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A B S T R A C T   

In recent years, organic chemists have taken a resolute step toward green photocatalytic synthesis. In this regard, 
the oxidation of organic compounds with molecular oxygen is one of the most important classes of trans-
formations, as it increases molecular complexity while avoiding the use of toxic and harmful oxidants. To this 
aim, the development of new and efficient photocatalysts capable of driving valuable oxidative reactions in a 
sustainable manner is highly desirable. These novel photocatalytic systems need to be metal-free, easy-to-pre-
pare, and potentially recyclable. Carbon nitride (CN) fulfills all these requirements because of its outstanding 
physicochemical properties, thus emerging as a promising heterogeneous photocatalytic platform. The growing 
popularity of this material is also substantiated by its fast and facile preparation from readily available and 
inexpensive molecular precursors. This Review aims at highlighting the recent advances in synthesis of carbon 
nitride-based materials and their applications in organic photocatalysis for the oxidation of organic molecules in 
presence of molecular oxygen. Lastly, forward-looking opportunities within this intriguing research field are 
mentioned.   

1. Introduction 

Oxidation reactions play a crucial role in the synthesis of different 
organic molecules of great industrial relevance. For example, many 
industrially relevant monomers in polymer chemistry (such as tereph-
thalic acid, ε-caprolactam, among others) can be easily produced 
through oxidative processes (Fig. 1) [1]. In parallel, selective and 
atom-economical large scale oxidative transformations of organic com-
pounds are of enormous interest for the development of new active in-
gredients (see Fig. 1) in the pharmaceutical companies [2–5]. 

However, a number of these processes are still based on old- 
fashioned chemical approaches, which generally rely on the use of 
precious and potentially toxic metal-based species and/or on the 
exploitation of stoichiometric amounts of oxidants [1,6,7]. Nonetheless, 
the rising social and political awareness about environmental issues is 
steering industries to move towards greener and more sustainable 
strategies, thus attempting to adhere to Green Chemistry principles [1, 

7]. Set in 1998 by Anastas and Warner, ‘Green Chemistry’ defines a 
compendium of twelve rules that serve as a source of inspiration for the 
design of novel reactions with little environmental impact [8,9]. In line 
with these principles, researchers are challenged to find new synthetic 
routes that prevent or reduce the production of wastes and toxic 
by-products [8,9]. In this context, catalysis has a fundamental role to 
solve arduous tasks in synthetic chemistry and is thus involved in the 
global economy in many industrial fields [9]. Semiconductors have a 
dominant role as photocatalysts for energy-related chemical processes, 
and in recent years their use has been extended to organic reactions, too. 
The photogenerated charge carriers (separated electrons and holes 
formed upon illumination with suitable wavelengths photons) in the 
semiconductors often interact with organic substrates by means of 
single-electron transfer (SET) steps that leads to reaction pathways of 
utility for target final compounds (Fig. 2) [10,11]. 

The direct oxidation of organic compounds with the photo-induced 
holes may take place only if molecules’ redox potential fall above (on 
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the energy scale) the valence band edge [12]. An alternative path in-
volves the photochemical generation of reactive oxygen species (ROS) 
from suitable precursors (e.g., molecular oxygen), within the frame of 
the so-called ‘Advanced Oxidation Processes’ (AOPs). Despite the •OH 
radicals generated by water oxidation (E0(•OH /OH− )= +2.72 V vs 
normal hydrogen electrode, NHE) are too reactive and may end up to 
over oxidation pathways, the direct photoreduction of O2 gives super-
oxide radicals (O2

•− , E0(O2/O2
•− )= − 0.33 V at pH= 7 vs NHE) which are 

milder oxidants and can therefore react with appropriate organic func-
tionalities leading to selective organic reactions [12,13]. Additionally, 
superoxide radicals can prompt the formation of secondary ROS, such as 
hydroperoxyl radicals (•OOH) and hydrogen peroxide (through a mul-
tiple electron-reduction mechanism) that can also contribute to the 
oxidation process [12,13].  

O2
•− + H+→ HO2

•

•OOH → H2O2 + O2                                                                              

H2O2 + O2
•− → •OH + O2 + HO−

H2O2 + ℎν → 2 •OH                                                                             

Alternatively, O2
•− can undergo oxidation via the photogenerated 

holes, yielding also singlet oxygen (1O2) which may serve as mild 
oxidant, too [12]. Especially for polymeric semiconductors, it has been 
demonstrated that singlet oxygen can be afforded even through direct 
photosensitization. If an organic dye (or the semiconductor itself) can 
access a triplet state via intersystem crossing, the slowly released energy 
from the decay can be absorbed by O2, promoting the formation of 1O2 
[14,15]. Since oxygen is widely abundant in the atmosphere, its usage 
for oxidation reactions should be encouraged in spite of other more 
polluting oxidants [8,16]. Thus, this review aims at critically highlight 
the importance of polymeric carbon nitride (PCN) and its derivatives as 
heterogeneous metal-free semiconducting platforms to perform photo-
catalytic oxidation of organic molecules. 

2. Carbon nitride: a versatile photocatalytic platform 

In the realm of semiconductors, PCN and its derivatives are 
appealing materials extensively studied for a wide range of applications, 
including heterogenous photocatalysis (see Fig. 3) [17]. Beyond the first 
synthetic report from Liebig and the earliest hypothesis about its 

Fig. 1. Selected examples of industrially relevant organic molecules that require at least one oxidation step for their synthesis.  

Fig. 2. Schematic representation of a generic semiconductor’s band gap 
(aligned by increasing energy), with a focus on the activation of molecular 
oxygen towards oxidations. Single-electron transfer events are also hinted by 
means of arrows, so that we can differ between the electron-donor species (D, 
oxidized to the radical cation D•þ) and the O2, which is the electron-acceptor 
(O2, reduced to its radical anion O2

•¡). Subsequently, superoxide radicals can 
react with an organic compound, oxidizing it. VB= valence band, CB= con-
duction band, Eg= band gap, SET= single-electron transfer. 

Fig. 3. Number of publications per year (starting from 1993) using “carbon 
nitride” (green bars), “carbon nitride AND photocatalysis” (yellow bars) or 
“carbon nitride AND photocatalysis AND oxidation” (red bars) as search key-
words on Web of Science™ (last updated: 04/11/2023). 
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structure, [18–21] the use of PCN as a platform for driving light-induced 
chemical processes has boomed after that Antonietti, Domen and 
co-workers were able to perform the H2 evolution reaction from water 
under visible light illumination in 2009 [22]. 

Since then, this pioneering work has paved the way for further 
photocatalytic applications which span from energy-related processes, 
such as H2 production and CO2 reduction, to organic synthesis for the 
sustainable production of valuable organic molecules [23–30]. The 
research in this field has been continuously increasing over the last 
decade, as shown in Fig. 3. From a structural point of view, PCN is 
proposed to be mainly constituted by a framework of N-bridged poly 
(tri-s-triazine) arranged into stacked and cross-linked graphite-like 
π-conjugated planar layers (although other repeating units have been 
proposed) [25,26]. Such morphology (and the related features) can be 
tuned by carrying out structural and chemical modifications (as we will 
discuss in the following sections), but what makes carbon nitrides really 
appealing for future applications is the ease of preparation as well as the 
large abundance of the constituting elements. 

2.1. Preparation and thermal treatments 

Carbon nitride can be easily obtained through simple and robust 
bottom-up synthetic protocols. These approaches generally are based on 
the poly-condensation (with loss of ammonia) at high temperatures of 
simple and commercially available nitrogen-rich molecules, such as 
cyanamide, dicyandiamide, urea and melamine (see, respectively, i, ii, iii 
and iv in Fig. 4) [25,26,31]. Nonetheless, several other precursors have 
been also explored in the material synthesis to bring specific moieties 
into the polymeric structure or to tune its final properties [25,26,31]. 
For instance, Savateev et al. observed that carbon nitride can be obtained 
also by means of a ‘topotactic’ transition of another C,N,H-containing 
polymer, such as poly(3-amino-1,2,4-triazole) [32]. As presented in 
Fig. 4, mechanistic investigations pointed out that polymerization pro-
ceeds stepwise: first, with the formation of melamine, when it is not the 
initial precursor, followed by the formation of a triamino-tri-s-triazine 
intermediate (also called ‘melem’, labelled as v in Fig. 4), when heating 

goes above 360 ◦C [33,34]. As temperature continuously rises, poly-
merization yields a poly-heptazine network, assisted by hydrogen bonds 
and π-π stacking interactions among the units [34–37]. By a different 
approach, it is also possible to synthesize triazine-based frameworks, 
which are recently emerging as class of promising structures [31,38]. 

In this sense, temperature is a pivotal parameter in the synthesis of 
this class of materials, as different polymorphs can be obtained 
depending on the degree of polymerization [22,37,38]. Indeed, melem 
molecules first polymerize in form of non-directional 1D strands, also 
known as ‘Liebig’s melon’ [C6N7(NH2)(NH)]n, which still contain 
hydrogen atoms to complete ‘unbonded’ amino groups [18,38]. When 
the condensation temperature is kept at values above 520 ◦C, the 
in-plane organization of the tri-s-triazine units improves, yielding a 2D 
network [22,39]. This structure, sometimes referred as ‘graphitic-CN’ 
(g-CN), consists of planes of sp2 carbon and nitrogen atoms, with an 
ideal C/N ratio of 0.75 (but typically smaller because of local defects and 
boundary imperfections), connected into π-conjugated fashion. X-ray 
diffraction patterns (XRD) allow to better describe the crystallographic 
nature of the resulting PCN. In detail, the two main peaks at 2θ equal to 
13.0◦ and 27.4◦ (see Fig. 5a) can be associated respectively to the (100) 
and the (002) planes, thus describing an intralayer spacing of 6.8 Å (d1 
in Fig. 5a) and an interlayer-stacking distance of 3.20 Å (d2 in Fig. 5a) 
[22,39–41]. 

As for many other polymeric semiconductors [43,44], the extended 
conjugation, which is brought by π-symmetry, contributes to describe a 
band structure. In particular, it is possible to highlight some important 
features of PCN (Fig. 5b): (i) the wave function of the valence band is 
mainly derived from melem’s highest occupied molecular orbitals 
(HOMO) levels, which in turn are a combination of pz orbitals 
(perpendicular to the plane) of nitrogen atoms; (ii) the conduction band 
originates from the combination of both carbon- and nitrogen-centered 
orbitals (with a slight predominance of 2p from carbon); (iii) there exists 
a band gap approximately 2.7 eV (for a PCN obtained from condensation 
at 550 ◦C), which is accessible to the photons in the visible range of the 
solar spectrum [22,42]. Importantly, the band gap can vary with the 
synthesis temperature, because it may induce modifications on the 

Fig. 4. Schematic representation of the polymerization process by its precursors (i) cyanamide, (ii) dicyandiamide, (iii) urea and (iv) melamine. Passing through the 
melem intermediate (v), condensation continues towards the formation of PCN or K-PHI, if salt melts are added. 
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materials’ architecture, including deviations from the planarity [22,40, 
45]. 

Nonetheless, not always these structural defects are detrimental to 
carbon nitride’s properties. In 2015, Kang et al. observed that an addi-
tional heating step at 620 ◦C on PCN brought a disruptive amorphization 
of its long range-order, by cleavage of the hydrogen bonding [46]. Since 
the covalent C–N bonds cannot be easily broken under these operative 
conditions, the connectivity is retained, resulting in twisting and twin-
ning phenomena on the melem units along the chains [46]. Moreover, 
the degree of amorphization increases as long as the thermal treatment 
is carried on [47]. Consequently, the conduction band edge is down-
shifted and the band gap narrows [46]. The so-called ‘amorphous-CN’ 
(am-CN) has been also characterized through electron paramagnetic 
resonance (EPR) spectroscopy to study spin and radical defects distri-
bution [48,49]. In this regard, EPR experiments performed on crystal-
line PCN and am-CN remarked that radical species are present and 
evenly distributed in both the examined materials, but the less crystal-
line structure of the latter cuts the variety of different paramagnetic 
defective centers from three to one (see Fig. 6)[48]. Time-resolved EPR 
analysis additionally highlighted that exciting am-CN over its band gap 
(within the wavelength range of 355–600 nm) can produce a stable 

triplet exciton that exhibits slower recombination rate and, conse-
quently, can be efficiently exploited to drive photo-reactivity [50]. 

Among the other structures of PCN, we should devote particular 
attention also to its ‘ionic’ forms. Some of these crystalline materials are 
named ‘poly(heptazine imide)s’ (PHIs) and are obtained following a 
consecutive two-step protocol based on (i) polymerization of melem into 
melon chains and (ii) calcination in presence of molten salts [38,51,52]. 
Since melon is stable up to 650–700 ◦C, inorganic salts (as well as binary 
or ternary eutectic mixtures of these) whose melting point is below this 
limit can melt and form an ionic liquid matrix that deeply influences the 
condensation mechanism. As a result, the properties of the final material 
are affected, even when the salts themselves are washed away in the 
post-synthetic purification [38]. Compared to the PCN structure, part of 
the nitrogen atoms that link heptazine units within PHIs are negatively 
charged (as drawn in Fig. 4) with an imide behavior [52]. The lack of the 
‘central’ heptazine not only endows the polymer of wider channels, but 
also represents a good coordination site for counterions, which is po-
tassium for the typical example based on LiX/KX eutectic (X = Cl, Br) 
[51–53]. Protocols might include the use of electron-rich C,N-pre-
cursors, such as 5-aminotetrazole [54] and 3,5-disubstituted-1,2,4-tria-
zole derivatives [55], but synthetic alternatives exist also for cations 
such as NaCl [56], KSNC [52,57], KOH and NaOH [58,59]. Interestingly, 
according to Krivtsov and colleagues, the use of KOH/NaOH melts 
reduce polycondensation temperature down to 330 ◦C and leads to a 
water-soluble photocatalyst for quasi-homogeneous applications [58, 
59]. It should be additionally remarked that KSCN is used in virtue of its 
low decomposition temperature which brings defective terminal cyan-
amide groups (usually written as − NCN) to the carbon nitride layers 
(sometimes labelled as ‘NCNCN’) [60,61]. Furthermore, because of the 
weak ionic interactions that bind the cations (e.g., K+) to the material, it 
becomes possible to replace these species with other active metal cen-
ters, as we will discuss later. Other notable examples of ‘ionic’ structures 
are represented by protonated carbon nitrides. Already in 2008, Zhang 
et al. noted that treating PCN in strong acid (such as HCl 37 wt.%) not 
only kept the material intact, but also improved H2 production efficiency 
by a factor of 2 because of higher ionic conductivity [62]. In the case of 
PHI, Schlomberg et al. noted that solvation water carried by K+ inside 
K-PHI’s channels determines an offset in the piled planes, while the 
exchange with more weakly solvated H+ ions restores stacking faults 
(see Fig. 7a-f) [52]. It has been observed also for a NCNCN by Chen et al. 
that protonation of the terminal − N− − CN groups to − NH− CN helps 
reducing exciton boundary radius, thus improving charge distribution 
within the layers and carriers’ mobility [63]. 

Importantly, in recent years, a great deal of research has focused on 
PHIs and NCNCNs because of the possibility to photochemically generate 
unique polaronic states in oxygen-free environment (Fig. 7g and h) [52, 
64,65] which keep stable even after stopping illumination. The so-called 
‘Illumination-Driven Electron Accumulation in Semiconductors’ 

Fig. 5. (a) Experimental XRD pattern for bulk PCN (by calcination at 550 ◦C). 
Adapted with permission from ref. [39] Copyright 2005 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. (b) Density of states (DOS) profile calculated for 
bulk g-CN (VB and CB are highlighted in purple and orange, in turn). Valence 
band edge value is set as 0 for reference. Adapted with permission from ref. 
[42] Copyright 2013 American Chemical Society. 

Fig. 6. (a) Absorption profiles for crystalline PCN (black line) and am-CN (blue line). (b,c) Q-band EPR spectra on crystalline PCN (b) and am-CN (c) have been 
recorded after illumination below and above the materials’ band gap, respectively 500 nm (green line) and 355 nm (purple line). Reprinted from ref. [48] under 
terms of the CC license. Copyright 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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(IDEAS) is therefore appealing for applications in dark (or ‘round-the--
clock’) photocatalysis [15,51,57,66] and photo-chargeable devices [51, 
53,67–70]. 

2.2. Tuning the morphology 

Among the carbon nitride-based materials, the long-range ordered 
PCN (also ‘g-CN’) is the most frequently investigated allotrope in pho-
tocatalytic applications because of its robustness and stability [26]. 
However, this material suffers from typically low surface area, which 
stands around 10 m2g− 1 [25]. As heterogeneous catalysis relies on su-
perficial interactions between substrates and active sites, increasing the 
available area may directly translate in higher performances and, 
eventually, better selectivity. To address this issue, several protocols 
have been designed to manipulate material’s shape. It has to be taken 
into account that morphological modifications may also alter the band 
gap as a consequence of the creation of atom vacancies and defects 
(including amorphization at the layers’ edges), that we will discuss in 
further detail in the next section. 

2.2.1. Exfoliation 
Exfoliation is considered as the easiest way to increase the surface 

area of PCNs. Unstacking the planes of PCN brings photocatalytic 

features as 2D material (i.e. fast exciton separation, higher charge car-
riers lifetime and presence of quantum confinement effects) [71,72] and 
increases the surface area, theoretically up to 2500 m2g− 1 [73]. As for 
other layered materials, delamination can be obtained by means of (i) 
dry thermal or (ii) wet routes. In 2012, Niu et al. were able to reduce the 
thickness of the PCN nanosheets down to 2.62 nm by applying a ‘thermal 
oxidation’ method which involves the calcination of the bulk material at 
500 ◦C for 2 h in air [71]. Such an oxidation results in the formation of 
nitrogen vacancies on the surface [71]. Later on, Chen et al. applied a 
similar approach for the systematic investigation of the properties 
exhibited by the exfoliated materials after thermal etching [74]. The 
authors observed that a second condensation step at 700 ◦C was the most 
effective way to reduce the thickness down to 0.2–0.4 nm (Fig. 8b,c), as 
also proven by the ipsochromic shift on the absorption edge due to 
quantum confinement (see Fig. 8e). However, the authors also pointed 
out that such treatments induce buckles through intra-layer supramo-
lecular interactions (see the zoomed area in Fig. 8c,d), which unlock n 
→ π* transitions and extend the material’s absorption range with an 
additional peak at approximately 500 nm (Fig. 8e) [74]. The band gap 
widening has been proven to be pivotal in selecting the reduction 
pathway of the adsorbed O2. In detail, Guo and co-workers observed that 
the higher surface energy and the improved charge separation in exfo-
liated PCN facilitate the formation of an 1,4-endoperoxide intermediate 

Fig. 7. (a) Transmission electron microscopy (TEM) image and (b) selected area electron diffraction (SAED) pattern of the [001] zone axis of the H-PHI given its 
trigonal cell (c) against 6-fold symmetry K-PHI depicted in the corresponding figures (d-f); (g) progressive fading over time (208 h) of photoreduced ‘blue’ H-PHI after 
1 h of illumination while keeping the vessel in dark conditions. Atom color list: blue= nitrogen, dark gray= carbon, white= hydrogen, pink= potassium. Adapted 
from ref. [52] under terms of the CC BY license. Copyright 2022, American Chemical Society. (h) Electron capacity (expressed as µmol(e− )g− 1) stored in K-PHI upon 
24h-illumination. Reprinted from ref. [64] under terms of the CC BY license. Copyright 2019, The Royal Society of Chemistry. 

Fig. 8. TEM images of (a) bulk PCN and (b,c) of its exfoliated sheets at 700 ◦C, with (d) energy-dispersive X-ray spectroscopy (EDS) analysis on the zoomed area, and 
(e) reflectance spectra for the materials examined. Adapted with permission ref. [74]. Copyright 2014, American Chemical Society. 
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(already characterized by Shiraishi et al. [75]) which is subsequently 
reduced to H2O2 upon two-electron transfer process [75,76]. 
Conversely, the electron transfer kinetics is slower on bulk PCN, there-
fore oxygen is preferentially reduced to O2

•− [76]. 
However, thermal protocols are not always appropriate as they may 

compromise the stability and the nature of interfaces (i.e., in composites 
with thermolabile substrates), several other relatively milder liquid 
strategies have been developed [72]. For example, exfoliation could be 
achieved by alkaline-promoted (aqueous NaOH solution, 0.1 M) hy-
drothermal protocol at a temperature as low as 90 ◦C, obtaining 6.5 
times higher surface areas [73]. On the other hand, acidic etching has 
been also explored [77]. In this case, fuming H2SO4 is first intercalated 
within PCN layers at room temperature, so that when the solution is 
poured in water, the local heat generated by dissolution makes the 
stacked structure quickly expand, thus exfoliating the material [77]. 
Other reported protocols are based on solvothermal or sonochemical 
routes involving selected solvents as swelling agents [78,79]. In this 
sense, the solvation power is of considerable importance since the 
mixing enthalpy decreases rapidly in parallel with the interactions be-
tween material’s layers and solvent molecules [72,78,79]. Nonetheless, 
solvation properties are not the only factor affecting the delamination, 
and other aspects need to be taken into account, such as the solvent 
boiling point, viscosity and molecular size [80]. 

2.2.2. Hard and soft templates 
Besides nanosheets, increased surface area can evolve from tailored 

bottom-up approaches designed to modulate the final morphology. The 
most investigated and used technique involves the use of external tem-
plates which thereafter have to be removed without altering the carbon 
nitride properties. Silica nanostructures are the most popular templates 
and were used for the first time by Groenewolt and Antonietti in 2005 
[39]. By using porosity-controlled silica monoliths soaked with molten 
cyanamide, PCN nanospheres with diameter of 5, 16 and 30 nm and 
surface area of ca. 100 m2g− 1 could be prepared [39]. The matrix was 
then removed with aqueous HF 5% solution [39], though nowadays the 

use of 4 M NH4HF2 is preferred to minimize safety issues [81]. By a 
different approach, Goettmann and colleagues were able to obtain a 
mesoporous PCN framework (see Fig. 9a), with randomly connected 
spherical pores and improved surface area up to 440 m2g− 1, by selecting 
an adequate ratio between cyanamide and Ludox HS40 silica nano-
spheres [81,82]. Casting on silica has been representing a relatively 
simple but effective method for templating shapes other nanospheres. 
Indeed, it has been possible to yield PCN nanorods within the meso-
porous channels of Santa Barbara Amorphous-15 silica matrix (SBA-15, 
see Fig. 9b) [83–87], but also 3D cages and cubic Ia-3d frameworks 
could be obtained by exploiting structures like SBA-16 [88], KIT-6 
[89–91], or FDU-12 (Fig. 9c)[86], which consist of an ordered 3D 
framework of nanocages mutually connected with a precise spatial 
periodicity. Noteworthily, nanocasts with intrinsic chirality can transfer 
optical activity to the templated material. Zheng et al. were indeed able 
to obtain a helical PCN (see Fig. 9d) with distinct left-handed chirality 
by means of a mesoporous silica mold which was templated itself around 
N-myristoyl-L-alanine [92]. Aside from silica, state-of-the-art hard--
template protocols to control porosity and surface area include examples 
with also NaCl [93,94], anodized Al2O3 (AAO, etched with H3PO4 or 
NaOH, see Fig. 9e) [95–99] and CaCO3 (then dissolved in HCl 2 M) 
[100]. Despite the excellent reproducibility of hard-templated PCNs, 
removing the mold via chemical etching introduces waste that burdens 
syntheses’ atom economy and requires additional care during the pro-
cess. A ‘greener’ alternative is offered by the soft agents, which are su-
pramolecular adducts and micelles made of surfactants, amphiphilic 
block copolymers or ionic liquids under specific conditions of solvent 
polarity and temperature. In this framework, attempts with Triton X-100 
and Pluronic 123 proved not ideal, as extra carbon coming from the 
surfactant remained incorporated during template removal by pyrolysis, 
affecting the final composition of the material [101–103]. Conversely, 
even though ionic liquids do not suffer from thermal degradation, they 
could interfere with the condensation mechanism, even embedding 
heteroatoms in the structure. Namely, BF4

− and PF6
− anions, respectively 

coming from 1‑butyl‑3-methylimidazolium tetrafluoroborate ([Bmim] 

Fig. 9. TEM images for PCN templated with (a) Ludox HS40 nanospheres, (b) SBA-15 and (c) FDU-12; Scanning electron microscopy (SEM) pictures of those PCN 
morphology-controlled by (d) helical silica structures and (e) AAO membranes; TEM images of (f) nanobelts and (g) the nano-‘accordion’ and (h) SEM image of the 
nanoflower obtained by self-assembly techniques. Adapted with permission from, in turn, ref. [81] Copyright 2006, WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim; ref. [86] Copyright 2012, The Royal Society of Chemistry; ref. [106] Copyright 2014, Elsevier Inc.; ref. [92] Copyright 2014, WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim; ref. [98] Copyright 2009, American Chemical Society; ref. [107] Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref. [108] 
Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; ref. [109] Copyright 2023, Elsevier Inc. 
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[BF4]) and 1‑butyl‑3-methylimidazolium hexafluorophosphate 
([Bmim][PF6]), are accounted of inserting B, F or P heteroatoms [104, 
105]. 

2.2.3. Self-Assembly and template-free methods 
While being extremely effective in terms of surface area output and 

shape-modeling reproducibility, these routes lack atom economy since 
the templating agent could barely be restored at the end of the synthetic 
protocol. Alternatively, these shapes might be achieved through strate-
gies that rely on self-assembly phenomena among precursors. 

For example, PCNs with dot-like or packed layered morphologies 
were obtained through the formation of complex superstructures be-
tween melamine and halogen anions coming from HCl or HBr [110]. 
Cyanuric chloride can be also used for low-temperature carbon nitride 
syntheses. Indeed, by using acetonitrile in subcritical conditions (180 ◦C 
in stainless-steel autoclave), Cui et al. obtained nanobelt-shaped PCN 
from the condensation between cyanuric chloride and melamine (see 
Fig. 9f)[107]. The authors remarked also a strong dependence of the 
material’s performances on the synthetic conditions, i.e. material 
carbonization is observed if temperature exceeds 230 ◦C, while surface 
area improves after long treatments (96 h) [107]. Finally, melamine and 
cyanuric acid can form a supramolecular donor-acceptor adduct with 
stacked ordered planes, favored by strongly-directional hydrogen 
bonding [108]. Calcination of this aggregate generates nanosheets [111] 
or accordion-like (see Fig. 9g) [80,108] structures, although other 
morphologies are also accessible in presence of additives (e.g. oxalic 
acid [112] and urea [113,114]), by changing the solvent properties 
[115,116] or by tuning precursors’ supersaturation (obtaining even 
flower-like shapes as Fig. 9h) [109]. Furthermore, the 
melamine-cyanuric acid complex offers high flexibility towards the in-
clusion of other precursors (albeit bearing adequate moieties for 
hydrogen bonding), such as caffeine [117] and creatine [118]. 

2.3. Engineering band gap and active sites 

Band gap tuning is an important aspect in carbon nitride photo-
catalysis. As mentioned before, there is a clear dependence of band gap 
with respect to morphology and structural modifications (vacancies, 
doping etc.). As it is well-known from semiconductors’ photophysical 
investigations, the presence of structural defects introduces additional 
electronic states within the valence and conduction band edges, which 
may both lower the actual band gap and serve as charge carriers’ traps 
[12,16]. 

Nitrogen-rich forms of carbon nitride can be obtained either by 
altering the graphitization process with tailored precursors and condi-
tions, or through post-synthetic modifications. For example, high- 
crystallinity mesoporous carbon nitrides with C3N5 [90], C3N6 and 
C3N7 stoichiometries [91] could be synthesized by templating tri- and 
tetrazoles’ polymerization inside KIT-6 pores. Even though the high 
amount of less thermodynamically stable N− N bonds might look detri-
mental for material’s stability, the authors demonstrated that this is 
retained by the thermically-induced formation of 5-member rings (see 
Fig. 10) at the material’s edges [91]. The formation of nitrogen-rich 

holey nanosheets has also been observed after thermal treatment of 
bulk PCN (from dicyandiamide) in NH3 atmosphere [119]. 

Alternatively, microwave-assisted routes offer a more feasible and 
accessible strategy to create carbon vacancies inside PCN framework 
[120]. In a recent publication, Torres-Pinto et al. presented a systematic 
investigation into the features imprinted by microwaves (MW) during 
polymerization or post-synthetic treatments, even changing precursors 
[121]. According to their findings, MW-assisted polymerization pro-
duced PCNs low in nitrogen content and surface area. On the other hand, 
an additional post-synthetic treatment under microwaves at 500 ◦C 
helped the materials’ expansion (up to 5 times), but also decreased (on 
average, 10% less) the amount of carbon in the structure [121]. Our 
group recently set up a milder protocol to generate carbon vacancies 
(upon loss of CO2 and CO molecules) by treating melamine-derived PCN 
under microwave irradiation at 190 ◦C in presence of water [122]. 
Combining observations from X-ray photoelectron spectroscopy (XPS), 
electron nuclear double resonance (ENDOR) and solid state 15N-nuclear 
magnetic resonance (NMR), the formation of terminal imines and tri-
azole moieties was proposed as a structural evolution from the gener-
ated carbon vacancies [122]. It must be highlighted also that such 
defects play an important role in the activation of O2 via photogenerated 
electrons, therefore improving oxidations. In detail, the enhanced acti-
vation is due to an uneven charge distribution on the N-rich moieties 
which increases the contribution of lowest unoccupied molecular orbital 
(LUMO) from O2 in the superficial adduct between CN and O2 [123]. 

On the other hand, several techniques have been explored to remove 
nitrogen atoms from the polymeric network. For example, Yu et al. 
observed that the addition of alkali (like KOH, NaOH or Ba(OH)2) during 
urea polycondensation brings to the formation of terminal cyano groups 
(while losing amino functionalities) and nitrogen vacancies in the hep-
tazine cores [124]. In addition, abstraction of nitrogen atoms may be 
induced by means of reducing treatments on bulk PCN, such as direct 
300 W Xe lamp irradiation in presence of hydrazine [125] or thermal 
treatment in pure H2 or Ar/H2 atmosphere [126,127]. Where the 
structure lacks of nitrogen atoms, new carbon-carbon interactions 
appear, resulting in the lowering of the conduction band (see Fig. 11) 
[49,124]. 

Distributing carbon and nitrogen vacancies in a tailored space- 
precise pattern or gradient is of paramount importance for the forma-
tion of effective homojunctions, whereby charge carrier separation and 
lifetime are improved. It was demonstrated that a 1:1 mixture of mel-
amine/cyanuric acid in presence of suitable amounts of barbituric acid 
led to develop heterojunctions that proved critical for enhanced pho-
tocatalytic H2 evolution [128]. Since barbituric acid has 
hydrogen-bonding acceptor features similar to cyanuric acid, pre-
cursors’ assembling is only slightly altered, but polycondensation easily 
yielded carbon-rich networks interfaced with non-doped carbon nitride 
[128]. Later, the authors improved the design by bringing together also 
nitrogen-rich domains when HCl is added to the supramolecular adduct 
mixture [129]. Noteworthily, Yang et al. recently implemented an 
analogous interface by milling and calcining in air a solid mixture of 
thermally polymerized melamine- and 3-amino-1,2,4-triazole-based 
carbon nitrides [130]. 

Fig. 10. Hypothetical mechanism for the formation of nitrogen-rich carbon nitrides from the pyrolysis of 5-amino-1H-tetrazole (i). Reprinted and adapted with 
permission from ref. [91]. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Oxygen is another common dopant for CN structures. Oxygen-based 
functional groups might be purposefully introduced into the polymeric 
network by means of controlled oxidation protocols. The use of H2O2 at 
relatively high temperature (140 ◦C) and pressure leads to the substi-
tution of sp2-hybridized nitrogen atoms with oxygen so that the oxidized 
PCN displays a narrowed band gap because of new intragap states close 
to the CB [131]. Further details on the nature of these defects have to be 
linked to the oxidant’s strength as well as to the protocol used. For 
example, diluted acid solutions cause partial etching of the PCN layers, 
which expose mainly − OH groups [127], while >C––O and − COOH are 
generated by means of stronger oxidants, such as KMnO4 in acidic 
environment [132] or a mixture of sulfonitric acid (H2SO4/HNO3 1:1 
ratio) and H2O2 [133]. Alternatively, oxygen-rich precursors, like hex-
amethylolmelamine [134] or urea/cyanuric acid mixtures [135], can be 
used, resulting in the formation of oxadiazine fragments. Likewise, other 
non-metals can be effectively loaded among carbon and nitrogen atoms, 
imprinting their chemical features to the final material [136]. In 
particular, inclusion of phosphorus [105,137–139], sulfur [140,141], or 
boron atoms [142,143], through coordinative bonds in the polymeric 
network has been reported, while halides usually dope PCN via elec-
trostatic interactions [144–146]. 

Finally, it is important also to mention the importance of metal 
doping, which is crucial as for tuning the optical features (i.e., photo-
sensitizing) [136,147] as for crafting catalytic sites within the frame of 
‘single-atom catalyst’ (SAC) design [148–151]. Inspired by metal-
loenzymes, heterogenous SACs bridge homogenous and heterogenous 
catalysis while improving the effective atom utilization, which repre-
sents a great strength for those reactions catalyzed by precious metals’ 
nanoparticles [148–152]. From the molecular point of view, carbon 
nitride-based materials perfectly fit as supports for metal cations since 
they contain ‘nitrogen pots’, which are coordinative sites made from 
heptazine’s nitrogen lone pair electrons [151,153]. Complementarily, 
cations might be stabilized even from edge structural defects, as for the 
case of Ni(II) ions in MW-CN recently reported by our group [122]. As 
research in this field boomed in the last 10 years, a plethora of synthetic 
protocols have been developed, accompanied by a wide span of acces-
sible materials. For instance, square planar ‘Co1-N4’ single active site can 

be obtained from atomic layer deposition [154], but also with wet 
impregnation techniques using cobalt salts or complexes like CoCl2 
[155], Co(acac)2 (acac= acetylacetonate)[93] or Co(phthalocyanine) 
[111]. In particular, the use of metal-phthalocyanines is sometimes 
preferred to the other ways, because of the planarity of the metallic 
complex, which guarantees better adhesion and binding to carbon 
nitride layers as much as intercalation among the planes [108,111,156]. 
However, these specifications become of minor importance when SACs 
are introduced into the charged PHI framework, for which ion exchange 
of the desired cation with the loosely bound alkali ions is sufficient 
[157–159]. As we will discuss with greater detail in the next section, 
metal cations can directly bind and activate molecular oxygen, thus 
improving the catalytic activity [147,157,160]. 

3. Aerobic oxidation reactions 

The oxidation of organic compounds is one of the most common and 
important classes of reactions, as it increases the molecules’ chemical 
complexity and functionality [1,3,4]. In light of Green Chemistry prin-
ciples [8,9], heterogeneous photocatalysis is a convenient tool to access 
these transformations, because it combines the possibility to recover and 
recycle the solid catalyst (rule 9, ‘Catalysis’) with the use of light as 
energy source (rule 6, ‘Designed for Energy Efficiency’). Among all the 
possible semiconductors, carbon nitrides have been emerging recently 
since they are versatile and cost-effective materials, and, upon tuning of 
the structure and properties, they can be widely applied to organic ox-
idations [17,30,151,161–164]. To this end, the ideal oxidant to address 
Green Chemistry goals in research and industry is molecular oxygen 
(O2), considering its widespread availability, especially when air is 
directly used as oxygen source, and the lack of toxic by-products [6,7]. 
Indeed, O2 is mostly entrapped into the targeted organic substrates, 
maximizing the atom economy (rule 2) of the transformation. Further-
more, these photocatalytic protocols are typically safe for operators and 
there is no actual risk of explosion while using oxygen at ambient 
pressure (rule 12, ‘Inherently Safer Chemistry for Accident Prevention’). 
Further assessments on the green metrics depend on the nature of the 
reaction and of its reagents. This section will describe the various 

Fig. 11. Structural models, band structures and DOS respectively calculated for g-CN (a-c) and N-defective PCN (d-f). Atom color list: cyan= nitrogen, dark gray=
carbon, white= hydrogen. Reprinted with permission from ref. [124]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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photocatalytic oxidation reactions catalyzed by polymeric carbon 
nitride derivatives relying on air or O2 as oxidant (Fig. 12). 

3.1. Photocatalytic oxidation of sp3-hybridized carbon atoms 

3.1.1. Photocatalytic oxidation of hydrocarbons 
The oxidation of aliphatic C(sp3)− H bonds is a core industrial 

technology for converting petrochemical based materials to valuable 

Fig. 12. (a) Graphical and (b) schematic summary of the contents of Section 3.  

Fig. 13. Bond dissociation free energies of C–H bonds (C–H BDFEs) for some organic molecules (not in scale). Ref. [167].  
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chemicals [165]. However, the photocatalytic oxidation of hydrocar-
bon’s C(sp3) to alcohols, aldehydes, or ketones with high conversion and 
selectivity remains a significant challenge [166], because of two main 
reasons: (i) the high dissociation energy of aliphatic C(sp3)− H bonds 
that causes low conversions especially in the case of − CH3 groups 

(Fig. 13), and (ii) the increased reactivity of the oxidized products with 
respect to the starting material, which hampers selectivity. 

3.1.1.1. Photocatalytic oxidation of benzylic C–H bonds. Toluene (C–H 
BDFE of 90 kcal mol− 1) serves well as a model substrate for the oxidation 

Table 1 
Examples of benzylic C(sp3)− H oxidations. aThermal reaction. AQY = apparent quantum yield, FLP/FL-PCN = few-layered phosphorene/few-layered PCN, CD/PCN=

carbon dots/PCN.  

Entry Catalyst Light Reagent Product Yield or Formation rate (AQY) Sel. Scope Ref. 

1a mpg-CN None <3% 99% 4 ex. [170] 

2 Bi2MoO6/PCN 300 W Xe lamp 850.7 μmol g− 1h− 1 99%  [171] 

3 BiVO4/Ag/PCN λ > 400 nm 150 μmol g− 1h− 1 99% 3 ex. [172] 

4 FLP/FL-PCN Blue LED 21.9% (34%) 81%  [174] 

5 CD/PCN λ > 400 nm 

1–6.7 mmol g− 1h− 1 87% 8 ex. 

[175] 0.7–11 mmol g− 1h− 1 N.D. 5 ex. 

6 NiNPs/PCN 12 W blue LED 80–98% N.D. 35 ex. [178] 

7 Fe-PHI 200 W Hg-Xe lamp 92–98% 94.5–100% 3 ex. [157] 

8 PCN Blue LEDs 51–94% N.D. 35 ex. [177]  
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of benzylic C–H bonds because its oxidized products, namely benzyl 
alcohol, benzaldehyde, benzoic acid, and benzyl benzoate, are all 
commercially-important intermediates for several industrial purposes 
[168]. Typically, the large scale production of these compounds suffers 
from low conversions and selectivity, and relies on homogenous 
precious metal-based catalysts and high reaction temperatures [168, 
169]. 

In 2012, Li et al. reported for the first time the use of carbon nitride- 
based catalysts for the thermal oxidation of toluene and its derivatives 
[170]. In particular, mesoporous carbon nitride (mpg-CN) showed high 
selectivity towards the synthesis of the corresponding aldehydes (up to 
99%), but very poor catalytic activity (conversion values spanning from 
0.8 to 3.1%) at 160 ◦C (Entry 1 Table 1). In recent years, interest has 
shifted to the possibility of carrying out this oxidative process by means 
of more appealing photochemical approaches. Therefore, examples of 
toluene photo-oxidation under aerobic conditions have been reported 
using PCN or PCN-based composites with other inorganic [171–173] or 
organic [174,175] components. In general, the use of composite mate-
rials ensures efficient charge separation under photocatalytic regime, 
thus favoring the oxidation of the aliphatic carbons [171,173]. 

Fig. 14 describes the mechanism usually proposed for the photo- 
oxidation of toluene into benzaldehyde. First, the O2 molecules cap-
ture the excited photoelectrons from the conduction band of the pho-
tocatalyst to generate active superoxide radical anions O2

•− , while the 
holes (h+) drive the oxidation of the C(sp3)− H bonds in the organic 
substrate to form the corresponding alkyl radical intermediates (PhCH2

•) 
and H+. Subsequently, such radical is converted to the alkyl hydroper-
oxide PhCH2OO•. Then, three pathways have been suggested for the 
synthesis of the final carbonyl compound. For example, two alkyl 
different hydroperoxide radicals can couple to form a 
PhCH2OOOOCH2Ph intermediate and resolve into a Russel termination 
step [176], producing benzaldehyde, benzyl alcohol and O2 (path 1, 
Fig. 14). Otherwise, PhCH2OO• may interact with H+ to yield 
PhCH2OOH via an ‘one electron/one proton’ pathway (path 2, Fig. 14) 
or can react back another substrate molecule, abstracting a H• and 
forming PhCH2OOH and PhCH2

• (path 3, Fig. 14). Eventually, the 
dehydration of PhCH2OOH provides the desired product. Sometimes, 
the reaction can produce alcohols as by-products, but these would 
subsequently undergo an additional oxidation step to form benzalde-
hyde and water, improving the overall selectivity of the process [172, 
174]. 

In 2022, da Silva et al. successfully performed the aerobic photo-
catalytic oxidation of benzylic C(sp3)− H bonds, using a poly-(heptazine 
imide) modified with Fe single-atoms (Fe-PHI) [157]. In particular, the 
authors showed that the substrates could be effectively converted into 
the desired products with high yields and selectivity (Entry 7 Table 1). 
The good catalytic performances obtained using Fe-PHI are ascribable to 

the possibility to oxidize Fe(III) single-atom sites to the active in-
termediates Fe(IV)=O and Fe(V)-dioxo-species, by means of the H2O2 
generated in situ from the 2e− photoreduction of O2. Not only these 
species are very oxidative, but also the electrons stay delocalized in the 
PHI’s π-conjugated structure to compensate the positive charge of Fe(V) 
species, elongating the life of excited states. However, it is important to 
mention that the substrates examined within this study bear substituted 
and dibenzylic carbon atoms, whose C–H bond dissociation energy is 
much lower than the one of toluene (see for reference ethylbenzene and 
diphenylmethane in Fig. 13). Similar considerations can be drawn for 
the substrate selected by Geng et al., where the oxidation occurs on 
benzylic carbons with electron-rich atoms in the α-position (Entry 8 
Table 1) [177]. 

Finally, it is worth mentioning even the recent efforts on the PCN- 
based upcycling of polystyrene as relevant example of photocatalytic 
aerobic oxidation of benzylic C(sp3)− H bonds for industrial and envi-
ronmental purposes. By means of a two-step oxidation process, the 
polymer can be converted into added value oxygenated molecules, 
mainly benzaldehyde, acetophenone or benzoic acid, with good con-
versions and selectivity [179,180]. 

3.1.1.2. Photocatalytic oxidation of allylic C− H– bonds. Selective allylic 
oxidation with O2 as the terminal oxidant is a an essential tool for 
organic synthesis and industrial chemistry, because introducing oxygen 
atoms into unsaturated hydrocarbons through aerobic oxidation allows 
the preparation of complex molecules from natural petroleum in a cheap 
way [4,181,182]. Traditional allylic oxidation requires the use of tran-
sition metal-containing catalysts and relatively harsh conditions [183]. 
Even under such operative conditions, the synthesis generally suffers 
from limited conversion and selectivity [184]. To tackle these issues, 
Zhang et al. developed a protocol for the oxidation of allylic carbons 
using PCN as photocatalyst in presence of HBT (1-hydroxybenzo-
triazole) as additive [181]. In particular, the authors studied the 
oxidation of cholesteryl acetate (CA) to 7-ketocholesteryl acetate 
(7-KOCA) (Fig. 15), which is a key step in the synthesis of vitamin D, 
reaching moderate yield (48%) and excellent selectivity (99%). The 
same protocol allows the conversion of cyclohexene into 2-cyclohexe-
n-1-one (83% yield, 77% selectivity). Besides, phenylethylene, α-iso-
phorone, α-pinene, and ethylbenzene were also suitable substrates, 
providing the corresponding oxidized derivatives with good selectivity 
(up to 84%) and moderate conversions (26–71%). 

3.1.1.3. Photocatalytic oxidation of alkyl C–H bonds. Catalytic oxida-
tion of saturated C(sp3)− H bonds of inexpensive and simple alkanes to 
give valuable chemicals is a complicated task in industrial and fine- 
chemical processes. This is due to the high dissociation energies asso-
ciated to alkanes’ C(sp3)− H bond (see Fig. 13) [185]. Nevertheless, 
some examples showing the use of PCNs for the oxidation of alkane 
derivatives under aerobic conditions are available in literature. In 
particular, the direct synthesis of ethanol from methane and the con-
version of cyclohexane into cyclohexanone have been investigated 
(Table 2) [175,186,187]. Conversion rates and selectivity levels were 
rather modest, especially for the ethanol production, where significant 
amounts of methanol and CO2 were observed as by-products. In addi-
tion, only UV light or thermal activation of the catalyst drove the 
oxidation of hexane [187,188], calling for the development of improved 
catalysts and conditions. 

3.1.2. Photocatalytic oxidation of N–C(sp3)–H bonds 

3.1.2.1. Photocatalytic oxidation of oxazolidinones and anilines. This 
section describes some representative examples of PCN-catalyzed the 
aerobic photo-oxidation of C(sp3)− H showing a nitrogen atom in the 
α-position [189–191]. In this regard, an interesting example is the 
oxidation of oxazolidinones to afford 1,3-oxazolidine-2,4‑dione Fig. 14. Proposed reaction mechanisms for the photocatalytic oxidation of 

toluene using PCN. VB= valence band, CB= conduction band. 

G. Grando et al.                                                                                                                                                                                                                                 



Nano Trends 4 (2023) 100028

12

derivatives, which are relevant compounds for pharmaceutical and 
agrochemical industry [190]. Recently, Galushchinskiy et al. have 
shown that mpg-CN can efficiently act as heterogeneous photocatalytic 
system to drive this type of reactivity (Fig. 16). 

By a similar approach, it is possible to perform the formylation re-
action of N,N-disubstituted anilines. Our group recently applied PCN to 
this reaction, obtaining a significant pool of molecules, with yields be-
tween 24% and 86% (selected examples are reported in Fig. 17a) [192]. 
In comparison, other photocatalytic examples require UV light or the 
presence of homogeneous catalysts [193,194], so that the use of 
metal-free heterogeneous systems prompted by visible light is an 
interesting approach in potential green industrial applications. A critical 
step in the proposed mechanism features a single-electron transfer 
(labelled as ‘SET (b)’ in Fig. 17b) from the reagent to the photo-holes on 

the excited photocatalyst in order to generate a radical cation interme-
diate on the nitrogen atom. As illustrated in Fig. 17b, this intermediate 
may be deprotonated under basic conditions, delivering an α-amino 
radical. Such carbon centered radical can then react with O2

•− , obtained 
through the reduction of O2 via photoinduced SET process from the CB 
(‘SET (a)’ in Fig. 17b), eventually forming the final product. 

3.1.2.2. Photocatalytic oxidation of amines into imines. Imines are 
important precursors in organic chemistry for many synthetic purposes, 
which include bioactive nitrogen-containing heterocyclic compounds, 
agrochemicals, organic polymers, and drug delivery vectors [195–199]. 
Visible light photocatalysis by mpg-CN under aerobic conditions proved 
promising, with yields ranging between 50 and 99% and a scope of 19 
entries. However, some disadvantages such as relatively low surface 
area, inefficient charge transfer/separation, and large reaction energy 
barrier required the use of relatively unfavorable conditions such as high 
oxygen pressures [161,162,200]. To overcome such limitations, porous 
few-layer PCN [80], mpg-CN in flow reactors [201], cyano-decorated 
PCN nanosheets [202], perylene-3,4,9,10-tetracarboxylic dianhy-
dride/PCN [203], PCN/UiO-66-NH2 (in which UiO-66-NH2 defines a 
NH2-mediated zirconium-based metal-organic framework) [204], Fe 
(bpy)3/npg-CN (‘npg’ = ‘nanoporous’) [205], CdS@PCN [206], 
PCN/Bi2WO6 [207] and AuNPs/PCN [208] were investigated. The 
higher complexity of these catalysts allows to operate under milder 
conditions, such as room temperature, low O2 pressures, or even air. A 
generally accepted mechanism for this conversion is illustrated in 
Fig. 18. The first step is the loss of an electron by the amine through 
oxidation by a photogenerated hole, resulting in a radical cation inter-
mediate; meanwhile, the photogenerated electron reduces O2 to the 
radical anion superoxide O2

•− [207]. In a third step, the radical cation 
combines with O2

•− to produce a NH-imine and H2O2. Finally, the 
NH-imine undergoes a nucleophilic attack by another amine molecule, 
resulting in the formation of an intermediate that releases ammonia and 
produce the benzyl imine. Variations to this general mechanism were 
adopted by various groups. For example, zinc porphyrin polymer (ZnP 
PCN) and cerium single-atom PCN seem to favor 1O2 as active oxygen 
species, and the formation of benzaldehyde as intermediate [147,160]. 

Fig. 15. Proposed reaction conditions for the oxidation of cholesteryl acetate (CA) to 7-ketocholesteryl acetate (7-KOCA). HBT =1-hydroxybenzotriazole. Ref. [181].  

Table 2 
Examples of oxidations of alkyl C–H bonds. PTI/PCN = polytriazine imide/PCN, GS/PCN = graphene sheet/PCN.  

Entry Catalyst Light Reagent Product Yield or Formation rate Sel. Ref. 

1 N vacant-PCN 300 W Xe lamp CH4 CH3CH2OH 281.6 μmol g− 1h− 1 74% [186] 
2 PTI/PCN λ= 365–420 nm 12.1% 100% [187] 

3 GS/PCN λ > 400 nm 13% 99% [188]  

Fig. 16. Use of mpg-CN for the photocatalytic oxidation of oxazolidi-
nones. Ref. [190]. 
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3.1.3. Photocatalytic oxidation of alcohols 

3.1.3.1. Photocatalytic oxidation of alcohols to aldehydes. The partial 
aerobic photooxidation of alcohols to carbonyl compounds with carbon 
nitride was vastly investigated in the last decade [209], and recently 
reviewed by Savateev [210]. The reason of this large interest relies on 
the simplicity of the synthesis that makes it an ideal model reaction for 
photocatalyst development. Moreover, it has a large applicability in 
laboratory and in commercial procedures as well as in industrial pro-
cesses [211–213]. The transformation however suffers from low selec-
tivity in the case of electron-rich molecules and substrates bearing 
multiple functional groups [214]. Benzyl alcohol is often used as a 
model substrate, with O2 as an electron acceptor (Fig. 19) and various 
structurally- or chemically-modified PCN have been successfully used 
[175,215–228]. The general mechanism, schematized in Fig. 19, begins 
with the reduction of O2 to superoxide radical anion (O2

•− ) by the 
photoexcited electrons. Subsequently, O2

•− can take a proton from the 
alcohol to yield •OOH and the corresponding alkoxide anion interme-
diate (path 1 in Fig. 19), which is then oxidized by the photo-holes to an 
oxygen-centered radical. Alternatively, the alcohol may also undergo a 
single proton-coupled electron transfer (PCET), in which it 

simultaneously gives a proton to O2
•− and an electron to the photo-holes, 

directly giving the oxygen-centered radical (path 2, Fig. 19). The 
abstraction of H• from this intermediate by means of •OOH closes the 
catalytic cycle, producing H2O2 and the desired carbonyl compound. 

Among all the possible strategies to prevent overoxidation of 
benzylic alcohols to the corresponding carboxylic acids, flow reactors 
offer a simple and scalable solution that allow to finely control residence 
and irradiation time to optimize conversion and selectivity [201]. In this 
framework, two possible implementations have been suggested by 
Reisner and co-workers in 2020 [201] and, later, by Giusto and col-
leagues [229]. In the first example, mpg-CN was immobilized inside the 
channels of a microfluidic reactor in a packed-column fashion while the 
precursor was pushed through with a gas-liquid segmented flow pattern 
(which is the regular succession of reaction matrix and air bubbles) 
[201]. Using 1-naphthalenemethanol as model substrate, the authors 
remarked a huge difference in conversion (80% for the flow reactor 
against 39% of the batch) over 90 min and, even increasing the reaction 
time of the batch reaction to equalize the conversion, the selectivity 
dropped [201]. Alternatively, Giusto and co-workers deposited mpg-CN 
as thin films on the tubing walls [229]. By generating 1O2 as reactive 

Fig. 17. (a) Oxidative formylation of amines, including the yields of some examples from the scope, and (b) the corresponding proposed reaction mechanism. VB=
valence band, CB= conduction band, SET = single-electron transfer. Ref. [192]. 

Fig. 18. General mechanism for amine-to-imine oxidation. VB= valence band, 
CB= conduction band. Ref. [207]. 

Fig. 19. Proposed mechanism for oxidation of primary alcohols to aldehydes. 
VB= valence band, CB= conduction band, PCET = proton-coupled elec-
tron transfer. 
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oxygen species (which is milder than O2
•− or •OH), the set-up allowed to 

isolate benzaldehyde with 96% yield (against 53% of the analogous 
batch process). Since pristine PCN and its derivatives possess poor yield 
for 1O2 [230–232], the better performances of this material are probably 
due to higher surface area/volume ratio in the microchannels combined 
to the absence of voids in the structure of the thin film that suppresses 
the non-radiative recombination of triplet excited states [229]. Similar 
photophysical concepts served to the authors also to explain why instead 
the batch reactor was useful to yield carboxylic acids, as we will further 
in section 3.1.3.4. 

Finally, most of the examples report benzylic substrates while just a 
small number of examples with aliphatic alcohols can be found [75], the 
reason being the stabilization effect of the aromatic towards the 
high-energy intermediates. 

3.1.3.2. Photocatalytic oxidation of alcohols to ketones. Ketones are also 
possible products of the alcohol oxidation, and several examples are 
available [175,216,217,219,222,224]. They are usually obtained in the 
same conditions of the aldehydes but using secondary alcohols as sub-
strates. Unlike aldehydes, ketones do not possess labile C–H bonds next 
to the carbonyl moiety, resulting in the formation of more stable ketyl 
radicals and an overall higher selectivity can be found [51]. However, 
the oxidation of aliphatic secondary alcohols to the relative ketones 
typically occurs with low yields (11–12 %) [175,219,224]. Improved 
activity (yields up to 36–55%) was obtained in acidic conditions [224]. 

3.1.3.3. Photocatalytic oxidation of alcohols to esters. When the photo-
oxidation of benzyl alcohols is carried out in the presence of an aliphatic 
alcohol, such as methanol, methyl benzoates could be obtained 
[233–235]. For example, protonated PCN showed very high yields and 
selectivity for the synthesis of methyl benzoates (77–100% yield, 9 ex-
amples) [234]. Good performances were also observed with a 
Pd-decorated carbon nitride [235]. Conversely, interfacing PCN with 
BiVO4 was reported to be not as selective as the previous examples 
(although in similar operating conditions), giving higher selectivity for 
acetals, but also producing benzaldehyde and benzyl benzoate (Fig. 20). 
The presence of these by-products can be explained through a deeper 
investigation on the mechanism usually proposed for this reaction: as 
common first step, the aldehyde is obtained as first intermediate and this 
can react with methanol to form a hemiacetal, which is further oxidized 
to the corresponding ester. However, after the hemiacetal is formed, an 
additional substitution reaction with another methanol molecule can 
generate a dimethyl acetal, halting the oxidation process [236]. 

3.1.3.4. Photocatalytic oxidation of alcohols to carboxylic acids. Benzoic 
acids are generally obtained as side products of the aerobic oxidation of 
benzylic alcohols, as the C–H bond in the newly-formed aldehydes is 
relatively more labile (81.3 kcal mol− 1) and can be further oxidized. The 
main responsible of this side reaction are the •OH radicals given by the 
homolytic cleavage of H2O2, which is a by-product of the benzaldehyde 
synthesis (Fig. 19). Albeit generally considered as an undesired by- 
product, some groups purposely isolated the acid with high selectivity 
(Fig. 21a). For example, Mazzanti et al. deposited thin films of carbon 
nitride via chemical vapor deposition on the walls of the batch reaction 

vessel. By mechanistic investigations, the authors proved the impor-
tance of the number and the uniformity of the deposited layers. In 
particular, not only the absence of voids in the PCN’s structure eases the 
formation of 1O2 (which is the actual ROS), but also having thicker 
deposits leads to a slower reaction kinetics (due to the higher rate of 
exciton recombination events) that favors the selective formation of 
carboxylic acids instead of aldehydes [229]. Another synthetic path is 
focused on the oxidative cleavage of the C–C bond in symmetric 
α‑hydroxy ketones catalyzed by mpg-CN, that selectively produce the 
corresponding carboxylic acids (49–75% yield, 14 examples, Fig. 21b) 
[237]. However, the proposed synthetic strategy requires relative high 
temperatures (100 ◦C) and has moderate yields. 

3.2. Photocatalytic oxidations on sp2-hybridized carbon atoms 

3.2.1. Photocatalytic oxidation of alkenes to carbonyls trough oxidative 
cleavage of double bonds 

Another common reaction in organic chemistry is the oxidative 
cleavage of alkenes into carbonyls (aldehydes and ketones) and car-
boxylic acids [238]. Classical industrial protocols for alkenes’ oxidative 
cleavage employ O3 as the oxidant, which suffers from high costs, sig-
nificant energy demands and serious safety issues [239]. Zhang et al., 
reported a method for the oxidative cleavage of a large scope of alkenes 
using polymeric carbon nitride as catalyst and N‑hydroxy succinimide 
(NHS) as additive (39–81% yields, 29 examples) [240]. However, atom 
economy guidelines discourage the use of additives [8,9]. Alternatively, 
tubular carbon nitride was recently exploited to achieve good results for 
C––C cleavage to obtain aldehydes and ketones (59–83% yields, 24 ex-
amples) without additives [241]. Compared to the ‘simple’ PCN, the 
ultrathin walls of tubular carbon nitride increase the number of active 
sites and the light scattering, enhancing the material’s photocatalytic 
activity [241]. These features enhance the formation of •OH and OH− via 
hydrogen atom transfer between O2

•− and water (path 2, Fig. 22), 
avoiding the use of other radical promoters, like NHS, and offering an 
alternative pathway to the [2+2] cycloaddition (path 1, Fig. 22). In both 
cases, the coupling between alkene’s radical cation and the ROS yields a 
dioxetane intermediate, which leads to the final product by ring cleav-
age (Fig. 22). 

The role of singlet oxygen was investigated for allyl and diene oxi-
dations [242]. In this regard, oxidized carbon nitrides were proved 
efficient to oxidize a large number of unsaturated compounds, including 
allyl benzene and α-methyl styrene [242]. In most of the cases, however, 
the reaction shows low selectivity, and a mixture of products is obtained. 
As matter of fact, even if 1O2 is considered to be the main active species 
via Diels-Alder or ene reaction with the substrates, the formation of 
dioxetane intermediates has been postulated to justify some of the 
observed by-products, raising questions on the truly active species 
[242]. Deeper studies will have to reveal the in-depth mechanism and 
the influence of active oxygen species on the oxidation of unsaturated 
carbons. 

3.2.2. Photocatalytic oxidation of alkenes to epoxides 
Epoxides are particularly interesting compounds, since they are 

widely used in organic syntheses for pharmaceutical industries, 

Fig. 20. Reaction conditions proposed by Samanta et al., with selectivity values for the various by-products. Ref [233].  
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materials and life sciences [243]. The mesoporous carbon nitrides used 
were functionalized with metal complexes or nanoparticles, as reported 
in Table 3 [178,244]. The mechanism still needs to be further investi-
gated, however it probably involves the presence of dioxetane inter-
mediate [178], as described in the previous section. Interestingly, the 
presence of the metal in the catalyst seems to be essential to oxidize the 
double bond selectively to epoxide rather than to carboxylic group 
[244]. 

3.3. Photocatalytic oxidations on sulfur 

Sulfoxides, because of their chiral electron pair, are extremely 
important for preparing biologically active molecules [245]. The clas-
sical method to generate sulfoxides is through the oxidation of sulfides, 
that generally requires strong oxidants [246]. For this reason, the pho-
tocatalytic oxidation of sulfides using oxygen as the oxidant and carbon 
nitride derivatives as photocatalysts has been attracting growing interest 
in recent years, as summarized in Table 4 [230–232,247–250]. The se-
lective formation of sulfoxide makes use of 1O2 [232,251,252], despite 
in many cases the superoxide radical is accounted as main active species 
in the oxidation [247,248]. 1O2 shows higher selectivity than O2

•− for 
sulfides oxidation because of its milder behavior that does not prompt 
the formation of more aggressive ROS species that can potentially 
overoxidized sulfoxides to sulfones. To avoid this, usually the persulf-
oxide diradical or dipolar intermediates are stabilized with an alcohol 
(Fig. 23) [232,247,248]. 

The most reliable mechanism can be generalized as in Fig. 23. The 
attack of the active oxygen species to the sulfur atom, and the conse-
quent formation of the persulfoxide intermediate, is a commonly 
recognized step, while the final step may vary according to different 
conditions: (a) in case 1O2 is the only active species, no further oxida-
tions are possible, the persulfoxide is stabilized by the resonance be-
tween its zwitterionic and diradical structures and it most likely reacts 
with a second sulfide molecule to obtain two sulfoxide molecules [251]; 
differently, when an alcohol is present, it could (b) stabilize the per-
sulfoxide through hydrogen-bonding interactions, avoiding further 
oxidation due to superoxide, and generating an intermediate that reacts 
with a second sulfide molecule, affording the final product, or (c) the 
alcohol reacts directly with the persulfoxide generating water and the 
sulfoxide [247]. 

In alternative to this mechanism, the oxygen radical species (O2
•− ) 

may start a radical pathway reaction with isobutyraldehyde, when the 

Fig. 21. (a) Oxidation of alcohols to acids. Ref. [229]. (b) Oxidative cleavage of carbon-carbon bond of α‑hydroxy ketones. Ref. [237].  

Fig. 22. Proposed mechanism for photocatalytic oxidation of alkenes to alde-
hydes with tubular carbon nitride trough oxidative cleavage of the double bond. 
VB= valence band, CB= conduction band. Ref. [241]. 

Table 3 
Examples oxidation of alkenes to epoxides. Co-Sal = Co(tBuSalophen)/mpg-CN.  

Entry Catalyst Light Reagent Product Yield Scope Ref. 

1 Co-Sal/mpg-CN 450 nm LED 33–99% 20 ex. [244] 

2 NiNPs/PCN 12 W blue LED 53–89% 15 ex. [178]  

G. Grando et al.                                                                                                                                                                                                                                 



Nano Trends 4 (2023) 100028

16

latter is present in high quantity as additive, thus generating peroxide 
radicals and peracids, which become the main responsible of the 
oxidation of sulfides. In absence of the aldehyde the reaction proceeds in 
the usual pathway with the direct reaction between O2

•− and sulfoxide 
but in very low yields (8%) [250]. Pristine PCN was studied by Wang et 
al. in absence of alcohol, the results indicate low selectivity towards the 
sulfoxides, by favoring •OH generation that leads to overoxidation and 
the formation of other species [232]. In other examples, single atom (Cu, 
Fe) carbon nitride catalysts showed selective production of 1O2, 
ensuring high conversion and high selectivity without any additive 
[230–232]. The structure of these materials enhances the presence of 
triplet excitons that are necessary for the formation of singlet oxygen 
and simultaneously suppress other ROS generation. In these terms, they 
can be considered the ideal catalysts for sulfoxide synthesis. As a vari-
ation of the this reaction, Markushyna et al. exploited the peculiar 
properties of K-PHI to synthetize sulfonyl amides and sulfonyl chloride, 

from S-arylthioacetates under 465 nm irradiation (Entry 7 Table 4) 
[230]. K-PHI has a high oxidation potential and is able to form 1O2, both 
these characteristics are fundamental for these reactions. 

4. Conclusions and Future Perspectives 

Carbon nitride and its derivatives are versatile and cost-effective 
metal-free materials, that have been largely employed as photo-
catalytic scaffolds to drive the oxidation of organic substrates to valu-
able products in presence of molecular oxygen. As a matter of fact, it has 
been shown that, upon visible light absorption, a PCN-based photo-
catalyst may reach a suitable potential energy, thus becoming able to 
trigger the oxidation of suitable substrates and/or form reactive oxygen 
species from O2. In this way, in recent years, it has been possible to 
develop a number of heterogeneous photocatalytic protocols for the 
sustainable production of organic molecules of industrial interest. 

Table 4 
Examples of sulfur oxidations. aAldehyde as additive; the reaction scope includes an additional example of formation of disulfones from disulfide species (50% yield, 
77% selectivity). AQY = apparent quantum yield, BPCN = heptazine-based polymer/PCN.  

Entry Catalyst Light Reagent Product Yield (AQY) Sel. Scope Ref. 

1 PCN 50 W Xe lamp 6–51% 10–67% 8 ex. [249] 

2a mpg-CN 150 W Hg lamp 79–100% 77–99% 8 ex. [250] 

3 Oxidized PCN 50 W Xe lamp 97–99% 98–99% 8 ex. [232] 

4 CdS/PCN White LED 6–86% 99–100% 5 ex. [248] 

5 fullerene/PCN λ > 400 nm 69–100% 95–100% 12 ex. [249] 

6 CuN3/PCN λ > 420 nm 99% 99%  [231] 

7 K-PHI λ= 465 nm 

61–98% 88–98% 12 ex. 

[230] 
25–81% 25–81% 9 ex. 

8 BPCN λ= 450 nm traces-96% (5.72%) >99% 7 ex. [247]  
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However, several unexplored challenges and opportunities remain un-
addressed in this research field. As an example, many of these photo-
catalytic transformations suffer from low selectivity levels because of 
the formation of numerous by-products under the reaction conditions. 
This is primarily due to the production, under the photocatalytic con-
ditions, of many different reactive oxygen species that may react with 
the organic substrate through several mechanistic pathways. Therefore, 
it becomes very important to design and develop novel photo-active 
PCN-based materials able to selectively produce specific oxygen- 
containing species in order to drive more controlled reaction mecha-
nisms. In this direction, post-synthetic modifications of the materials 
may be effectively used to modify and tune both the morphology and 
physicochemical features of the photocatalysts, and consequently the 
outcomes of the overall processes. In addition, a great synthetic chal-
lenge is the development of novel photocatalytic protocols for the effi-
cient and selective aerobic oxidation of aliphatic C(sp3)− H bonds (for 
instance within simple hydrocarbons). These are difficult reactions 
because of the high dissociation energy associated to these chemical 
bonds and the presence of many similar chemical groups within the 
substrates. We therefore expect that those imminent investigations on 
such research topics will contribute to determine the future directions in 
the direct oxidation of organic compounds, hence providing new pho-
tocatalytic solutions for both academia and industry. 
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[52] H. Schlomberg, J. Kröger, G. Savasci, M.W. Terban, S. Bette, I. Moudrakovski, 
V. Duppel, F. Podjaski, R. Siegel, J. Senker, R.E. Dinnebier, C. Ochsenfeld, B. 
V. Lotsch, Structural insights into poly(heptazine imides): a light-storing carbon 
nitride material for dark photocatalysis, Chem. Mater. 31 (2019) 7478–7486, 
https://doi.org/10.1021/acs.chemmater.9b02199. 

[53] F. Podjaski, B.V. Lotsch, Optoelectronics meets optoionics: light storing carbon 
nitrides and beyond, Adv. Energy Mater. 11 (2021), 2003049, https://doi.org/ 
10.1002/aenm.202003049. 

[54] A. Savateev, D. Dontsova, B. Kurpil, M. Antonietti, Highly crystalline poly 
(heptazine imides) by mechanochemical synthesis for photooxidation of various 
organic substrates using an intriguing electron acceptor – Elemental sulfur, 
J. Catal. 350 (2017) 203–211, https://doi.org/10.1016/j.jcat.2017.02.029. 

[55] D. Dontsova, S. Pronkin, M. Wehle, Z. Chen, C. Fettkenhauer, G. Clavel, 
M. Antonietti, Triazoles: a new class of precursors for the synthesis of negatively 
charged carbon nitride derivatives, Chem. Mater. 27 (2015) 5170–5179, https:// 
doi.org/10.1021/acs.chemmater.5b00812. 

[56] Z. Chen, A. Savateev, S. Pronkin, V. Papaefthimiou, C. Wolff, M.G. Willinger, 
E. Willinger, D. Neher, M. Antonietti, D. Dontsova, The easier the better” 
preparation of efficient photocatalysts—metastable poly(heptazine imide) salts, 
Adv. Mater. 29 (2017), 1700555, https://doi.org/10.1002/adma.201700555. 

[57] K. Lu, Q. Wei, X. Bao, Z. Xiao, X. Cheng, X. Liu, Z. Wang, H. Li, B. Huang, 
Photocharged carbon nitride with local electron accumulation: towards 
outstanding round-the-clock hydrogen peroxide production, Appl. Surf. Sci. 609 
(2023), 155242, https://doi.org/10.1016/j.apsusc.2022.155242. 

[58] I. Krivtsov, D. Mitoraj, C. Adler, M. Ilkaeva, M. Sardo, L. Mafra, C. Neumann, 
A. Turchanin, C. Li, B. Dietzek, R. Leiter, J. Biskupek, U. Kaiser, C. Im, 
B. Kirchhoff, T. Jacob, R. Beranek, Water-soluble polymeric carbon nitride 
colloidal nanoparticles for highly selective quasi-homogeneous photocatalysis, 
Angew. Chem. Int. Ed. 59 (2020) 487–495, https://doi.org/10.1002/ 
anie.201913331. 

[59] C. Li, E. Hofmeister, I. Krivtsov, D. Mitoraj, C. Adler, R. Beranek, B. Dietzek, 
Photodriven charge accumulation and carrier dynamics in a water-soluble carbon 
nitride photocatalyst, ChemSusChem 14 (2021) 1728–1736, https://doi.org/ 
10.1002/cssc.202002921. 

[60] V.W. Lau, D. Klose, H. Kasap, F. Podjaski, M.-C. Pignié, E. Reisner, G. Jeschke, B. 
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