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ABSTRACT: Photoelectrodes made from cost-effective materials are the most desired for
practical photoelectrochemical (PEC) applications, aiming to help in the imminent
environmental crisis that urges an energetic transition. A prominent class of semiconductors
are the polymeric carbon nitrides (PCN), which appear to be an eco-friendly solution
particularly for green hydrogen production through water splitting, value-added organic
compounds obtention from biomass upgrading, or CO, reduction; even green ammonia can be
obtained by PEC reduction of N,. In this sense, monitoring dangerous environmental species or
converting them into less toxic ones can also be performed through PEC using carbon nitride-
based electrodes. In this review, we provide an overview of the basics of PCN applications in
PEC, including commonly employed strategies to enhance their performance. Additionally, we
discuss the current state-of-the-art for PCN in PEC water splitting as well as lesser-explored
areas such as biomass upgrading, environmental remediation, photoelectroanalytical sensing,
and light-driven CO, and N, reduction reactions. Finally, we present an overview of prospects
for PCN material in PEC.

KEYWORDS: hydrogen evolution, biomass oxidation, CO, reduction, N, reduction, PEC sensing

1. INTRODUCTION cadmium being a scarce element in the earth’s crust,'” and
mainly by characteristics not desirable from the point of view
of green chemistry: its high toxicity to both human health"
and the environment.”

When low-toxicity alternatives to cadmium chalcogenides
are sought, carbon nitrides can be considered as a hotspot.
Pumera and co-workers evaluated the toxicity of two kinds of
carbon nitrides (triazine and heptazine types), identifying a
dose-dependent toxicological effect on human lung carcinoma
epithelial cells (A549).'* The triazine-based material was
found to be more cytotoxic than the heptazine-based material,
which was attributed to the different N/C ratios. In
comparison to analogous materials like graphene oxide,"
however, the toxicity was much lower.

Carbon nitrides (C;N,) comprise a class of 2D materials
that have a layered structure similar to graphene,'®"’
composed of carbon and nitrogen atoms arranged in a
hexagonal lattice, with alternating single and double bonds
between the atoms forming triazine or tri-s-triazine (heptazine)
rings, as shown in Figure 1. In comparison to some of the

In the coming decades, energy transition and environmental
problems will be major challenges faced by contemporary
society.' To address the looming crisis and limit environmental
pollution, developing photoelectrochemical technologies that
use natural solar radiation as a parcel of energy input can
reduce the costs and be an important tool for the green
production of fuels and value-added chemicals, as well as to
monitor and detoxify environmentally hazardous species. In
this sense, cost-effectively and sustainably, it is preferable to
avoid the usage of costly and/or toxic chemical elements while
considering cost, scalability, and environmental impact.
Certain semiconductors based on inorganic oxides, like TiO,
fit in some of the above-presented characteristics, once they
have good chemical stability, guarantee long-term opera-
tions,”” and present low toxicity.” What leads to hindrance in
the practical employment of pristine TiO, for photo-
electrochemistry (PEC) is their large bandgap (E,),
comprehending the UV range, which turns into low utilization
of the natural solar spectra®® and therefore resulting in

photoresponses that fall short of theoretical limits.”'® Apart
from the oxides, the cadmium chalcogenides (e.g., CdS, CdSe, Received: ~ October 18, 2023
and CdTe) represent a well-studied class of semiconductors, Revised:  March 14, 2024

regarded as good candidates for better natural radiation Accepted:  March 18, 2024

utilization, due to their E, ranging from ~2.4 to 1.5 eV,
covering the visible and near-infrared spectrum.”'' However,

the applicability of these chalcogenides is also limited due to
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Figure 1. Representation of some synthetic paths that lead to the structures of the polymeric carbon nitrides from the types melon (PCN),

poly(triazine imide) (PTI), and poly(heptazine imide) PHI

traditional inorganic semiconductors, C;N, possesses a similar
range of light harvesting, generally around 500 nm;*®'? the
alternated double and single bonds in its structure make this a
very robust class of material, granting it a good chemical and
thermal stability.”"~>* Anyhow, both the optical and physical
properties of carbon nitrides can be easily modulated
according to different synthetic methods or later modifications
that will be discussed in this review.

Usually, in the literature, the name “graphitic” carbon nitride
(g-C3N,) is used due to the initial characterization of this
material, where a peak equivalent to the z—z stacking of
graphite was observed. However, later it was reported to
appear in any plane and aromatic molecule like naphthalene.*
Moreover, this denomination is considered incorrect because a
“purely” graphitic carbon nitride represents a structure formed
only by carbon and nitrogen atoms, with tertiary amines
connecting the bases triazines or heptazines moieties. The
polymeric carbon nitride (PCN) structures, synthesized by
thermal polymerization of nitrogen-containing precursors like
cyanamide,”*** dicyanamide,”*"** urea,”*”** and mela-
mine, >~ among others,>**” are obtained as amorphous or
crystalline structures.

The synthesis methods regarding temperature and pre-
cursors employed have a direct influence on modulating the
final properties of the obtained carbon nitride, such as light
absorption, E, band position, charge separation efficiency, and
surface area, which in turn on the possible applications for the
PCN. Schwarzer et al. discussed that the ideal thermopolyme-

rization temperature takes place at temperatures in the range of
450—650 °C.** Below this range, the polymerization is
incomplete, while above, the PCN materials start to degrade.
Additionally, changing the precursor from urea to thiourea
allows changing the PCN band gap from up to 2.78 to ca. 2.58
€V.>* On the other hand, controlled atmospheres during the
heat treatment step can lead to structural alterations, as seen in
the work of Niu et al., where heating in a hydrogen atmosphere
generated a PCN with nitrogen vacancies. The material
obtained showed a photocatalytic performance superior to an
unmodified nitride and a reduced band gap of 2.03 eV.*

The C;N, materials can be divided into two main classes:
the “conventional” type, which is obtained by the direct
pyrolysis of CN-containing compounds, as mentioned above,
resulting in melon structures (named henceforth as PCN)
(Figure 1); the second type is the “ionic” carbon nitrides,
which in the case of a highly controlled polymerization to
generate materials with higher crystallinity and with well-
defined “building blocks”, i.e., basic units that constitute the
polymer as represented in Figure 1, give rise to poly(triazine
imide) (PTI) and poly(heptazine imide) (PHI).

For obtaining ionic carbon nitrides, the primary method
identified in the literature is the pyrolysis of the nitrogen
precursor in a medium with eutectic mixtures of salts,*' =" the
presence of salts containing alkali metals such as Na, K, and Li
results in negatively charged pyridinic nitrogen in the structure,
thereby balancing the charge of the alkali ion. In addition, an
ion exchange process allows replacing the alkali ions by the
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coordination of ions of a given transition metal M, generating a
platform for single atom catalysts.** The ionic carbon nitrides
are thus highly organized, and the interaction between the
organic precursor and condensation intermediates with the
ions present in the salt employed is critical to the type of
nitride generated, as demonstrated in the work of Antonietti et
al® By using melamine and NaCl, the authors obtained PHI,
while PTI was obtained when using LiCl. One difference
observed in the properties of more organized and crystalline
materials is in their conductivity, wider and more organized
sheets increase the diffusion path of photogenerated charge
carriers, decreasing the recombination of the e”™/h* pairs, and
consequently leading to better catalytic performance.”>***’ In
addition, ionic carbon nitrides present unique properties not
observed in conventional PCNs, such as accumulating and
storing light in the form of long-lived radicals for posterior use,
in a process named “dark” photocatalysis," or in photodoping
that leads to a significant improvement of the photoresponse.”

Considered a rising star in photo and photoelectrochemistry
for the last decades, there are plenty of works employing this
class of materials for environmental remediation in both
photo,”*™>* and photoelectrocatalysis.”® Since their potential
as a catalyst for hydrogen evolution from aqueous media was
demonstrated in 2008,°* a wide range of research has been
directed toward improving the photoactivity efficiency of
PCNs with remarkable advances in the area of photo-
electrochemistry (PEC). The main focus of work with carbon
nitride is still hydrogen production, demonstrated by the
number of publications in the last 10 years (Figure 2),
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Figure 2. Number of reports in indexed journals concerning
photoelectrochemical applications of carbon nitrides from 2014 to
2024. The data were obtained from the Scopus platform in March of
2024 using a combined search of the following keywords: “carbon
nitride”; “photoelectrochemical”; “photoelectrochemistry”; “water
splitting”; “biomass”; “degradation”; “sensor”; “CO, reduction”; and
“N, reduction”.

primarily via water splitting.”>~>” However, the versatility of
polymeric carbon nitrides is highlighted by the plethora of
themes they encompass, including biomass upgrading,
pollutant degradation, and sensing, as well as the reduction
of atmospheric nitrogen and carbon dioxide.

In this review, we aim to explore recent advances in the
design and synthesis of polymeric carbon nitride materials for
photoelectrocatalytical applications, including synthetic path-
ways for preparing various PCNs on different substrates,

modifications, and combinations with other materials. We
discuss limitations that currently hinder their use in PEC
devices. Additionally, will present PEC applications of PCNs in
hydrogen generation from water splitting, N, and CO,
reduction, environmental remediation, and sensing. Lastly,
this review provides insights into the challenges and future
directions for the application of polymeric carbon nitride
photocatalysts in society.

2. STRATEGIES TO ENHANCE CARBON NITRIDE
PHOTOELECTROCHEMICAL PERFORMANCE

To be feasible, photorredox reactions rely on three primary
processes: (i) light absorption/harvesting; (ii) charge carrier
generation/separation; and (iii) surface electron/hole transfer
and recombination reactions. As the overall performance is
determined by the balance between these three steps, the
application of an external bias as occurs on PEC can improve
steps (ii) and (iii). The electrical conductivities of PCN and
analogous materials are closely tied to their PEC properties.
Enhancing crystallinity can improve conductivity, and recent
studies have shown promising progress in crystalline carbon
nitride materials.”®

In short, controlling the synthesis conditions is the key to
modulating the crystallinity of a given C3N,, thereby affecting
the physical and chemical properties of the structure. When
considering any semiconductor, including carbon nitrides, for
PEC applications, the first key factor to consider is light
absorption. The photons are converted to charge carriers
through irradiation with sufficient energy to equate or surpass
the E, value.”” The bandgap on the carbon nitrides is formed
predominantly by 7—7* transitions in the conjugated aromatic
system, and usually this transition starts at wavelengths of ca.
460 nm. The upper limit of the valence band (VB) aligns with
the highest occupied molecular orbital (HOMO), while the
lower limit of the conduction band (CB) aligns with the lowest
unoccupied molecular orbital (LUMO). The transport of the
charge carriers in C3N, occurs differently than most inorganic
semiconductors such as ZnO and TiO,, with the generation of
electron/hole (e”/h*) pairs moving freely through the CB and
VB of more ordered crystal structures. The literature suggests
that in C;N, the charge transport occurs more similarly to
other organic materials, described through the hopping
mechanism of electron and hole polarons,°”®" a phonon-
assisted tunneling mechanism, allowing charge carriers to move
between sites. Lochbrunner et al. pointed out that the mobility
of these phonons exceeds 107 cm® V7' s7,°° which is
comparable to that of most organic semiconductors.*>~%
However, it is lower by several orders of magnitude than that
of conventional semiconductors®”~"" where e”/h* mobility is
characterized by band transport.

In photoredox reactions, not only the E, value but also the
energetic positions of VB and CB are significant. Some reports
from theoretical calculations regarding the band structure of
carbon nitrides indicate that both C 2p and N 2p orbitals
contribute to the CB, while the VB is mainly formed by the N
2p orbitals.”"”* Thus, altering the C/N ratio of a given carbon
nitride affects the interaction between these orbitals, thereby
modulating the energy levels of both the CB and VB.”"”
Controlling the E; and the band position through the synthesis
is one of the criteria for the ability of a material to both absorb
photons and further transfer the generated charges, performing
specific photoredox reactions. In other words, the positions of
the CB and VB determine how feasible a given photocatalytic
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reaction can be. For the determination of flat-band (Egg)
potential, and consequently CB and VB values, various
approaches are found in the literature,”*”> such as Mott—
Schottky,”*”® illuminated chronopotentiometry,”” the Butler
and Ginley relationship,78 among others. Each of these
methods has its limitations and pitfalls, with the values
obtained capable of exhibiting significant variation within the
same sample depending on the technique used. Selishchev and
co-workers reported four different methods to determine the
Egp of the same sample of PCN synthesized from the pyrolysis
of urea.”> The techniques included Mott—Schottky, illumi-
nated chronopotentiometry, photocurrent onset, and Gartner—
Butler. The values obtained were —0.25 V, 0.10 V, —0.60 V,
and —0.66 V versus the reversible hydrogen electrode (RHE),
respectively. Due to the high porosity of carbon nitrides and
challenges in developing the space charge layer, Mott—
Schottky experimental data deviates from a linear dependence,
making it less suitable for determining Egp.”” Results from the
illuminated chronopotentiometry method also show even
greater disparities than other findings. The authors attribute
these disparities to the experimental conditions of the study on
PCN, in which it was incapable of reaching a high level of flat-
band potential.

Furthermore, is possible to find studies that indicate a
variation of the CB potential for conventional C;N, from
approximately —0.7 V to —1.53 V vs RHE, while for the VB the
potential varies from 1.03 to 1.90 V vs RHE.>*">7** In turn,
ionic carbon nitrides typically achieve more positive con-
duction band potentials due to the organization of melam and
melem intermediates during synthesis,gl’82 and for instance,
can enable a higher production of *O,” radicals. In practical
photoelectrocatalytic applications, these band values indicate
that both conventional and ionic carbon nitrides possess a
suitable band structure for performing many important
reactions, such as water splitting,83 CO, and N, reduction,®**°
among others

The controlled insertion of defects or doping of the
structure can also be beneficial in carbon nitride performance.
The generation of vacancies, structural defects, and doping can
modulate the characteristics of a C;N, in a similar way as
observed for inorganic semiconductors,”” once it can insert
deep-level defects into the structure, trapping photogenerated
carriers, reducing charge recombination at some extent.***’
Figure 3 presents the band dia%rams of different types of PCNs
reported in the literature,”*>*” within the redox potential of
some reactions of interest. It is possible to observe that doping
with elements such as iodine allowed a considerable reduction
in E;, while other nonmetals—such as sulfur and phospho-
rus—despite presenting a smaller variation in the band gap,
displace the position of their VB and CB considerably in
comparison to the unmodified PCN. The electronic properties
can, in general, be dramatically affected by the doping of a
semiconductor. Among the most commonly employed
elements to induce positively charged defects are originated
from groups with fewer electrons than carbon, like boron,”’
and to induce negatively charged defects we can use elements
such as fluorine,”’ sulfur,”” or oxygen.%’94

Nitrogen vacancies can be generated during or after the
synthesis by thermal treatments by controlling the temperature
and atmosphere of the system.”””” Upon nitrogen atom
release from the carbon nitride structure, the neighboring
carbon atoms can stay uncoordinated for some time or lead to
new C=C bonds. Regardless of charge trapping, the resulting
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Figure 3. Schematic illustration of the band structures of PCN
samples with different nonmetal doping and some possible redox
reactions. Reproduced with permission from ref 39. Copyright 2015
John Wiley and Sons.

modification in the energy levels affects the interaction with
substrates sharply and the electronic conductivity.” Increasing
the number of C=C bonds within the structure can improve
the electronic conductivity, which is poor for pristine C;N,.

Furthermore, this obstacle can be overcome by combining
or mixing with conductive materials such as graphene-derived
materials. Shalom and co-workers obtained hybrid films
between PCN and reduced graphene oxide (rGO) from the
thermal condensation of a mixture of cyanuric acid-melamine
and graphene oxide.”” The new PCN-rGO films exhibited
improved conductivity, with the rGO acting as an electron-
accepting layer (EAL) which allows for effective electron
transfer to the substrate. Due to a higher diffusion length, the
recombination rate was drastically reduced, resulting in a
photoelectrochemical performance 20 times higher than that of
pristine PCN.

Coordinating transition metal ions, such as those in the
previously mentioned work of single atom,”' can lead to
localized surface defects that can trap photogenerated charge
carriers. The insertion of ions/atoms provides additional
binding functions, which endow PCNs with unique properties
by lowering the E,, enhancing the absorption of visible light, or
acting as a cocatalyst (Cocat). The charge balance and the size
of the ion affect the structure of the PCN.*"'%° This is a
pathway for structural engineering of the PCN crystalline
structure, as demonstrated by Lin et al. due to the presence of
charged Li* on PTI. Metals such as cobalt and platinum
deposited on the surface {1 0 1 0} could modulate the electron
hopping potential. In other words, the interlayer electron
hopping potential is much higher than the in-plane potential,
favoring any charge transfer process on the carbon nitride layer
and leading to an improved photoresponse on the prism side
crystal facets. Even small distortions in the crystalline structure
can affect the spatial separation of the charge carriers. For
example, the insertion of Mo by thermal condensation, as
demonstrated by Cui et al. led to a carbon nitride with a lower
recombination rate, a huge redshift on the E, (down to 1.4
eV), and displacement on the material band edges enough to
perform effectively reduction reactions.'”" The distortions on
the crystal structure pointed with ion doping are indicative of
how changes in the morphology can also affect the photo-
response of a PCN. If the material is synthesized as a
bidimensional sheet, the diffusion of the charge carriers to the
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Reproduced with permission from ref 56. Copyright 2020 John Wiley and Sons.

surface is facilitated,'’” as can be observed by the changes in
the photoluminescence lifetimes.'**

The combination with a proper cocatalyst can enhance the
C;N, properties. For instance, coupling with plasmonic
nanoparticles can serve as a physical amplifier for the response
due to high 11%ht scattering, or due to a Schottky barrier
formation.' "' This is particularly valuable in sensing
applications, as it improves the photocurrent response, as
observed in a heterojunction of CdS/PCN coupled with noble
Au@Ag nanoparticles and DNAase for microRNA bioanalysis,
due to the phenomenon of exciton—plasmon interactions
(EPI).'” In this case, the sensor demonstrates subfM level
detection, approximately 0.05 fM of microRNA-21, within a
range of 1.0 nM to 0.1 M.

Inserting elements and/or functional groups as dopants
modulates the physicochemical properties of PCNs, and these
species can act as cocatalysts assisting the desired photo-
electrochemical processes. Factors such as ion charge, acidity,
or alkalinity can influence the interaction of the PCN with the
substrate, becoming active sites for the reaction, and mainly
favoring the charge transfer process, decomposing reaction
intermediates, and even reducing the overpotential required for
a reaction.'”’ "%

Using molecular dopants is also an alternative to
heteroatoms, ie., functionalizing the C;N, structure with
groups rich in z-conjugated electrons such as thiophene,
diamines, and acids. Due effects of injecting/withdrawing
electrons and changing the electronic orbital interactions
through C;N, directly affect the E, value and the band
position. The functionalization with thiophene reduces the E,
value of PCN to 1.7 eV."'? In the work of Bian et al.''" it is
shown that copolymerizing melamine with a pyridine
derivative produces modified carbon nitride films that achieve
a photocurrent up to 100 pA cm™2 (at 1.23 V vs RHE).

In addition to the structural approaches commented on
previously, controlling the morphology of the electrode also
has a great influence on the PEC properties. Fabricating one-
dimensional structures and highly ordered arrays®®''* may
lead to enhanced charge transport associated with a higher
surface area where more active sites are available. One good
example found in the literature is PCN-based nanoarray
photoelectrodes.” Beyond the cited advantages, the PC
possesses a band position suitable for both reduction and
oxidation, ie., as a photoanode and photocathode, as shown in
Figure 4. When compared with mesoscopic photoelectrodes
made by PCN nanoparticles, highly ordered nanoarrays can
afford much faster transport pathways for carriers, avoiding

localized recombination at the grain boundaries.'"® Further-
more, ordered structures like the ones described above are
ideal platforms to build heterostructures, to enhance the
material performance even more.

One critical challenge faced by semiconductors, including
carbon nitrides, when used in photoelectrochemical cells, is the
quality of the film. The deposition of uniform and
homogeneous films with good adherence to the substrates of
interest is fundamental for the accurate photoelectrochemical
evaluation of a given C3N,. Deposition methods can be divided
into two main methods as illustrated in Figure S: (i) powder

PCN synthesis
A) through concomitant
o o filmdeposition
® g
e ‘l,;. (e.9.CVD)
o o
Substrate PCN precursors PCN film
B) Paste deposition
. (e.g. by spin coating)
Substrate PCN paste PCN film

Figure 5. Schematic representation of (A) in situ and (B) ex situ
methods of PCN film preparation.

preparation followed by deposition (ex situ)''*—such as spin
coating, dip coating, and electrophoretic deposition; or (ii)
direct growth on a given substrate of interest (in situ),"">"'"¢
like gas phase deposition techniques.”” There is no consensus
on an ideal method (ex situ or in situ), while methods such as
chemical vapor deposition (CVD) allow obtaining thin layers
of dense PCN, the material crystallinity will depend on the
epitaxial growth in a given substrate.”” Ex situ methods usually
have less contact with the support, being more susceptible to
leaching, but allow greater control of the material synthesis
prior deposition allowing improved and detailed control of the
intrinsic properties of the PCN. Increasing a C;N, film
thickness can also increase light absorption, but at the same
time, the greater the film thickness, the longer the path the
charges need to travel, increasing the chance of recombination.

After engineering the micro- and macrostructural modifica-
tions to enhance PCN photoresponse (doping, vacancies, etc.),
combining it properly with other semiconductors can lead to
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the ultimate improvement of the photoelectrochemical proper-
ties. Heterojunctions can enhance charge separation and, thus,
photoelectrochemical reactions. However, the band position
between the chosen semiconductors must be considered
carefully. There are plenty of semiconductors with band
positions that favor building a type II heterojunction with
polymeric carbon nitrides, i.e., with both the CB and VB above
or below the respective bands of the carbon nitride. An
example is the combination with Fe;0,""” or BiVO,."'* As per
May, ' owing to the differences in the electrochemical
potential of both materials, the band edge may be upward or
downward bending. Consequently, a gradient of electro-
chemical potential is established, serving as a driving force
that enhances the spatial separation of charge carriers.
Throughout excitation, recombination, and charge extraction,
e” and h* are added to or removed in equal numbers.
Therefore, any change in free energy resulting from carrier
extraction is the sum of the electrochemical potentials of the
exchanged charge carriers and can be further identified as the
difference in the quasi-Fermi levels. Depending on the band
alignment and the difference in the quasi-Fermi levels, the
photocurrent performance can increase up to 10 times higher
than for bare C;N,.'"*®

In electrode engineering, it is possible to use a combination
of two or more approaches, where Figure 6 presents some

Figure 6. Representation of some PCN photoanode interfaces: (A)
containing an electron accepting layer, (B) cocatalyst (Cocat), (C)
type 1, and (D) type I heterojunction. The band bending was
arbitrarily drawn for illustration purposes only.

possible architectures for PCN-based photoelectrodes. Figure
6A presents the use of an EAL where, due to the favorable
conduction band energy of the EAL, the migration of
photogenerated electrons occurs, increasing charge separation.
Figure 6B presents the use of a cocatalyst as an intermediary
for the redox reaction. Figure 6C and D present illustrated type
II and I heterojunctions of a PCN with a second semi-
conductor (SC2). The second case is unwanted due to its
effect of driving charge carriers in the same direction,
increasing the level of recombination. The kind of energy
band alignment represented in type II can be also achieved
between PCNs with different band gaps, which can be called a
homojunction. As an example, we mention the doping of one
PCN with boron and its combination with an undoped nitride.
The obtained material presented significantly increased
photoresponse, in which not only the charge separation but
also the transfer along the electrode/electrolyte interface
improved.'*’

3. PHOTOELECTROCHEMICAL APPLICATIONS

3.1. Water Splitting. A common application of semi-
conductors in PEC is water-splitting, whereupon the reduction
(hydrogen evolution) and the oxidation (oxygen evolution)
reactions are performed simultaneously but are spatially

separated at the (photo)anode and (photo)cathode. By using
a cell with a PCN as a photoanode, the e”/h" pair is generated
after photoexcitation; then, the charges are separated and
driven in opposite directions by the applied bias. The holes
oxidize water at the photoanode surface, conducting an oxygen
evolution reaction (OER), while the electrons must travel
through the external circuit to the counter electrode to drive
the hydrogen evolution reaction (HER).

Considered a clean and sustainable dense energy carrier, H,
is the main goal of PEC water splitting to substitute for fossil
fuels."*"' As the CB and the VB of PCNs can, in most cases,
surpass the redox potential of H"/H, and H,0/0,, polymeric
carbon nitrides represent suitable materials for overall water
splitting. To assess the efficiency of the photoelectrode, various
methods can be found in the literature. These methods include
Nianster Which involves comparing the photocurrent in the
presence and absence of hole or electron scavengers; IPCE,
where the photocurrent is evaluated as a response to a
monochromatic light source; applied bias photon-to-current
efficiency (ABPE), which considers the applied potential
instead of the light source; and solar-to-hydrogen (STH),
considered the primary parameter for water splitting as it
represents the ratio of the produced hydrogen to the incident
solar energy, under zero bias.

To our knowledge, the first report involving a PCN-based
photoanode was made in 2010 by Zhang and Antonietti."*”
The study presented different systems of PCN nanostructured
films, including mesoporous carbon nitride, Fe-doped PCN,
and bulk PCN, either alone or in binary combinations with an
electron-transport medium (TiO,) or a hole-transport medium
(poly(3,4-ethylene dioxythiophene - PEDOT). Photocurrents
serve as a significant parameter for evaluating material
efficiency, and in this case, the authors reported values of
approximately SO yA cm™ as the best result obtained for
carbon nitrides alone. In the binary films, light-generated
excitons were more effectively dissociated through the hole or
electron transport medium, achieving photocurrents of 90 yA
cm™? for electrodes containing PEDOT—PSS and 150 uA
cm™? for those containing TiO,. The IPCE reached 3% in the
last case, a value considered high even when compared to some
bare inorganic semiconductors.' ' **

Currently, the efliciency of PCN-based PEC devices is still
low due to reasons such as fast recombination of photoexcited
charges, poor electronic conductivity, and limited charge
carrier diffusion. To overcome these limitations and enhance
performance, some photoanode architectures have been
proposed. In the work of Karjule, PCN was the photoactive
layer, while rGO was used as an EAL, in addition to a metal—
organic framework (MOF) containing nickel and iron as a
cocatalyst for oxygen evolution reaction (OER).'* As the
PCN had a CB potential more negative than that of the EAL, it
allowed efficient electron injection from the polymeric carbon
nitride, leading to a larger number of holes available for water
oxidation. The use of nanostructured electron-transporting
paths, such as nanowires and nanotubes, incorporated within
the active layer can separate light absorption from charge-
carrier migration. By doing so, recombination can be further
hindered by the EAL, since the necessary electron diffusion
lengths are shorter than the thickness of the absorbing PCN
layer.

Titanium dioxide is among the most e)éploited hetero-
junctions with C3N, for both photoanodes'*”'*” and photo-
cathodes,"*® due to the high results achieved. In some cases,
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where carbon nitride was deposited on the surface of TiO,
nanorods, a significant 21-fold increase in ghotocurrent was
observed compared to the bare materials.'"”” The improved
performance was attributed to longer electron lifetimes in the
active material, and similar results were obtained for TiO,
nanotubes modified with carbon nitrides or P-doped PCN. In
both cases, photocurrent densities in the order of mA cm™
were reached.”*”"*" Coupling carbon nitride with TiO, offers
an additional benefit of the metal oxide serving as an electron
collector. This simultaneous interaction allows both materials
to photogenerate charges spatially separated between two
phases with distinct electronic properties while maintaining
stability.

Transient absorption spectroscopy (TAS) measurements
can help determine the lifetime of charge carriers as well as
show the charge injection rate from PCN into other
semiconductors. From the carbon nitride to TiO,, for example,
the charge injection is on the nanosecond order, being more
than a hundred times faster than in the backward direction,"**
in this case, however, the hole extraction rate is limiting the
overall performance of the PEC. As the combination with TiO,
shows good potential, Beranek et al. aimed to further enhance
the PEC behavior of a TiO,—PHI heterojunction by
investigating the incorporation of Co(II/III) cocatalytic
sites."”” Density-functional theory (DFT) calculations predict
the adsorption of Co(II/III) ions in nanocavities at the
heterojunction surface. The binding of Co ions leads to TiO,—
PHI/Co(1I) photoelectrodes exhibiting efficient coupling to
photogenerated holes, resulting in complete water oxidation.

The absorption range and charge separation efficiency of
PCN materials could be increased by Z-scheme, a special type
of heterojunction mimicking natural photosynthesis. This is
demonstrated in the Z-scheme fabrication between PCN, p-
ZnO, and MnO, (p-ZnO/PCN/MnO,) obtained in three
steps: (i) thermal polymerization; (ii) electrodeposition; and
(iii) partial etching,134 presented in Figure 7. In this
photoanode, the polymeric carbon nitride and manganese
dioxide were encapsulated on zinc oxide nanorods, and while
the ZnO acts as a charge collector, the MnO, protects the
PCN from oxidation, improving the stability of the sample.
The photocurrent density obtained from the OER was 5.2 mA
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Figure 7. (A) Representation of the p-ZnO/PCN/MnO, growth,
SEM images of (B) ZnO, (C) ZnO/PCN, (D) ZnO/PCN/MnO,,
and (E) p-ZnO/PCN/MnO,. Reproduced with permission from ref
134. Copyright 2019 Elsevier.

cm™? at low onset potential (0.6 V vs Ag/AgCl), which
indicates a high efficiency of the system.

Table 1 presents a compilation of some of the best results
found in the literature for photoelectrodes (photoanodes and
photocathodes) based on PCN that has been utilized in water
splitting,ss’57 demonstrating how PCN materials can be
effectively utilized in diverse situations, particularly with the
right material modifications. A relevant difference between the
values reported for photocurrent is observed, ranging from
micro to milliamps, and is possible to correlate the photo-
current values and the efficiency with PCN modifications, from
bare PCN electrodes some are increasing, especially if the
semiconductor has a notoriously high efficiency as is the case
with silicon."*> The benchmark value of the photocurrent (5
mA cm™?) was reported for the architecture ZnO/PCN/Co-Pi
and the combination of heterojunction and the use of a
cocatalyst showed that for the good performance required a
smart arrange of strategies,.'*® Another parameter exhibiting
significant variation is stability time tests, which in some cases
are reported with less than 10 min, however, in the
heterojunction with CulnS, the reported chronoamperometry
test lasted for 22 h."*” Efficiency reports are less comparable
because they were evaluated under different parameters.
Nevertheless, systems such as the Ti—Fe,O3;/PCN achieving
9% IPCE efficiency, can be considered one of the most
promising due to the utilization of visible radiation (400
nm).ISS

It is worth highlighting the versatility of PCN, as it can also
be applied in photoanodes and cathodes, such as in
combination with NiO or with CulnS,."*”"*" In low
overpotentials (0.42 V vs RHE), the NiO/PCN heterojunction
successfully suppressed charge recombination, resulting in a
photocurrent of —70 #A cm™. In combination with the p-type
CulnS,, the carbon nitride inhibited the photocorrosion of the
chalcopyrite, at the same time it reduced the photocurrent
onset in ca. 0.15 V.

3.2. Biomass Upgrading. One challenge in the overall
water splitting is the sluggish oxygen evolution reaction, which
adds to the required potential for the overall reaction (1.23 V).
This results in the scientific community looking for alternative
oxidation reactions. Despite usually having lower oxidation
potentials in comparison to OER, oxidizing selectively biomass
sources can produce high-value chemicals, e.g., fuels,
intermediates for industry, and fine chemicals,"®'** while at
the same time supplying the electrons for the hydrogen
evolution. Regardless of the advantages and potential,
photoelectrochemical biomass upgrading is still at an early
stage, facing some challenges. First, the chemical composition
of biomass, which is diverse and can vary dramatically
depending on the source, stimulates work with more purified
and well-defined derivatives. For example, vegetal biomass
sources such as agricultural residues and food waste can be
composed of polysaccharides, lignin, lipids, proteins, and
inorganic compounds, but with different compositions."**~"*"

The second main challenge is the selectivity during the
photoredox process, avoiding overoxidizing the products and
the formation of any passivation product that could cover the
surface of the photoelectrode making it unusable. Selective and
efficient oxidation of a given organic group is appealing but at
the same time quite difficult. Glycerol is a good example of a
biomass-derived product obtained as a byproduct from the
biodiesel industry, as it has the potential to be a platform for
the synthesis of many chemicals. This molecule is a polyol with
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Table 1. Water Splitting Parameters Reported for PCN-Based Photoelectrodes in the Literature

Photocurrent Stability
Photoelectrode Electrolyte Scavenger Light source (mA cm™2) Max efficiency (%)  time (min) Source
S-doped PCN/Bi,WO, KOH (1.0 M) No AM 1.5G, 100 mW cm™  0.057 at 1.23 Vvs  0.017 at 1.23 V vs 10 108
RHE RHE (ABPE)
Si/PCN H,S0, (0.05 M) No AM 1.5G, 100 mW cm™  0.65 at 1.5 Vvs - - 133
SCE
ZnO/PCN/Co-Pi NaCl (3.5 wt %) No White light 400 50at123Vwvs - 10 136
mW cm™2 RHE
Cuins,/pcn H,S0, (0.1 M) No AM 1.5G, 100 mW cm™ —0.15 at =035V - 1320 137
vs RHE
Ti—Fe,0,/PCN NaOH (1.0 M) No Visible light 2.55at 123 Vvs 9 at 400 nm (IPCE) 5 138
RHE
NiO/PCN N2,80, (0.2 M) No Visible light —0.07 at 042V - 5 139
vs RHE
TiO,/PCN KOH (1.0 M) No AM 1.5G, 100 mW cm™ 0.142at 123 Vvs 0.072 (STH) 10 140
RHE
PCN KClI (1.0 M) No AM 1.5G, 100 mW cm™ 0.02 at 0.8 Vvs - - 1
Ag/AgCl
TiO,@PCN Na,S0O, (0.1 M) 0.01 M UV—visible 0.08 at 0.8 V 90 (Meganster) 5 142
HZOZ
WO;/pen Na,S0, (0.2 M) No AM 1.5G, 100 mW cm™ 2.1at2Vvs RHE $3.1 at 350 nm - 1
(IPCE)
CdS@PCN N2,80; (0.35 M) and  SO,*" and AM 1.5G, 100 mW cm™ 1.16 at 0.9 Vvs - 60 s
Na,$ (0.25M) s RHE
PCN-rgo/NiFeO,H, KOH (0.1m) TEOA AM 1.5G, 100 mW cm™ 0.5 at 123 Vvs 32 at 380 nm (IPCE) 4 1
(10%) RHE
N-doped carbon dots@ Na,SO, (0.1 M) No Xe lamp with UV filter, 3.07 at 1.6 Vvs  0.32 (STH) 6 146
Fe,0;/PCN 100 mW cm™ RHE
CuO/PCN Na,SO, (0.5 M) No AM 1.5G, 100 mW cm™ 0.6 at 1.2 V vs - 1 g

Ag/AgCl

different hydroxyl groups (CH,OH—CHOH—CH,OH), in the
edge of the structure (terminal hydroxyls) and the middle, but,
as each group, has different reactivity, consequently challenging
the selective conversion to a value-added product like
dihydroxyacetone (CH,0OH—CO-CH,OH). By supporting
gold nanoparticles in a carbon nitride photoanode, Sun et al.
attempted to obtain dihydroxyacetone with a selectivity higher
than 50%. It was possible due to a cooperative dual injection
effect between localized surface plasmon resonance effect in Au
injecting electrons to the CB of the PCN, and further to the
external circuit, with a continuous injection of the photo-
generated holes from the PCN to the Au nanoparticles, which
consequently lead to a turnover frequency of 4.62 h™".">

Some findings from our group include a photoanode
between TiO, and PHI containing Ni** single sites (TiO,—
Ni-PHI) that were employed for methanol (MeOH) PEC
oxidation.">® The photoanode was quite stable and showed a
cooperative effect between TiO, and Ni-PHI, where the type-II
heterojunction between TiO, and PHI improved charge
separation, while the nickel sites performed cocatalysis for
methanol oxidation, improving charge transfer. Under
optimized conditions, e.g, UV light, 58% V: V of MeOH
TiO,—Ni-PHI reached almost 11 mA cm™ at 0.6 V vs RHE.
By combining PEC with an in situ FTIR measurement, we
observed that without light TiO,—Ni-PHI only oxidized
MeOH to formaldehyde (an oxidation process involving two-
electrons), and under light, MeOH was converted after 0.3 V
vs RHE to formic acid (four electrons), a valuable compound
for the fine chemical industry. On higher potentials, MeOH
was then converted to CO, (6 electrons), showing that the
product can be selectively controlled.

Glucose, an important biomass resource was oxidized to
gluconate through PEC by an unusual architecture: a Pt
electrode, covered with PCN containing Pt nanoparticles, then

coated with a polymer of intrinsic microporosity (PIM-1)."**
The PIM-1 coating assured better mechanical stability of the
PCN@Pt film despite the generation of an important
pharmaceutical industry intermediate (gluconate). The overall
reaction was based on H, production, which was oxidized at
the Pt electrode enhancing the current response of the system.

As pointed out in Section 2, one issue for good PEC
responses on PCN films is having good adhesion between the
polymeric carbon nitride and the conductive substrate. Figure
8 summarizes a study with a new approach to overcoming the
adhesion problem. By a sol—gel method using a water-soluble
PHI precursor, a noncovalent hydrogel was formed and
deposited over the FTO electrode.”’ The PHI film obtained
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Figure 8. Representation of the synthesis of PHI films with good
adhesion, controlled thickness, and high photocurrent from methanol
oxidation. Reproduced with permission from ref 81. Copyright 2021
John Wiley and Sons.
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was used for PEC alcohol reforming, and it is noteworthy that
a very low photocurrent onset was achieved. This is significant
when considering the reduction of operational costs, since it
enables the electrode to operate under zero bias. Furthermore,
this electrode demonstrated the effect of photodoping, as
observed elsewhere.*’

Upgrading biomass by the photoelectrochemical process
represents some feasible advantages for biomass valorization
and other desired chemical conversions. It can be considered a
green route due to its operation, in general, under mild
(voltage, temperature, and pressure) conditions. And by the
possibility of generation of any oxidative or reducing
equivalent without the addition of any external and toxic
reagents, enabling access to difficult chemical transformations
without imposing harsh protocols.

3.3. Environmental Remediation and Sensing. Many
reports suggest PCN in photocatalysis and photoelectrocatal-
ysis as a green route for environmental remediation due to the
potential for both direct (by oxidation) and indirect (by the
generation of reactive oxygen species) degradation of organic
pollutants. However, there is less exploration of the potential of
semiconductors. In general: using the electrons from pollutant
oxidation to generate H, and recover part of the energy used
for the degradation. This is not a simple task because the PCN
photoanodes can suffer poisoning by any recalcitrant products
of degradation and the photoelectrochemical cell must have
separated compartments for the oxidation and the reduction
reactions to attain H, with higher purity.

Organic dyes are an important class of pollutant models that
can be employed in the evaluation of the PEC activity for
contaminant degradation. The aforementioned p-ZnO/PCN/
MnO, Z-scheme with high values of photocurrent for water
splitting (ca. S mA cm™?) also performed methylene blue
degradation, achieving a rate constant of 0.035 min~' and a
degradation percentage higher than 88%. This demonstrates
how a smart electrode architecture can be versatile and
perform in multiple applications.'**

The antibiotic ciprofloxacin (CIP) is among the emerging
pollutants and can be found in wastewater resources in
concentrations up to 125 ug L™."*° Qin et al."*° pursued the
CIP degradation by a photoanode composed of a PCN and a
metal—organic framework containing iron (PCN/MOF(Fe))
synthesized by a solvothermal route. Terephthalic acid was
used as a linker between the two compounds, and the obtained
electrode performed CIP degradation even on real wastewater
samples through a cooperative effect between enhanced
photoelectrocatalysis, due to favorable band alignment on
the heterojunction, and electro-Fenton process on the Fe''/
Fe' sites generating the oxidizing species ®OH and h*.

Furthermore, reinforcing the importance of vacancy
generation on PCN is the fact that it can play an important
role in altering its catalytic properties, as observed in 4-
chlorophenol (4-CP) degradation by a PCN electrode with
nitrogen vacancies. By using mild conditions such as simulated
sunlight and 0.8 V enhanced 4-CP, degradation was achieved
by the referred photoanode. It is mainly due to the effect of N-
vacancies narrowing the material band gap while acting as
trapping for photogenerated charge carriers and favoring the 4-
CP adsorption, which resulted in a mineralization of almost
80% after 2 h.”°

The increasing environmental pollution has produced
threats to public health, and it is critical to develop cheap
and efficient technologies such as PCN-based processes for

remediation as well as to develop sensors for efficient
monitoring. Despite degradation use, the photocurrent
response sometimes is not high enough for uses such as
energy conversion. However, in some cases, it is linear with the
target molecule concentration, allowing us to sense quantita-
tively this kind of compound. 4-CP was monitored and
degraded by a P-doped carbon nitride electrode containing
gold nanoparticles (Au/P-PCN). The photoelectrode synthesis
and application are represented in Figure 9, due to the
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Figure 9. Schematic of synthesis and application of Au/P-PCN for
sensing and degrading 4-CP. Reproduced with permission from ref
157. Copyright 2023 Elsevier.

localized surface plasmon resonance (LSPR) effect from Au
nanoparticles acting as an amplifier of the absorbed light; it
further enhanced the signal of the sensor, which resulted in a
sensor with a linear range of 0.1—52.1 uM. At the same time,
with the photoexcitation where were produced ¢OH, and h*
oxidizing species, which led to a removal efficiency of ~87% of
4-CP, combining on the same material the cagability to
measure and degrade a compound through PEC."

As C;N, materials are composed of stacked layers,
exfoliation routes can be used to make graphene analogs, i.e.,
2D layers with few sheets stacked and a high surface area. Xu et
al. prepared a PCN intercalated with NH,Cl,"*® further by a
thermal exfoliation route that obtained a thin film with 6 to 9
sheets stacked, and a large specific surface area (~30 m* g™").
The obtained carbon nitride possessed an increased band gap
(2.85 V) due to quantum confinement effects but presented
good photocatalytic activity toward a model compound
remotion. Most importantly, it was found that as the
concentration of Cu®" increased, the photocurrent response
gradually, which was in the op osite direction of other
materials such as CdS and CdTe."””'® This suggests that the
mechanism consists of Cu®* being adsorbed on the PCN, later
acting as an electron acceptor, increasing the charge separation
and so on the photocurrent. In this sense, a PEC sensor was
developed to monitor copper in trace concentration, which is
important once this metal is essential to living organisms but
can be toxic above a certain concentration.

It was evident from the observations made that PCN
materials hold great potential in terms of resourcefulness as
they can be effectively utilized for generating energy from
waste degradation. Moreover, their versatile nature allows for
coupling environmental remediation with sensing, thus
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providing an innovative solution to tackle environmental
challenges.

3.4. CO, Capture and Conversion. One developing areas
is the fixation of CO, by PEC and its conversion to value-
added products. Polymeric carbon nitrides possess functional
groups with catalytic functions such as Lewis basic sites. As
illustrated in Figure 10, this class of versatile materials has
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Figure 10. (A) Schematic of PCN useful properties for the CO,RR
and (B) band diagram presenting thermodynamically feasible
reactions with CO,. Reproduced with permission from ref 163.
Copyright 2019 John Wiley and Sons.

emerged as attractive candidates for the CO, reduction
reaction (CO,RR) and conversion into solar fuels. PEC
CO,RR using PCN materials is at an early stage of research, as
it is more exploratory and based on pure photocatalytic'®" or
electrocatalytic'®* applications.

As represented in Figure 10, the CB position of pristine
PCNs, usually approximately —1.1 eV versus NHE at pH 7,'*
is suitable thermodynamically for CO,RR, once it is more
negative than the redox potential of CO, conversion into
simple C1 hydrocarbons, such as formaldehyde, formic acid,
methanol, and methane. By using nanoparticles of noble metals
(Pd, Pt, or Au) as cocatalysts, the architecture with PCN
worked as a photocathode for CO, fixation.*> The usage of a
noble metal makes possible the use of a Schottky barrier due to
the differences in the work function of both species (carbon
nitride and noble metal), which improves charge separation
and transfer. It is important to point out that in this study two
photoelectrodes were tested, employing BiVO, as the photo-
anode (Figure 11), cooperatively with photoexcitation of the
photocathode, it favored preferentially methanol formation, in
a rate of 25.1 X 107> m h™' ¢! and low bias application
(—0.85 V vs Ag/AgCl).

3 :i'
‘a:.

%
»

Figure 11. Schematic of the PEC cell employing a PCN-based
photocathode and a BiVO, photoanode for CO, reduction.
Reproduced with permission from ref 85. Copyright 2013 Royal
Society of Chemistry.

Some prerequisites for CO, capture and further reduction
are the adsorbent material showing a highly porous and stable
structure as well as a high specific surface area. The pyridinic
nitrogen such as on PCN structures can also be an extra
benefit, enhancing the interactions with the CO, molecules.
The presence of pyridinic nitrogen in the framework and NH,
groups on the edges offer basic characteristics and determine
its likelihood as a favorable material for CO, adsorption. It is
expected that PCNs, which possess different nitrogen contents
and defect sites, would exhibit better performance in terms of
CO, adsorption thanks to the presence of Lewis basic sites.
Coupling these properties with a highly porous structure could
deliver a template for CO,RR.'**

Fitting these requirements, theoretical calculations also have
confirmed the potential activity of PCN materials for
CO,RR.'*® Thus, PCN alone is thermodynamically capable
of reducing CO, molecules after being photoexcited using
water as a proton donor and oxidative agent. However, to be
favored kinetically, the CO, reduction process relies on
parameters such as reaction conditions, type of oxidative
agent, input energy, and type of electrolyte employed, barriers
that an adequate catalyst design can overcome. The reduction
of CO, into C, and higher species is a highly desirable goal,
which requires an increase in the performance of catalysts.
Achieving this goal poses many challenges, due to the low
catalytic efficiency of current catalysts. To overcome this
limitation, a combination of theoretical first-principles, DFT
calculations, and experimental studies can be used to design
highly efficient catalysts, providing parameters such as the free
energy and even insights into the mechanism.

A smart design of a photoelectrode was achieved by the
combination of a PCN and a Zinc phthalocyanine (ZnPc) with
matching energy alignment.'®® In this specific study, the
CO,RR was performed under a combination of photocatalytic
and electrocatalytic processes. There was a contribution of
electrons coming from the external circuit; at the same time,
the photogenerated electrons were being transferred to the
adsorbed CO,, generating methanol as the major product.

Furthermore, there is still significant scope for research in
exploring the potential catalytic properties of PCN in PEC
applications for activating CO,, leading to the development of
environmentally friendly routes for cycloaddition reactions,'®”
among others. Although PCN-based materials have been
effectively used for photoelectrocatalytic reduction of CO,,
they still suffer from many problems, which could slow the
reaction kinetics. However, it is a promising area of application
for carbon nitrides in the green chemistry field, with capture
and conversion into clean, green low-carbon fuels and valuable
chemical feedstock by using sustainable and intermittent
renewable energy sources of sunlight and electricity.

3.5. Nitrogen Fixation. The N, reduction reaction
(N,RR) has an important impact from an economic and,
mainly, an environmental point of view. This is due to the
Haber—Bosch process, the worldwide method for NH;
production method releasin$ 2.6 tons of greenhouse gas per
1 ton of generated NH,. % As the need for ammonia
production increases (for fertilizer) on the same order as the
global population, abundant and low-cost ways to convert N,
to NH; production play a pivotal role in providing an
affordable and stable food supply for the global population. In
general, the N,RR is still in the early stages, facing some
technical challenges. One such challenge is accurately
evaluating the products.'®”'’° The amount of ammonia
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produced is typically small, which makes it difficult to
confidently attribute it solely to correct nitrogen fixation
rather than some form of contamination. Chorkendorft and co-
workers have proposed a rigorous protocol for the electro-
chemical synthesis of ammonia, based on isotope quantifica-
tion.'”" This protocol can be adapted for the photo-
electrochemical process and is the most reliable method to
unambiguously demonstrate N, fixation.

There are two main issues with performing the N,RR. One
is that the N, molecule possesses a thermodynamic
dissociation energy of 941 kJ mol, which reduces its reactivity
and process efficiency as well. The second is that the potential
is similar to the required for the HER,'* which leads to a
competition between both reactions and asks for a catalyst
material with better selectivity. In this sense, the search for an
ideal materials catalyst for NH; photoelectrosynthesis must
take into consideration the nitrogen interaction on the surface
of the catalyst: (i) If the interaction is too strong, the active site
will be poisoned irreversibly; (ii) If the interaction is too weak
otherwise, the triple bond on N, will remain unaltered, not
activating the nitrogen for further reduction. Luckily, nitrogen-
rich compounds, such as nitrogen-doped carbon'”>'”* and
PCN,'” due to their highly polarizable layered structure, may
improve the N,RR. When introducing electron deficient
defects in the structure of C;N, (B-doping or C vacancies)
in neighboring to the pyridinic N atoms (Lewis basic sites),
they can form a frustrated Lewis pair (FLP) that results in the
powerful adsorption, and subsequently, the activation of N,
molecules for ammonia formation.'”*'’® The nitrogen
reduction is favored with the presence of an FLP due to a
“pull—pull effect”, reinforced by DFT calculations where the
FLP forms a six-membered ring intermediate, harshly reducing
the energy barrier to the cleavage of N, molecule.'”’

To the present date, only two studies reported the use of
C;N,-based catalysts on PEC N,RR. The first was a
heterojunction of PCN functionalized on MoSe, hierarchical
microflowers, that produced around 7.7 ymol h™' L™ cm™ of
ammonia with a faradaic efficiency of almost 30%.'”® The
hierarchical structure improved the light harvesting from the
material, in addition to providing a greater number of active
sites. The second work was also a heterojunction, but with
Nb,O nanotubes (Nb,O(NT/PHI),** once nanotubular
structures present some advantages like high surface area, a
large number of active sites, and especially for photo-
electrocatalysis usually better charge separation and trans-
fer,'7'*" and higher density of bulk states than for
conventional nanoparticles."®> Nb,OsNT alone had energy
potential enough to perform the ammonia PEC synthesis,
however, the synergic effect observed on the heterojunction led
to an ammonia generation rate of 0.156 mmol L'h!em™,
which was about 10-fold higher than just the niobium
pentoxide. As Figure 12 shows, the obtained Nb,O;NT/PHI
photocathode performed the N,RR by a Z-scheme charge
transfer, and the improved results can be attributed to PHI
favoring N, adsorption and activation.

Although there have been relatively few studies on PEC
ammonia synthesis using PCN-based catalysts, the environ-
mentally friendly conditions employed in these studies, such as
the use of simulated sunlight and low toxicity catalysts, place
the obtained photoelectrodes as promising alternatives to the
conventional Haber—Bosch process.

External
circuit

Figure 12. Proposed charge transfer mechanism for N, reduction over
the Nb,OsNt/PHI Z-scheme. Reproduced with permission from ref
84. Copyright 2023 John Wiley and Sons.

4. CONCLUSION

Carbon nitride materials are highly versatile semiconductors
that have a wide range of applications. Anyhow, most of their
applications in photoelectrochemistry are focused on water
splitting, a sustainable approach for generating high-purity
hydrogen owing to advantages such as the availability of a
plentiful hydrogen source and utilization of renewable solar
energy.

In the matter of biomass upgrading, intergovernmental
panels on climate change emphasize the significance of
bioenergy with carbon capture and storage in various climate
mitigation policy pathways.'®”'** While carbon capture and
storage can effectively contribute to achieving net-zero
emissions by 2050, it is crucial to address the long-term goal
of closing the carbon cycle. Consequently, in the future, there
are promising prospects for utilizing biomass, e.g., from waste
through photoelectrolysis to generate value-added products
like hydrogen and hydrocarbons.

Table 2 provides a summary of the key findings related to
other applications beyond water splitting. This versatility of
C;N, materials can be attributed mainly to their good chemical
stability, allied to the proper design and engineering of the
electrodes, by using one or more modifications as discussed in
this review, to tune the electrode properties by increasing the
light range absorption or specifically for a given substrate
adsorption.

Despite all the above exposures, the areas with more room
for exploration are the CO, and N, reduction. As pointed out
previously, PCN materials possess various catalytic sites,
including graphitic domains, nitrogen, and carbon vacancies,
as well as edges that can be even further modified, which
provide active sites for the adsorption and activation of N, and
CO, molecules. Depending on a proper modification, e.g., with
a cocatalyst, for improving charge transfer processes and
enhancing surface reaction kinetics, the overall efliciency of N,
and CO, reduction can be significantly increased.

Given the exceptional properties of PCN, there is great
potential for it to play a pivotal role in the development of new
and sustainable synthetic methodologies. As a cheap semi-
conductor, efficient, and easy to obtain, C;N, materials have a
huge potential for growth and achieving the industrial scale.
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Table 2. Main Results for PCN-Based Photoelectrodes on
Applications beyond Water Splitting

Photoelectrode Application Main results Source
PCN@Au Biomass Conversion of glycerol to 152
upgrading dihydroxyacetone
TiO,/Ni-PHI Biomass High photocurrent and obtention of 153
upgrading formaldehyde and formic acid
pim-1IPCN@ Biomass Gluconate obtention with an 154
Pt upgrading enhanced current response
PHI Biomass Alcohol reforming under 0 bias 81
upgrading
PCN Biomass Conversion of benzyl alcohol to 185
upgrading respective aldehyde and further to
acid
ZnO/PCN/ Remediation Mineralization of methylene blue 134
MnO,
PCN/ Remediation Degradation of ciprofloxacin 156
MOF(Fe)
n,,.PCN Remediation Degradation of 4-chlorophenol %
TiO,nta/ Remediation Mineralization of rhodamine B 186
Pcngds
PCN Remediation Mineralization of phenol 187
PCN/Cpaper Remediation Degradation of methylene blue with 188
and energy concomitant hydrogen generation
Au/P-PCN Remediation Degradation and sensing of 4- 157
and sensing chlorophenol
PCN Sensing Detection of trace amounts of Cu®* 198
Porphyrin- Sensing Glucose sensing in real serum 189
sensitized samples
PCN
PCN/carbon Sensing Quantitative sensing of arecoline 10
nanohorns
K-PHI Sensing Photomemristive sensor with a 191
high-range glucose detection
PCN/GO/ Sensing Aptasensing of kanamycin 192
Aptamer molecules
Pen@pd CO, reduction  Methanol generation with low bias 8
ZnPc/PHI CO, reduction  Methanol generation as a major 166
product
PCN CO, reduction ~ Formic acid generation selectively 193
photoanode
cu cathode

Co-porphyrin/  CO, reduction  Formic acid generation selectively
pen

ZnTe/PCN CO, reduction  Ethanol obtention 195

Tio,@pcn CO, reduction  CO obtention 196

MoSe,@pcn N, reduction Ammonia rate of 7.7 178
pmol h™!' L™ em™

Nb,os/phi N, reduction Ammonia rate of 0.156 8

mmol L™ h™! em™

For the upcoming years, it is possible to predict, in the first
moment, an increase of research of the less explored areas, and
further, after achieving a well-established material for a given
application (water splitting, CO,RR, or N,RR), the next step is
scaling up. However, this leads to an unsolved question: Is the
better option to increase the electrode size or produce arrays of
electrodes connected in paralle]? At the moment, arrays show
as a more feasible alternative, once increasing the size of the
photoelectrode results in some loss, due to charge recombi-
nation, parasitic ionic paths, and overpotential losses."”’
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