on its surface.**® Although
this material possesses unique properties, it still presents some
disadvantages that limit its efficiency in the photoproduction of
aldehydes, such as its low surface area and high charge recom-
bination rate. Therefore, modifications are necessary to opti-
mize its characteristics. The strategies include various methods
such as heterojunction construction, morphology control, func-
tionalization, and defect creation.

3.2. Modifications of graphitic carbon nitride

3.2.1. Heterojunction formation. Heterojunctions, refer-
ring to interfaces between two distinct semiconductors, are
versatile hybrid materials widely used in photo- and electro-
catalysis. They enable control of charge carrier direction,

NZ N N N7 °N° °N
WS W PN
T SNT N N~ °N

(A) Triazine and (B) tri-s-triazine (heptazine) structures of g-CszN,4. Reproduced with permission from ref. 77.
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regulate electron transport, influence surface physical processes,
manage interfacial transport dynamics, and direct electron move-
ment at the boundaries.®® Engineering a heterointerface involves
coupling a medium or small bandgap material with a wide-
bandgap semiconductor. Photocatalysts composed of two or
more 2D materials are highly promising for enhancing the
separation of photogenerated charge carriers and broadening
light absorption into the visible range. This hybrid design
improves charge transfer efficiency, reducing recombination
losses and increasing photocatalytic performance. In Fig. 4, two
common heterojunctions are Type I and II. In Type I, both charge
carriers from the wide band gap semiconductor are injected into
the narrow band gap semiconductor. In contrast, in Type II,
electrons are transferred from the narrow band gap semiconduc-
tor to the conduction band of the wide band gap semiconductor,
while holes move in the opposite direction, from the wide band
gap semiconductor to the medium band gap semiconductor. An
additional charge transport mechanism, known as the Z-scheme,
has gained popularity due to the electron transfer from the
conduction band edge to the valence band edge of the medium
band gap semiconductor.®” %

This approach provides key advantages, such as enabling
photosensitization by extending the light absorption of the
wide-bandgap semiconductor into the visible range and enhan-
cing charge transfer kinetics. g-C3N, is characterized by form-
ing heterojunctions with other semiconductors through non-
covalent bonds. The development of these strategies results in
improved energy bands, charge separation, and energy level
modification, obtaining materials with excellent redox proper-
ties. A study conducted by Z. Tong et al. describes the formation
of an isotopic tubular g-C3;N, heterojunction through a two-step
synthesis that includes a hydrothermal process (molecular self-
assembly) followed by calcination. The procedure begins with
the hydrothermal treatment of melamine and cyanuric acid,
with the set of hexagonal prismatic crystals. In the second step,
it is calcined to finally form the tubular g-C;N, heterojunction.
The results show that the heterojunction design improved the
transfer of photogenerated electrons and holes, resulting in
better performance.”®

In another study, Q. Shi et al., prepared covalent heterojunc-
tions in the form of hierarchical microflowers of g-C;N,/
TiO,(B), denoted as CNT-x (where x represents the nominal
mass percentage of g-C;N,). These materials were synthesized

Type I

Type I
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using an in situ hydrothermal exfoliation and assembly method,
as shown in Fig. 5A, and were employed for the photooxidation
of benzyl alcohol under visible light. The results demonstrated
improved catalytic activity, attributed to excellent charge separa-
tion, which favoured the selective formation of benzaldehyde
without additional byproducts. The conversion of benzyl alcohol
after 3 hours with pristine TiO, was negligible, while g-C;N,
achieved 12%. In contrast, the CNT-x compounds showed
significantly superior performance, achieving a maximum con-
version of 100% in the CNT-0.14 sample.”*

The formation of heterojunctions through non-covalent
interactions was studied by C. Li et al., where graphitic carbon
nitride/bismuth oxybromide (g-C;N,/Bi,OsBr,) was synthesized
using a microwave-assisted method (see Fig. 5B), resulting in a
Z-scheme heterojunction held together by weak van der Waals
interactions. This material demonstrated great potential in the
selective photocatalytic conversion of benzyl alcohol, achieving
reaction rates 9.2 and 5.3 times higher than those observed for
pure g-C3N, and Bi,OsBr,, respectively. Additionally, a max-
imum selectivity of 99% was achieved. The radical formation
mechanism was investigated through electron spin resonance
and radical quenching, showing that the main reactive species
involved in the alcohol oxidation reaction were superoxide
radicals (O,* ") and holes (h*).>

3.2.2. Morphology control. Morphological modification is
carried out to enhance the photocatalytic properties of materi-
als by offering higher surface areas, a greater number of active
sites, improved water dispersibility, and an enhanced bandgap.
Morphological modifications are based on structural control,
see Fig. 6, commonly including the synthesis of quantum dots,
nanotubes, nanosheets, and nanospheres, among others.”

Quantum dots are structures with sizes smaller than 10 nm.
In recent years, they have been implemented due to their mor-
phology, which allows for effective performance in various photo-
catalytic applications. These tiny particles can efficiently absorb
light and easily generate electron-hole pairs. Additionally, their
high specific surface area maximizes the availability of active sites
for chemical reactions.’ In a study conducted by R. Bayan et al,
oxygenated graphitic carbon nitride quantum dots were synthe-
sized, supported on bio-based, metal-free hyperbranched polyur-
ethane. This material was used as a bifunctional catalyst in
organic transformations such as the oxidation of benzyl alcohol
to benzaldehydes and the reduction of benzaldehydes to benzyl

»
Schottky
barrier

Z-Scheme Schottky junction

Fig. 4 Scheme of four different possibilities when coupling medium and large band gap SCs. Heterojunctions type | and Il, Z-scheme dynamics, and

Schottky junction. Reproduced with permission from ref. 88.
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g-C;N,/Bi,OBr,

(A) Schematic synthesis procedure of the gCzN4/TiO,(B) covalent heterojunction, reproduced with permission from ref. 91, and (B) the g-C3N4/

92.

alcohol. The synthesized material demonstrated improved photo-
catalytic performance, achieving up to 90% productivity in both
reactions under sunlight. Besides its enhanced catalytic activity,
the photocatalyst proved to be attractive due to its reusability in
multiple cycles, promoting sustainable and environmentally
friendly processes.”

Furthermore, the formation of g-C;N, nanotubes leads to
hollow structures that offer unique advantages, such as
increased light absorption and scattering capacity, as well as
a lower recombination rate of photogenerated electron-hole
pairs. These structures can be obtained by hard-template, soft-
template, and self-template methods.’® For example, in a study
carried out by Y. Ding et al., a heterojunction was synthesized
between g-C;N, nanotubes and Cs;Bi,Br, nanoparticles (CBB-
NP@-tube-CN) for the selective oxidation of benzyl alcohol. The
material synthesis procedure involved hydrothermal treatment,
calcination, and the incorporation of Cs;Bi,Bre (CBB) into the
g-C3N, nanotubes, as shown in Fig. 7A. The tubular morphol-
ogy, with abundant pores in the walls, was confirmed through
TEM, SEM, and HAADF-STEM imaging, as illustrated in
Fig. 7B-E. The optimized heterojunction, containing 15 wt%
CBB, demonstrated high photo-oxidation potential, a Z-scheme
charge migration pathway, and structural advantages that
resulted in accelerated kinetics. This enabled a benzyl alcohol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Schematic diagram for the synthesis of the CBB-NP@P-tube-CN composite. (B) SEM, and (C) and (D) TEM and HAADF-STEM images of the

tube-CN sample. (E) TEM image. Reproduced with permission from ref. 97.

conversion rate of 19, 14, and 3 times higher than that of g-C;N,
nanotubes, CBB, and CBB with g-C;N,, respectively.97

The formation of two-dimensional nanosheets is a strategy
of particular interest as it generates materials with high specific
areas, superior electronic mobility, and the creation of a greater
number of active surface sites, resulting in improved photo-
catalytic performance.”® In a study conducted by W. Zhang
et al., porous g-C3;N, nanosheets (PCNS) were synthesized by
thermal polymerization followed by thermal oxidation etching.
The obtained PCNS presented an average pore diameter of
24.3 nm and a thickness of approximately 5 nm. The synthe-
sized materials showed high surface areas and excellent separation
of photogenerated charge carriers. The material was evaluated in
benzaldehyde production, and it was observed that PCNS acceler-
ated the conversion of alcohol to aldehyde, obtaining an almost
quantitative yield of 99% of benzaldehyde in 12 hours. PCNS was
then compared with pure g-C;N,, and it was found that the latter
material is usually less effective in terms of conversion, obtaining
conversions close to 50% of benzyl alcohol.”®

Similarly, X. Li et al. synthesized a heterostructure composed
of lanthanum vanadate and g-C3N, nanosheets (LavO,/CN) by a
two-step process, including a calcination and hydrothermal
method. These heterostructures were used as bifunctional mate-
rials in the photocatalytic evolution of H, and the production of
furfural from biomass-derived furfuryl alcohol, see Fig. 8A. The
latter reaction was carried out to consume the h' present in the
photocatalytic system and thus avoid the rapid recombination of
the induced photocarriers, which tends to disrupt the effective
conversion of solar energy to hydrogen.'® According to the
obtained results, it could be observed that the LavO,/CN hetero-
junction achieved a three times higher H, evolution rate
(0.287 mmol ¢~ ' h™") and a higher furfural production rate
(0.95 mmol g~ h™") than that of pure graphitic carbon nitride
(CN). Finally, an apparent quantum efficiency (AQE) of H, evolu-
tion of 22.16% irradiated at 400 nm was obtained."*

The formation of spheres has also reported excellent perfor-
mance. The structural arrangement of the spheres fully exposes
the active sites on the semiconductor surface, shortens the
electron transfer distance, and eventually improves light utili-
zation efficiency, allowing incident light to be reflected and

© 2025 The Author(s). Published by the Royal Society of Chemistry

refracted multiple times within the sphere. For example, in a
study conducted by G. Sun et al., a bifunctional photocatalyst
composed of g-C3;N, nanospheres, on which cadmium zinc
sulfide (CdZnS) quantum dots were deposited, was employed,
resulting in an inorganic-polymeric S-scheme structure. This
material was used for H, evolution and furfural production.
The results showed that the H, evolution rate improved and the
conversion of furfuryl alcohol increased to 84.2%. The S-
scheme heterojunction was confirmed by electron paramag-
netic resonance (EPR) and theoretical calculations (DFT), high-
lighting advantages such as charge separation and enhanced
redox capacity of the carrier.' 1In another study,
F. Zhang et al. developed similar morphological structures,
synthesizing hierarchical mesoporous spheres of g-C;N, doped
with phosphorus and sulfur. The sulfur-doped spheres offered
notable advantages due to their bifunctionality, see Fig. 8B,
facilitating the simultaneous production of hydrogen and
benzaldehyde. This material achieved a hydrogen production
rate 13.2 times higher than pure g-C;N, and a benzaldehyde
production rate of 3.87 umol h™". These properties significantly
stand out compared to non-doped materials, making them an
ideal combination for H, generation and the chemical produc-
tion of high-value-added organic compounds.'®*

3.2.3. Functionalization. Functionalization involves func-
tional group insertion into the structure of graphitic carbon
nitride through the creation of covalent bonds by carrying out
oxidation/carboxylation reactions, amidation, and polymer
grafting, among others. Additionally, a non-covalent bonding
approach is used, which consists of physical and intermolecular
interactions such as electrostatic interactions, van der Waals
interactions, and n-n interactions. The creation of bonds with
functional groups enhances photocatalytic performance,
increases the number of active sites, and modulates the trans-
port of photogenerated charge carriers.'®*

Oxidation reactions are carried out to introduce oxygen func-
tional groups. This procedure is performed using oxidants that
react with g-C;N,. Common oxidants include NaOH, oxalic acid,
CrO;3, K,CrO,, H,SO,, and HNO;. This strategy was employed by
G. Dong et al, where oxygen-functionalized graphitic carbon
nitride was obtained using H,O,, which proved effective in anoxic

Mater. Adv., 2025, 6, 3760-3784 | 3769
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photo-oxidation, increasing its mineralization and contaminant
degradation constants by approximately 18 and 7 times under
visible light, respectively.'®*

The incorporation of functional groups other than oxygen has
proven to be a promising strategy to improve charge separation.
The inclusion of -SO;H conducted by Quintana et al. into g-C3N,
prepared from melamine calcination with chlorosulfonic acid
improved the kinetics of benzyl alcohol oxidation in aqueous
solution and boosted the selectivity toward benzaldehyde. Term-
inal sulfonic groups were anchored to N, positions, leading to
better separation of photogenerated charges and a minor recom-
bination rate.'*?

Amide functionalization is achieved by amidation reactions on
the surface of graphitic carbon nitride through an amide bond
(NNH-C=O0). A study conducted by S. Zhao et al. demonstrated
the covalent bonding between graphitic carbon nitride nanosheets
and carbon nanotubes through the amidation reaction. This
functionalization showed efficient catalytic performance for the
photocatalytic production of H,O, in the presence of formic acid
under visible light."® The non-covalent interaction technique is an
attractive approach due to its accessibility and ease of forming

3770 | Mater. Adv., 2025, 6, 3760-3784

physical bonds and weak molecular interactions. Therefore, it is
widely used to functionalize g-C3;N,. A study conducted by E. Da
Silva et al. reported the synthesis of porphyrin-sensitized carbon
nitride through impregnation via non-covalent interactions, to be
evaluated in hydrogen generation from water splitting. Different
types of porphyrins with various carboxyl substituents and por-
phyrin positions on the periphery were used to observe the
influence of these parameters on the photocatalytic H, production
performance. As a result, the best performance was obtained with
the meso-tetrakis(meta-carboxyphenyl)porphyrin (mTCPP) hybrids,
generating 326 and 48.4 umol of H, under 6 hours of UV-vis and
visible light irradiation, respectively.'®”

3.2.4. Defect engineering. This technique is considered
highly relevant for adjusting the electronic and morphological
structure to achieve improved photocatalytic properties. Defect
engineering is classified into different categories, including
point, line, and bulk defects. Point defects are most frequently
used and include the creation of atomic vacancies, defect
clusters, interstitial sites, and atomic substitutions. Vacancy
defects are generated by the absence of C, N, H atoms, amino
groups, cyano, or cyanamide from the original g-C3N, structure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This strategy tends to improve the specific surface area of the
material, allowing the formation of active or adsorption sites to
enhance catalytic activity.'%®

In a study conducted by X. Bao et al., g-C;N, with nitrogen
vacancies and a KOH mass of y: 1, 5, 7 or 10 mg (CN,_,), was
synthesized and its performance in the photocatalytic oxidation
of benzyl alcohol was evaluated. Theoretical and experimental
results demonstrated that the presence of nitrogen vacancies
(NV) promotes the formation of electron traps, which facilitates
the adsorption and activation of benzyl alcohol. Additionally,
the hypothesis was confirmed that O,, essential for the for-
mation of more selective radicals such as superoxide, are
adsorbed at the NV sites. For this purpose, Pd/CN, 5 was
prepared using the photoreduction method, where Pd particles
were selectively deposited at the NV sites. The results showed
that the Pd-modified material significantly inhibited photoca-
talytic performance, achieving conversions that were twice as
low as the CN,_s sample."® Similarly, a study conducted by
J. Goclon et al. investigated the influence of nitrogen vacancies
on the selective oxidation of aromatic alcohols using materials
with and without defects. The DFT method was used to under-
stand the nature of the active sites, the structures of the
intermediates, and the transition states. The results showed
that the existence of vacancies favoured the initial interaction
of alcohol and oxygen molecules with the surface through the
formation of covalent bonds. Additionally, it was found that
vacancy defects narrowed the band gap and thus improved the
production of photogenerated charge carriers. In the case of the
defective material, the surface interaction with O, and *OOH
occurred through covalent bonds, while in defect-free g-C3N,
these interactions were limited to van der Waals forces on the
surface. A transition state barrier value of 1.65 eV was obtained
for defect-free g-C3N,, approximately 1 eV higher than the sample
with nitrogen vacancies, indicating that the defective catalyst
facilitates the formation of benzaldehyde more efficiently.**

Clusters are the aggregation of defects, especially when the
chemical agent used tends to form aggregates rather than being
homogeneously distributed across the graphitic layers. In a
study conducted by K. Trivedi et al., a ternary heterojunction of
reduced graphene oxide functionalized with graphitic carbon
nitride and deposited bismuth vanadate (B/CN@rGO) was
synthesized for the selective photo-oxidation of benzyl alcohol
driven by visible light and an eco-friendly oxidant like H,0,.
High-resolution transmission electron microscopy (HR-TEM)
revealed the formation of BiVO, clusters, which were crucial for
achieving 100% selectivity towards benzaldehyde. This catalyst
demonstrated excellent thermal stability and could be reused
for more than five cycles without affecting the selectivity of the
product."™" A study conducted by S. Hu et al reports on
the anchorage of phosphorus through substitutions and mod-
ifications at interstitial sites in g-C3N, using diammonium
hydrogen phosphate and dicyandiamide and ionic liquid
(BMIM-PF6) as precursors. The material was evaluated for the
oxidation of Rhodamine B under visible light, and it was found
that the material modified at the interstitial sites was more
effective if compared to the substitutionally modified material."*>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Five substitutional sites and two interstitial sites in tri-s-triazine-
based g-CsN4. Reproduced with permission from ref. 113.

These types of strategies could also be suitable for developing
systems aimed at the selective production of aldehydes.

The formation of interstitial sites involves the introduction
of atoms into the spaces between the atoms of the original
lattice, creating lattice strains and additional energy states,
which result in the modification of charge movement. As
schematized in Fig. 9, the two possible interstitial sites where
the modification of graphitic carbon nitride based on tri-s-
triazine could be made are shown. Moreover, atomic substitu-
tions occur when an atom in the crystal lattice is replaced,
driven by the difference in ion size or charge, which in turn
generates deformations in the crystal lattice and modifies the
charge distribution. As stated in Fig. 9, the five possible
substitution sites in the structure of graphitic carbon nitride
based on tri-s-triazine are shown, labelled as N1, N2, N3, C1,
and C2.

3.2.5. Elemental doping. This strategy is one of the most
widely used and is effective in modifying electronic, optical,
and physicochemical properties by incorporating metallic or
non-metallic elements into the g-C;N, network. Graphitic car-
bon nitride has several characteristics that make it attractive for
elemental doping, one of which is its nature as an n-type
semiconductor, which gives it ease of donating electrons and
excellent electrical conductivity, allowing for easy anchoring to
various atoms. Additionally, its layered structure facilitates
homogeneous doping, allowing for easy adjustment of the
energy band by modulating the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO).""*'*> Non-metal elements with similar size and elec-
tronegativity to C and N have been successfully used to dope the
structure utilizing the exchange of the doping agent in certain
positions of the graphitic structure.

Surface oxygenation has been shown to reduce photocatalytic
activity in terms of alcohol conversion, but to increase selectivity
toward aldehyde production. In this sense, Marcl et al. reported
this behaviour when treating g-C3N, with H,0, during hydro-
thermal synthesis evidenced by a poor mobility of carriers.'*®
Boron has been largely used as a dopant agent in graphitic
carbon formulas. For instance, K,B,0,-4H,0O and KBH, were
used as boron precursors to modify the g-C;N, structure by Lou
et al.'"’ The better production of benzaldehyde reported by
these authors was attributed not only to boron linked to the
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sp” N positions but also to the nitrogen vacancies formed on the
surface after doping. In another study with B doping published by
Quintana et al., B-induced defects exchanging C and N positions of
2-C;N, depending on the nature of the B precursor.''® Thus, the
elemental B had a preference to exchange positions with N atoms,
whereas the use of NaBH, prefers the insertion of B into the C
positions. This difference significantly affected the photo-
catalytic activity during the selective oxidation of benzyl alcohol,
with the latter showing the highest effectiveness. The S doping
also has reported beneficial results. The modification with
Na,S,0; of g-C;N, formulas suggests a better charge separation
of the photogenerated charges after S incorporation in N,¢ posi-
tions, minimizing the recombination rate of photogenerated
charges.'*®

3.2.5.1. Metal doping. Metal doping involves the inclusion of
metal atoms into the lattice to serve as novel active catalytic
sites, which modifies the charge distribution on the surface of
g-C3N, and creates two possible energy levels: one where donor
levels are formed and another where acceptor levels are formed.
These changes improve the mobility of charge carriers and
reduce the band gap. This results in enhanced light absorption
capacity, increased adsorption of reactants on the surface, and
reduced recombination of photogenerated charges.'*® Metal
doping of g-C3N, can be carried out through various processes,
such as photo-deposition, hydrothermal treatments, chemical
reduction approaches, and high-temperature condensation of
individual molecule precursors or inorganic metal salts.">" The
metals used for doping include transition metals, rare earth
metals, alkali metals, and alkaline earth metals, such as iron,
zine, ruthenium, cobalt, nickel, titanium, and copper.'**

“”*
¥y
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Within metal doping, transition metals and rare earth
metals stand out due to their strong interaction with g-C;Nj,.
Rare earth metals are of particular interest because they pos-
sess unoccupied 4s and 5s orbitals, which can act as electron
capture centres, allowing control over the formation of highly
reactive radicals that negatively impact the reaction. Doping
with transition and rare earth metals results in reduced band
gaps and a red-shifted absorption edge.'* The use of transition
metals was developed by ]J. Gao et al., with Fe-doped g-C3N,
nanosheets through a one-step synthesis procedure. In this
process, NH,Cl was used as a dynamic gas template and FeCl;
as the iron source, as shown in Fig. 10. The incorporation of
Fe®* was achieved through the formation of bonds with N
atoms, resulting in better visible light absorption and a reduced
band gap. A specific surface area of 236.5 m® g~ ! was achieved,
a value 2.5 times greater than that of g-C;N, nanosheets. As a
result, higher catalytic performance was achieved with the
sample modified with 0.5 wt% FeCl;, capable of splitting water
under visible light."**

However, M. Ismael performed Ni doping of g-C;N, assisted
by ultrasound in a single step, intending to improve the photo-
catalytic hydrogen evolution. Different doping percentages with
Ni (1.5-20%) were applied, using nickel acetate as the precursor.
An improvement in catalytic activity was observed for the sample
modified with 2.4 wt% Ni, resulting in greater visible light
absorption and enhanced charge transfer.'*® A recent study by
Juan Carlos Colmenares et al. explores the effect of copper
incorporation into graphitic carbon nitride to elucidate the
influence in the selective photocatalytic production of benzalde-
hyde. Loading 3 wt% of Cu significantly enhances the activity
under both UV and visible light and results in nearly 100%, with a
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Fig. 10 Synthesis process of Fe-doped g-C3N4 nanosheets. Reproduced with permission from ref. 124.
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high yield-to-power ratio (0.35 mmol g~ h™" W™'). Ab initio
simulations indicate that Cu’ species act as hole traps through
the formation of mid-gap states, promoting the selective oxidative
reactions."?

Another attractive option for metal doping is using alkali
and alkaline earth metal ions such as Mg', Li*, K', and Na',
among others. This group of metals presents low toxicity and
costs and they have a high capacity to donate electrons. These
electrons overlap with the upper and lower layers of g-C3;Ny,
creating electron or hole traps, resulting in a lower charge
recombination rate. These modifications lead to electron loss
and delocalization, directly affecting the energy band structure of
the catalyst. Specifically, for Li* and Na', the modifications occur
in the N-plane voids due to their small atomic radius and weak
metallic properties."* In a study conducted by S. Wu et al.,
sodium-doped g-C3;N, nanotubes (Na-CNT) were synthesized in
two steps, as shown in Fig. 11. In the first step, a sodium-doped
melamine cyanurate intermediate was formed through self-
assembly between melamine and cyanuric acid in a NaOH
solution via hydrothermal treatment. In the second step, the
intermediate was subjected to microwave-assisted thermal treat-
ment to produce Na-CNT. It was found that sodium improved the
attraction force between the layers and induced various structural
defects."””

3.2.5.2. Non-metal doping. Non-metal doping emerged as an
effective alternative to overcome some limitations associated
with metal doping, such as leaching, thermal instability, self-
degradation, and corrosion. Non-metal elements have proven
to be of great interest due to their intrinsic properties, such as
high ionization energy and high electronegativity, making them
highly compatible with g-C3;N,. It is important to highlight the
significance of using a dopant with a lower electronegativity
value than the substituted element, as this effectively reduces
the band gap."*®'*® These properties favour the incorporation
of atoms into the crystal lattice through covalent interactions,
promoting the delocalization of conjugated m electrons and
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Fig. 11 Illustration of the formation process of Na-CNTs. Reproduced with
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integrating these atoms without excessively distorting the
structure. This modification leads to the formation of new
energy levels and modifies properties such as conductivity
and electrical mobility, which in turn improves the perfor-
mance of redox reactions."”>'*® Some non-metal heteroatoms
studied for the modification of g-C;N, include oxygen, sulfur,
phosphorus, boron, fluorine, iodine, and bromine, along with
self-doping with elements such as carbon and nitrogen. These
elements are introduced from various precursors and under
different types of atmospheres.'?%'>3131

The use of non-metallic atoms in photocatalytic applications
has gained significant attention, with photocatalytic alcohol
oxidation being a prominent example. A notable study by
M. Bellardita et al involved the synthesis of pure and
phosphorus-doped graphitic carbon nitride (g-C3N,) through
the thermal condensation of melamine, urea, or thiourea. These
materials were evaluated in the selective oxidation of benzyl
alcohol, 4-methoxybenzyl alcohol, and piperonyl alcohol under
both ultraviolet and visible irradiation. In general, it was
observed that the presence of phosphorus in the g-C;N, struc-
ture enhanced aldehyde selectivity, while alcohol conversion
decreased slightly. Additionally, the partial oxidation reaction
followed the order 4-MBA > PA > BA, indicating that the
presence of the methoxy substituent in the aromatic ring
facilitates the partial photocatalytic oxidation of the aromatic
alcohol to aldehyde."*°

3.2.5.3. Multi-doped strategies of carbon nitride. Co-doping
with two or more atoms has been employed as an excellent
strategy to increase surface area, reduce charge recombination
rates, and decrease the bandgap energy as well."**> For example,
in a study by Huang et al., g-C3N, co-doped with phosphorus
and oxygen was prepared, where phosphorus atoms substituted
carbon sites and oxygen atoms substituted nitrogen sites. This
resulted in improved properties such as a reduced bandgap,
better charge separation, and an increased specific surface
area. Similarly, D. Sheng et al. synthesized a bimetallic Bi-Mo

Microwave heating

permission from ref. 127.
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photocatalyst, denoted as Bi-Mo/CN-x, where x represents the
amount of Na,MoO, added, which was used in the selective
photooxidation of benzyl alcohol under visible light in an
aqueous solution, using air as the oxidizing agent. The optimal
catalyst, Bi-Mo/CN-2, showed benzyl alcohol conversions of
51% and a maximum selectivity of 99.9%. During the reaction,
O, is reduced on the surface, generating superoxo (= Bi-O0*),
peroxo (=Bi-OOH), and peroxo (=Mo-0,) radicals, which
then selectively oxidize benzyl alcohol through the hydrogen
abstraction pathway.'*?

4. Activity and selectivity evaluation of
the photocatalytic oxidation of
alcohols

4.1. Reaction rates and selectivity to aldehyde

Table 1 compares several critical parameters to evaluate the
efficiency of various photocatalysts, including conversion (X, %),
selectivity (Sap %), and quantum efficiency (QE %). The type of
illumination (UV vs. visible light) significantly impacts photo-
catalyst efficiency, with UVA generally showing high conversion
and selectivity, while some photocatalysts under visible light (or
solar-type schemes), like Ru/CN-x,"** achieve selectivity over
99%. This type of result is common, and in several instances,
the decrease in activity under visible light conditions is accom-
panied by an increase in selectivity. As is well-known, the
conversion parameter is influenced by factors such as the
initial reactant concentration, making it difficult to properly
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compare catalytic results obtained under different operating
conditions. Quantum efficiency (QE), defined as the number of
reaction events (reaction rate) per absorbed photon (photon rate),
is crucial for standardized comparison, considering both reaction
and photon absorption efficiency.'%>"''®'3>737 Besides, selectivity
analysis highlights its importance in aldehyde reactions due to
the 1:1 stoichiometry of alcohol to aldehyde conversion.™> In
these cases, it is not necessary to include the selectivity factor
when a different number of photons are required per mole of the
produced/consumed component. The calculation of QE, recom-
mended by TUPAC,"*® provides a common basis for comparison,
considering both the reaction rate and photon absorption rate.
The Local Volumetric Rate of Photon Absorption (LVRPA) can be
calculated from the Radiative Transfer Equation, considering the
spatial distribution of light intensity and absorption by the
photocatalyst."**7**! The development of a strict radiation model
is not a simple task, and in liquid phase and suspension catalyst
systems, its strict determination may require a multidimensional
approach that is not always developed by researchers conducting
photocatalytic studies. Comprehensive analysis based on QE data
is essential for optimizing photocatalytic processes and develop-
ing more efficient photocatalysts for practical applications. The
sample with the best QE is P/CN with a value of 0.206%, which
represents an increment factor of approximately 6.87 compared
to pure CN.'* It should also be noted that the QE values reported
are relatively low, which limits the possibility of scaling up this
application beyond initial research (laboratory scale). Therefore,
further work is needed to achieve efficiencies that make this
technology potentially scalable.

Table 1 Summary of g-C3N4-based photocatalysts used in the selective photooxidation of aromatic alcohols

Radiation source, initial concentration Xa Sap Qe
Structure Photocatalyst alcohol, product (%) (%) (%) Ref.
Pristine 2-C3N, UVA (365 nm), 0.5 mM, benzaldehyde 14.6 33.0 0.030 143
Nitride carbon graphitic bulk (M/g-C;N;)  UVA (365 nm), 0.5 mM, cinnamaldehyde 81.0 13.0 n.d. 116
Metallic Fe/g-C3N, UVA (365 nm), 1.5 mM, benzaldehyde 20.0 70.0 n.d. 144
doping Cu/g-C3N, visible light (465 nm), 1 mM, benzaldehyde 25 96 n.d. 126
Ru/g-C3N, -x Visible light (4 420 nm), 95 mM, benzaldehyde nd. >99 0480 134
NaOH/g-C3N, UVA (365 nm), 0.5 mM, 4-methoxybenzaldehyde 61.0 62.0 n.d. 145
Au/M g-C;3;N, (melamine precursor) UVA (365 nm), 24.7 mM, benzaldehyde 65.0 60.0 n.d. 146
Au/U g-C;N, (urea precursor) UVA (365 nm), 24.7 mM, benzaldehyde 75.0 86.0 n.d. 146
Non-metallic B/g-C3N, UVA (365 nm), 0.7 mM, benzaldehyde 15.0 30.0 0.046 118
doping P/g-C3N, UVA (365 nm), 1 mM, cinnamaldehyde 53.0 49.2 0.206 147
P/g-C3N, Visible light (A > 400nm), 1 mM, cinnamaldehyde 25.5 16.1 n.d. 147
S/g-C3N, UVA (365 nm), 0.5 mM, benzaldehyde 53.0 63.6 0.124 105
S/U g-C3N, (urea precursor) UVA (365 nm), 1 mM, vanillin n.d. 50 nd. 119
CSA/g-C3N,; modified with camphor Visible light (4 > 400 nm), 1670 mM, benzaldehyde 100 99.2 n.d. 148
sulfonic acid
DMF/g-C3N,; modified with UVA (365 nm), 0.5 mM, 4-methoxybenzaldehyde 43.0 79.0 nd. 145
N,N-dimethylformamide
M g-C3N,4/TE-H,0,; hydrogen UVA (365 nm), 0.5 mM, 4-methoxy benzaldehyde 82.0 92.0 n.d. 116
peroxide adduct
Co-doped NaB/g-C3N, UVA (365 nm), 0.7 mM, benzaldehyde 29.0 36.0 0.153 118
NaB/g-C3;N,/Ru UVA (365 nm), 0.5 mM, benzaldehyde 24.3 67.5 0.130 149
Heterojunction CdS/g-C3N, visible light (A > 420 nm), 25.5 mM, 55.0 97.0 n.d 150
p-methoxybenzaldehyde
I-TiO,/g-C3N, Visible light (2 > 400 nm), 33.3 mM, benzaldehyde 25.0 >99.0 n.d. 151
WO,/g-C3N,4 Visible light (42 420 nm), 100 mM, benzaldehyde 32.1 98.1 n.d. 152
BiOCl/P-g-C3N, Visible light (1 420 nm), 50 mM, benzaldehyde 552 >99 nd. 153
BiOCI/RGO/P g-C3;N, Visible light (42 420 nm), 50 mM, benzaldehyde 716 >99 nd. 153
FP/g-C5Ny; modified with ZnFe,0, and TCPP  visible light (A > 420 nm), 40 mM, benzaldehyde 96.0 99.0 n.d. 154
C030,/TS-g-C3Ny; triple-shelled carbon nitride solar light irradiation, 100 mM, benzaldehyde 85.0 >99 n.d. 155
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4.2. Mechanistic discussion

The photocatalytic oxidation of alcohols is a complex process
influenced by reactive oxygen species (ROS) and the photo-
catalyst’s surface properties. Upon light absorption by g-C5N,,
electrons are excited from the valence band to the conduction
band, generating e /h" pairs. These pairs, along with ROS like
hydroxyl radicals (HO®), superoxide anion (O,*~), and hydro-
peroxyl radical (*OOH), drive the redox reactions necessary for
selective alcohol oxidation."**™"*® The oxidation of alcohols to
aldehydes typically follows two main pathways. In the first, HO®
radicals or photoinduced holes abstract hydrogen, creating
radical intermediates like benzyloxy radicals (Ph-CH,0°) or
alkyl radicals, which further react with O, or other ROS to form
transient intermediates such as diols that dehydrate into
aldehydes. In the second, the alcohol’s hydroxyl group is
deprotonated to form an alkoxide anion, which reacts with
photoinduced holes to create a transient anionic radical. This
radical is subsequently oxidized by photogenerated holes or
0,°", resulting in aldehyde formation.’®*%1¢°

The adsorption of alcohol molecules on the g-C;N, surface is
crucial for the reaction pathway, with hydrogen bonding and
electrostatic interactions enhancing it and increasing the local
alcohol concentration at the catalyst surface. In this context,
doping could improve e /h* pair separation by introducing
localized electronic states, reducing recombination, and boost-
ing ROS generation efficiency.

The alcohol oxidation process is often challenged by com-
peting side reactions, such as overoxidation to carboxylic acids
or complete mineralization to CO,. Achieving selective oxida-
tion to aldehydes requires carefully optimizing reaction condi-
tions and regulating ROS activity to minimize these undesired
pathways. The use of g-C;N, offers a promising route, lever-
aging superior solar light absorption for greener, more sustain-
able photocatalysis.**

In the context of photocatalysis, the electronic structure and
interfacial charge dynamics of g-C;N, have been the subject of
extensive study. For example, Solis et al investigated the
photocatalytic oxidation of benzyl alcohol (BA) using NaBCN-
1Ru, prepared by mixing g-C;N, and NaBH, in a 1: 1 mass ratio,
grinding the mixture in a mortar, and subsequently calcining it
at 450 °C (heating rate: 10 °C min~ ", for 1 hour). The study used
chemical scavengers to pinpoint which reactive oxygen species
drive the photocatalytic oxidation of benzyl alcohol. Removing
dissolved O, (by N, bubbling) reduced the reaction rate by 44%,
while p-benzoquinone (p-BQ) cut it by 81%. However, since p-
BQ also reacts with hydroxyl radicals (HO®) and is photolyzed
under UVA radiation, tiron was used instead, reducing the rate
by 36% and confirming that superoxide radicals (O,* ") play an
important role, not exclusive though. HO®* had a minor
impact—tert-butyl alcohol (TBA) reduced the rate by only 18%
while scavenging photogenerated holes (h") with oxalic acid
lowered the rate by 64%, identifying h* as the primary reactive
species. Moreover, scavengers for O,°*~ slightly increased benz-
aldehyde selectivity, whereas suppressing h" decreased it,
underscoring the pivotal role of h* in selective oxidation.'*®

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

Furthermore, Solis et al. analyzed the band alignment of B-
doped g-C3N,, with and without 1% of metallic Ru, to clarify
ROS behaviour. XPS data revealed that the presence of Ru
lowered the bandgap from 2.6 eV (NaBCN) to 2.3 eV (NaBCN-
1Ru), stabilizing the valence band and improving the redox
potential of photogenerated holes. This modification aligned
with the scavenger study findings, supporting the role of Ru in
enhancing photocatalytic performance.'®® Their proposed
mechanism links band structure optimization and ROS activity,
highlighting Ru’s role in stabilizing holes and enhancing
selective benzaldehyde production.'*’

Moreover, the work of M. Alejandra Quintana et.al. also
focuses on the photocatalytic oxidation of benzyl alcohol to
benzaldehyde, this time using the metal-free boron-modified
g-C3N, counterpart and emphasizing the influence of reaction
media on selectivity and activity. The study examines the trade-
offs between selectivity and sustainability when using organic
solvents like acetonitrile (ACN) versus water. ACN enhances
selectivity by reducing the formation of non-selective HO® and
0,*", which are more selective. Additionally, ACN increases the
dissolved O, compared to water, further driving the desired
reaction toward benzaldehyde formation. While ACN (20%)
improves selectivity, reaching 82%, it negatively impacts reaction
rates due to the scavenging effect on HO®, inhibiting further
oxidation. In contrast, water yields higher reaction rates for both
benzyl alcohol degradation and benzaldehyde formation, despite
lower selectivity. Mechanistic insights into ROS were gained also
through scavenger studies using methanol, oxalic acid, and
nitrogen purging. Methanol, a scavenger of hydroxyl radicals,
slightly altered the benzyl alcohol degradation profile but signifi-
cantly improved benzaldehyde selectivity, indicating that HO®
negatively impacts benzaldehyde formation. O, purging with N,
reduced benzyl alcohol conversion by 50%, highlighting the
essential role of O,*. Oxalic acid, used to trap photogenerated
holes (h"), accelerated alcohol degradation, achieving complete
conversion in four hours. Aldehyde selectivity initially increased
to 63% but declined to 23% as benzyl alcohol conversion
progressed, due to oxalate decomposition generating electrons
that enhanced charge separation but led to overoxidation at
longer reaction times. This study highlights the balance
between reaction media and ROS activity to optimize selectivity
and efficiency in photocatalysis.'*®

In another example, Shifu Chen and colleagues investigated
2-C3N,/ZnlIn,S, (CN/ZIS) composite photocatalysts prepared via
a two-step method (Fig. 12) in the oxidation of benzyl alcohol.
The photocatalytic activity showed an ‘“M” type trend with
increasing g-C;N, content, attributed to a p—n junction influen-
cing photogenerated charge carrier migration under visible
light. The band gaps of ZIS (2.31 eV) and g-C3N, (2.75 eV)
enabled distinct charge transfer pathways. When ZIS domi-
nated, a p-CN/n-ZIS junction directed electrons from the CB of
2-C;3N, to ZIS and holes from the VB of ZIS to g-C;N,, enhancing
aromatic alcohol oxidation and O,°*~ formation on ZIS. When g-
C;3N, predominated, a Z-scheme mechanism emerged, where VB
holes in ZIS showed strong oxidizing power, and CB electrons in
g-C3N, reduced O, to O,°* . Higher ZIS content improved activity
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Fig. 12 Proposed transfer mechanisms of the photogenerated charge carriers over the CN/ZIS composite sample under visible light irradiation. The
main constituent of the composite photocatalyst is the ZIS sample (A) and the main constituent of the composite photocatalyst is the CN sample (B).

Reproduced with permission from ref. 163.

via O,*" radical production, while dominant g-C;N, leveraged
the Z-scheme for strong redox performance. This work offers
insights into optimizing heterojunction photocatalysts for selec-
tive oxidation."®®

Expanding on this, Palmisano et al. investigated the photo-
catalytic performance of bare and phosphorus-doped g-C;N,
(P-g-C3N,) for selectively oxidizing benzyl alcohol, 4-methoxy-
benzyl alcohol (4-MBA), and piperonyl alcohol (PA) to their
respective aldehydes. They observed that phosphorus doping
improved the selectivity of the reaction towards benzaldehyde
under UV light irradiation, although the conversion of benzyl
alcohol decreased. Conversely, under visible light irradiation,
the presence of phosphorus was detrimental to both conversion
and selectivity. This reduction in photocatalytic performance
under visible light was attributed to the electron-trapping
behaviour of the phosphorus species within the g-C;N, frame-
work, which reduced the availability of electrons in the con-
duction band, thus impairing the formation of superoxide
radical species, crucial for oxidation. The authors also noted
that the modification of the photocatalyst surface area and the
interaction between the material and the substrate played a
significant role in these results."*’

In addition to this, Afsaneh Rashidizadeh’s study explored
the photocatalytic oxidation of various substituted benzyl alco-
hols to aldehydes using iodine-doped titanium oxide (I-TiO,) and
2-C3N,; nanosheets (CNNSs) as photocatalysts. The results
revealed that benzyl alcohols with electron-donating groups, such
as 2,4-dimethoxy, p-OH, p-OCHj, and p-CHj, showed higher
conversion rates compared to those with electron-withdrawing
groups like p-Cl, p-NO,, 0-Cl, and p-F. The increased conversion of
alcohol with electron-donating substituents was attributed to the
enhanced electron density in the -CH,OH group, facilitating
active hole and radical formation, which drives the oxidation
reaction. Based on these findings, the authors proposed a
mechanism for the photo-oxidation of benzyl alcohols over I-
TiO,/(20 wt%)CNNSs, which involves several steps under visible

3776 | Mater. Adv, 2025, 6, 3760-3784

light illumination. Initially, CNNSs are excited, generating elec-
trons and holes. To enhance charge separation, electrons from
the conduction band of CNNSs transfer to the CB of I-TiO,, while
holes from the valence band of I-TiO, migrate to the VB of
CNNSs. The electrons in the CB of I-TiO, reduce O, to O,° .
These radicals scavenge protons from benzyl alcohol, producing
*OOH and an alkoxide anion as intermediates. The basic nature
of CNNSs promotes the deprotonation of benzyl alcohol. The
alkoxide anions are oxidized by holes from the VB of I-TiO, to
form radicals, which react with the *OOH radical to yield the
corresponding aldehyde. Alternatively, the alkoxide anion can
react with *OOH to form an anion radical and H,O,, with the
final oxidation of the anion to benzaldehyde by holes from I-TiO,.
To validate the mechanism, various scavengers were tested.
Adding p-BQ significantly reduced the conversion of benzyl
alcohol to 5%. Introducing potassium persulfate (K,S,0g), which
traps photoexcited electrons, led to a slight increase in conver-
sion to 7%, highlighting O,*~ importance. N, bubbling to purge
O, lowered conversion to 11%, emphasizing the role of O,. The
use of ammonium oxalate, a hole scavenger, and tert-butanol
reduced conversions to 14% and 16%, respectively, indicating
that HO® had a minor role. These findings confirm that O,* ", e™,
and holes were the primary active species in the oxidation
process,”" in accordance with similar reports in the literature
for g-C3N,/TiO, composites.”

Furthering this understanding, a study by Shifu Chen et al.
offered valuable insights into the photocatalytic mechanism for
the selective oxidation of alcohols together with the reduction
of nitrobenzene using a CdS/g-C;N, composite photocatalyst.
Under visible light, both g-C;N, and CdS are photo-excited,
generating electrons in their conduction bands and holes in
their valence bands. Thanks to their well-matched band struc-
tures and close interface contact, the photoexcited electrons
from the CB of g-C;N, transfer to the CB of CdS, while holes
from the VB of CdS move to the VB of g-C;N,. This efficient
charge separation reduces recombination and enhances the
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photocatalyst’s performance. In an N,-purging anaerobic atmo-
sphere, nitrobenzene reduction proceeds without interference
from oxidation reactions. The reduction mechanism follows a
six-electron transfer process, converting nitrobenzene to ani-
line. At the same time, the photogenerated holes oxidize
alcohols by abstracting hydrogen atoms, resulting in aldehyde
formation. The coupling mechanism dictates that for every mol
of nitrobenzene reduced, six moles of electrons and six moles
of holes are required, leading to the production of three
moles of aldehyde. However, experimental results show slight
deviations from these theoretical values due to system lag
effects. To confirm the efficient separation of photogenerated
charges, photoluminescence (PL) spectra were analyzed. The PL
spectra exhibited a strong emission peak around 450 nm,
corresponding to the recombination of electron-hole pairs in
2-C3N,. Importantly, the PL intensity of the CdS (10.0 wt%)/
2-C3;N, composite was significantly lower than that of pure g-C;N,,
indicating reduced recombination and enhanced charge separa-
tion in the composite photocatalyst.**°

Furthermore, Benxia Li and colleagues have made significant
progress in engineering interfacial active sites in metal-modified
semiconductor photocatalysts to enhance their performance in

® C

® N
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photocatalytic reactions. They developed a Ru/g-C3N,_, photo-
catalyst, comprising Ru nanoparticles (NPs) anchored on defec-
tive g-C3N,_, nanoflakes with nitrogen vacancies (VNs), for
hydrogen evolution and benzyl alcohol oxidation reactions
(Fig. 13A and B). Mechanistic studies revealed that both water
and benzyl alcohol were essential for the redox coupling reaction.
Control experiments showed negligible hydrogen or benzalde-
hyde formation in pure water, while methanol enhanced hydro-
gen production but could not drive the full reaction. Scavenger
tests identified holes and hydroxyl radicals as critical for benzyl
alcohol oxidation, with electrons essential for H, evolution.
Radical-initiated pathways were confirmed using TEMPO, sup-
ported by in-situ EPR measurements detecting carbon-cantered
and HO®. In addition, density functional theory (DFT) calcula-
tions provided insights into the active sites. VN defects on g-
C;N,_, enhanced adsorption and activation of water and benzyl
alcohol, while interfacial Ru sites strongly interacted with reac-
tants. The VN defects facilitated selective oxidation, and Ru NPs
promoted hydrogen evolution.'**

Besides, Xiaolei Bao and colleagues have investigated the
role of nitrogen vacancies in graphitic carbon nitride (g-C3N,)
to enhance the photocatalytic selective oxidation of benzyl

©0 -H
top Ru
@ interfacial V
© interfacial Ru

oxYy; gen

benzaldehyde

superoude
t | D radlcal /L'
* NVs
i carbon-centered
b \} radical

Di}fv

benzyl alcohol

® O ® H

Fig. 13 Schematic diagrams of A: photoinduced charge transfer/separation at the Ru/g-CsN4_ interface and B: photocatalytic mechanism of H,
evolution coupled with selective benzyl-alcohol oxidation over the Ru/g-CsN,4_, catalyst. Reproduced with permission from ref. 134. C: proposed
mechanisms of the photocatalytic selective oxidation of BA to BAD over N-deficient g-C3N4. Reproduced with permission from ref. 109.
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alcohol (Fig. 13C). They developed nitrogen-deficient g-C3N, CN,_ 5. Bao and colleagues proposed a detailed mechanism
samples (CN,_s) that demonstrated superior conversion effi- for the selective oxidation of benzyl alcohol on CN,_s. Both
ciency and product selectivity under visible light irradiation benzyl alcohol and O, molecules are adsorbed at NV sites,
compared to pristine g-C3;N,. Combining experimental charac- which enhances O, activation and O,* . The strong oxidation
terization and DFT calculations, it was revealed that VNs power of valence band holes oxidizes BA to alcohol cation
significantly enhanced carrier separation and served as active radicals, which react with O,*” to form the aldehyde. Thus,
sites for the adsorption and activation of reactants. The authors VNs play dual roles by enhancing the adsorption and activation
found that VNs play a pivotal role in the adsorption and of O, and boosting the oxidation capability of valence band
activation of O, molecules. Theoretical analyses indicated that holes, accelerating the reaction."*

O, is preferentially adsorbed at VNs sites due to the similar Moreover, a novel approach was presented by Sergei G.
atomic radius and geometry of nitrogen and oxygen atoms. To Zlotin and colleagues, regarding the use of g-C;N, photo-
confirm this, they synthesized a Pd-modified nitrogen-deficient catalysts in supercritical carbon dioxide (scCO,) for efficient,
g-C3N, photocatalyst (Pd/CN,._s) via a photoreduction method. green oxidation of benzyl alcohol to benzaldehyde and benzoic
The photogenerated electrons in CN,_5 were localized at VN acid derivatives (Fig. 14). Supercritical CO, is an effective green
sites, enabling selective deposition of Pd nanoparticles, which  solvent with unique properties that enhance photo-induced
subsequently blocked the VNs. This led to a notable decrease in  oxidation reactions, such as its transparency to visible and
O, adsorption and a corresponding reduction in conversion near-UV light and high miscibility with molecular oxygen,
efficiency, validating the critical role of VNs in photocatalytic ~which increases oxygen concentration. Notably, scCO, can
performance. Further analysis revealed that VNs modulate the induce in situ exfoliation of g-C;N, catalysts at pressures above
electronic structure of CN,_s, resulting in a red-shifted absorp- 10 MPa, eliminating the need for a separate exfoliation step in
tion spectrum and a slightly reduced band gap, e.g. 2.78 eV for catalyst preparation. These properties make scCO, a highly
CN,_s5 vs. 2.80 eV for pristine g-C;N,. These changes enhance attractive medium for photochemical reactions involving
the oxidation potential of valence band holes, accelerating the g-C;N,, providing both environmental and practical benefits.
conversion of benzyl alcohol to activated benzyl alcohol radi- In this case, the mechanism involves a hybrid photocatalytic
cals. In situ FTIR spectroscopy supported these findings, show- and autocatalytic radical process driven by reactive oxygen
ing stronger alcohol adsorption on CN,_s, with shifts in the species. The process begins with g-C;N, photocatalytically
Vc-o bond indicating VN-assisted activation. To elucidate the activating molecular oxygen to form superoxide, which
role of VNs in charge carrier dynamics, the authors conducted abstracts a proton from benzyl alcohol, creating a hydroper-
photoluminescence (PL), time-resolved fluorescence (TRPL), oxide radical and alcoholate intermediate. The alcoholate is
and photoelectrochemical measurements. CN,_5 displayed further oxidized by g-C5N,’s photoinduced holes, generating an
weaker PL emission, shorter fluorescence lifetimes, and higher O-centered radical that undergoes hydrogen atom transfer with
photocurrent responses compared to pristine g-C;N,, indicat- the hydroperoxide radical, forming hydroperoxide and benzal-
ing suppressed electron-hole recombination and enhanced dehyde. The reaction is self-accelerating, with water facilitating
carrier separation. Electrochemical impedance spectroscopy the formation of ROS like hydroperoxide and hydroxyl radicals,
(EIS) and Mott-Schottky analysis further confirmed the which further oxidize benzyl alcohol and transform benzalde-
improved charge carrier density and transport efficiency in hyde into benzoic acid. Experimental confirmation showed that
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Fig. 14 Plausible hybrid autocatalytic mechanism of benzyl alcohol photo-oxidation on g-C3sN,4 in scCO, medium. Reproduced with permission from
ref. 164.
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adding water increased conversion rates and maintained high
selectivity by generating ROS that accelerated the reaction. ROS
scavenging studies provided further evidence for in situ
formation of active species like hydroperoxide radicals. The
combined photocatalytic and autocatalytic pathways ensure
efficient conversion while preventing overoxidation. This
method leverages g-C;N, catalysis, ROS generation, and scCO,
as a sustainable medium, offering an efficient and environmen-
tally sustainable approach to green chemical synthesis."®*
Equally important, the oxidation of cinnamyl alcohol (CA)
has also been investigated using g-C;N, photocatalysts. In more
detail, the photocatalytic oxidation mechanism of CA, using
phosphorus-doped g-C;N,, has been investigated by M. Alejan-
dra Quintana, focusing on the role of reactive oxygen species.
The presence of O, in the reaction was confirmed using p-BQ
and tiron, with tiron reducing the CA oxidation rate by 50%. A
N, atmosphere also slowed the oxidation rate, highlighting the
critical role of superoxide radicals. The involvement of photo-
generated holes was studied by adding oxalic acid, which
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decreased the reaction kinetics, indicating their importance.
Additional tests with EDTA, a hole scavenger, further confirmed
the role of photogenerated holes in CA oxidation. The mecha-
nism was concluded to involve holes creating organic radicals,
which are oxidized to cinnamaldehyde by holes or superoxide
radicals. LC-ESI(+)-QTOF analysis identified cinnamaldehyde
and cinnamic acid as the main products, with minimal for-
mation of epoxide or other by-products (see Fig. 15)."*’
Expanding on this, Hongbing Ji and colleagues recently
reported the selective oxidation of cinnamaldehyde to benzalde-
hyde using boron-doped graphitic carbon nitride as a photoca-
talyst, see Fig. 16. Boron was introduced from either potassium
borohydride (KBH,) or potassium tetraborate tetrahydrate
(K,B,0;,-4H,0), with KBH,-doped g-C;N, (KBCN) demonstrating
superior catalytic performance. The proposed mechanism for
cinnamaldehyde oxidation under visible light involves the syner-
gistic effects of boron dopants in KBCN. Upon light irradiation,
photoexcited electrons are generated, which are captured by
adsorbed oxygen, producing superoxide radicals. Simultaneously,
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Fig. 15 Proposed degradation mechanism of cinnamyl alcohol over P-CN-4%. Reproduced with permission from ref. 147.
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Fig. 16 The proposed mechanism underlying the photocatalytic action of KBCN in oxygen-guided selective oxidation of cinnamaldehyde under visible

light irradiation. Reproduced with permission from ref. 117.
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holes interact with the n electrons of the carbon-carbon double
bond in cinnamaldehyde, forming carbocations and carbon-
centered radicals. These radicals then react with O,* to form
peroxide intermediates, which undergo ring-opening cleavage to
yield benzaldehyde. The boron dopants in KBCN also contribute
to the generation of singlet oxygen (*O,), enhancing the reaction
efficiency and contributing to side reactions.""”

Another interesting example was presented by Qing Yang
and colleagues, introducing a Ni-Au-modified g-C;N, photoca-
talyst (Ni-Au/CN) for simultaneous hydrogen (H,) production
and furfural synthesis via selective oxidation of furfuryl alcohol
in aqueous solution (Fig. 17). The Ni-Au/CN photocatalyst
showed enhanced performance due to the synergy between
plasmonic Au nanoparticles (NPs) and Ni species. Au NPs
enhanced visible light absorption and promoted electron-hole
separation, while Ni sites acted as electron traps and active sites
for proton reduction, promoting H, evolution. Upon light irra-
diation, g-C;N, nanosheets generated electron-hole pairs, and
Au NPs produced “hot charge carriers” through their localized
surface plasmon resonance (LSPR) effect. The generated elec-
trons migrated to Ni sites, where they were trapped and used in
proton reduction to release H,. At the same time, photogener-
ated holes remained on g-C;N, and oxidized hydroxyl ions and
furfural alcohol molecules, generating ROS like HO® and carbon-
centered radicals, further facilitating the oxidation of furfural
alcohol to produce furfural. Control experiments and in situ
electron spin resonance (ESR) studies confirmed the roles of
HO* and holes in the reaction. Suppression of these species led
to a significant decrease in both H, production and furfural
synthesis. Fluorescence experiments with coumarin confirmed
superior HO® production by Ni-Au/CN compared to pure g-C3Ny,
further supporting the enhanced photocatalytic activity. The
mechanism was further investigated using linear sweep voltam-
metry (LSV), which revealed that Ni-Au/CN had a higher current
density and lower overpotential for proton reduction, indicating
the high activity of Ni sites. The LSPR effect of Au NPs increased

H O

C oN @ AU ONi

Fig. 17 Photocatalytic mechanism for the simultaneous production of H,
and furfural from a furfural-alcohol aqueous solution over the Ni—Au/CN
photocatalyst. Reproduced with permission from ref. 165.
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electron density at Ni sites, boosting H, evolution. Additionally,
the dissociation of H,O and furfural alcohol provided protons
and hydroxyl ions, supporting both H, production and selective
oxidation. This dual-function system demonstrates the synergy
between LSPR-enhanced electron dynamics, Ni-Au interfacial
interaction, and ROS-driven oxidation, enabling efficient and
sustainable H, production and furfural synthesis.'®®

5. Summary and perspectives

The extrapolation of photocatalysis to organic oxidation reac-
tions, such as the oxidation of alcohols to aldehydes, leads to
opportunities for real applications following the green chem-
istry principles. The process does not require consumable
chemicals, only the presence of an active solid and radiation
that can be harvested from the solar spectrum. The use of g-
C;Ny-based photocatalysts is an attractive reaction platform for
the oxidation of alcohols, even in a water medium, due to an
appropriate band alignment of these semiconductors, limiting
the release of HO® from water molecule oxidation, therefore,
and the overoxidation reported by other active photocatalysts.
The modification of the structure to enhance the photo-
generated charge separation has been demonstrated to be
effective in the improvement of bare graphitic carbon formulas.
Hence, the modification of textural, optical, and electronic
properties results in a positive photocatalytic response. The
non-metal doping, metal deposition, and heterojunction stra-
tegies are suitable strategies with demonstrated promising
results. However, the development of bimetallic or trimetallic
photocatalysts, and their plausible synergistic effects, have
been tested little in this kind of reaction.

The pivotal role played by the superoxide radical and photo-
generated holes in g-C;N,-based materials has been widely
investigated. However, most research is focused on chemical
scavenger tests, whose interpretation is rather controversial
and a challenge in most cases due to the lack of selectivity
toward a specific ROS, their plausible interaction in adsorption
and photolysis steps. In this sense, the in situ characterization
may help to better elucidate and corroborate the explored
mechanism. Paramagnetic resonance would enforce the detec-
tion of ROS. In addition, the in situ evaluation of the interaction
onto the surface with techniques such as operando FTIR,
Raman, and X-ray absorption spectroscopy would enforce the
mechanical aspects of the interaction of the alcohols, ROS,
and the surface of the photocatalyst. Furthermore, whether
the changes are reversible or not, the characterization of the
reaction course is of paramount relevance to comprehend the
more affected properties of the reaction media or the influence
on the oxidative pathway.

To date, photocatalytic production of aldehydes from the
oxidation of their alcohols has been conducted at the lab-scale,
focusing on the assessment of the modification of a target
photocatalyst. As with other applications involving photocata-
lysts, the bottle-neck from which the technology suffers is
regarding the design of a photoreactor with efficient photon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uptake which requires the evaluation of the novel photocatalyst
under well-defined conditions and calculation of photon flu-
ence and absorption. Besides, the recovery of the solid after use
requires further implementation, such as magnetization, or
immobilization of the photocatalyst. The stability of the solid
after multiple reuse cycles is commonly evaluated based on
its photocatalytic activity, complemented by post-reaction char-
acterization of the materials to detect potential structural
changes, sintering, or lixiviation phenomena. In addition, the
performance assessment under realistic operating conditions
needs further development. In this sense, artificial intelligence
is a powerful tool to be explored to develop a rational design of
the process, for which a powerful storage database is essential.

This work provides a basic overview of the main strategies
for aldehyde production, along with a detailed analysis of
photocatalytic approaches for synthesizing valuable aldehydes
such as vanillin, benzaldehyde, and cinnamaldehyde. The aim
is to help systematize the production process based on a critical
assessment of the current methodologies, highlighting both
their potential and limitations. By offering a structured per-
spective, this study seeks to guide future developments toward
more efficient, selective, and sustainable pathways for aldehyde
synthesis.
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