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Abstract: Semiconductors with visible light catalytic characteristics can realize the degradation
of pollutants, CO, reduction, and hydrogen preparation in sunlight. They have huge application
value in the fields of environmental repair and green energy. Graphite phase nitride (g-C3Ny,
CN) is widely used in various fields such as photocatalytic degradation of pollutants due to its
suitable gap width, easy preparation, low cost, fast visible light response, and rich surface activity
sites. However, the absorption rate of ordinary CN on visible light is low, and the carriers are easy
to recombination, making the lower optical catalytic activity. Therefore, in order to improve the
photocatalytic characteristics of the CN, it is necessary to make the surface modification. This article
first introduces several main methods for the current surface modification of CN, including size
regulation, catalyst embedding, defect introduction, heterostructure construction, etc., and then
summarizes the optical catalytic application and related mechanisms of CN. Finally, some challenges
and development prospects of CN in preparation and photocatalytic applications are proposed.

Keywords: graphite phase carbon nitride; surface modification; photocatalytic

1. Introduction

With the rapid development of the industry, the problems of energy shortage, en-
vironmental pollution, and climate warming are becoming more and more serious. The
semiconductor-based photocatalytic materials are considered to be an effective solution
to address energy shortages, improve environmental problems, and promote social and
economic sustainable development. This is because driven by the semiconductor, the solar
energy can be directly converted into precious chemical fuel, such as hydrogen and its
compounds, thereby alleviating the shortage of energy. At the same time, semiconductors
can also use solar energy to degrade organic pollutants, such as antibiotics and dyes to
govern environmental pollution. In addition, semiconductors can also reduce CO; to CO,
CHy4, methanol, ethanol, and other products in the solar environment, thereby providing
high-value chemical industrial products while alleviating the effect of greenhouses [1-7].
In the past two decades, various types of metal oxide semiconductor materials (such as
CdS, TiOy, ZnO, etc.) have been used in the photocatalytic fields [8-11]. However, due to
the wider gaps of metal oxides, the utilization rate of solar light is too low, which limits
the application of this type of photocatalytic material. Although the band width of metal
sulfides is more friendly to the use of sunlight, metal sulfides will cause light corrosion and
self-oxidation under the condition of light, and the chemical properties are unstable. Thus,
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researchers have always hoped to find a photocatalytic material with strong optical activity
and stable chemical properties.

As early as 1996, Teter et al. found that the carbon nitride had five objects with the
structure of a-phase, cubic phase, quasi-cubic phase, and graphite phase through calcula-
tions, of which the graphite phase was the most stable [12]. In 2009, Wang et al. successfully
applied graphite phase nitride (g-C3N4, CN) to photocatalytic hydrogen-made hydrogen,
creating a new era of CN applied in photocatalytic [13]. Since then, the research on CN
has quickly become a very popular research hotspot, and a large amount of research on
CN has been reported. CN is a typical N-type non-metallic semiconductor material with a
graphite-like layered structure, rich in carbon, nitrogen, and hydrogen. The gap of the CN is
about 2.7 eV and the absorption spectrum is mainly in the visible light range of 400-460 nm.
It is easy to prepare, non-toxic, has strong optical chemical stability, and has well-equipped
structure matching, thus it is widely used in photocatalytic decomposition of hydrogen,
photocatalytic organic pollutants degradation, and photocatalytic CO, reduction [14-17].
Generally speaking, CN can be prepared by thermal polymerization (including water
thermal heat, melting salt method, etc.) through thermal polymerization including urea,
cyanamide, melamine, and thiourea. This method is simple to prepare and conducive to
large-scale production. Among them, the method of thermally condensing cyanamide
to form dicyandiamide, then further condensing it into melamine, and finally gradually
condensing melamine into CN is considered an efficient method for producing relatively
few defects [18]. However, the CN prepared by the traditional thermal aggregation has a
smaller surface area, many defects, and the recombination rate of photoinduced electrons
and holes is high, which seriously restricts its photocatalytic activity [19]. In order to
improve the problems of CN such as many defects and easy recombination of carriers,
researchers have completed a lot of work on the surface modification of CN in recent years
and achieved the efficient photocatalytic application of CN through morphology control,
defect engineering, element doping, heterostructure construction, etc. [20-23].

So far, there is much research on the progress of the preparation of CN and its appli-
cations in various fields, including a review of the latest research on the preparation of
crystalline CN and its application in the field of photocatalytic [24-27]. While this paper
focuses on the latest research progress of CN, especially in the surface modification method
such as size regulation, elemental doping, defect regulation, heterogeneous construction,
and new catalyst design for enhanced photocatalytic performance. Additionally, this paper
also systematically summarizes the applications of CN in the field of optical catalysts,
especially in the optical degradation of heavy metals and organic pollutants, photocatalytic
decomposition of H,O to produce hydrogen, photocatalytic CO, reduction, and optical
catalytic preparation of the HyO, and the corresponding mechanism of photocatalytic was
discussed combined with the performance changes after CN modification. Finally, the
current challenges, future development trends, and prospects faced by CN semiconductor
materials in the field of optical catalytics are discussed.

2. Research Progress on Surface Modification of CN
2.1. Size Regulation

Although CN is considered an excellent photocatalytic material, the CN prepared
by traditional methods often has problems such as large size and smaller surface area,
which limits the exposure of its active site and affects catalytic performance. The size
regulation of CN can increase the specific surface area, optimize the energy band structure,
and expose more active sites, which can broaden the absorption range of visible light, facili-
tate the migration of electrons in the photocatalytic process, and improve photocatalytic
efficiency. Therefore, the size regulation of CN is an important way to achieve an excellent
photocatalytic effect [28].
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2.1.1. Two-Dimensional (2D) CN Nanosheets

In general, CN nanosheet structure cannot be produced by directly calcining a pre-
cursor solution containing CN, and a secondary annealing was required. Shen et al. used
urea as a precursor, first calcined at 550 °C in a muffle furnace for 4 h, and then annealed
at 500 °C for 2 h to obtain CN nanosheets [29]. Similarly, Shi et al. used dicyandiamide
as a precursor, first calcined at 550 °C in a muffle furnace for 4 h, and then calcined again
at 510 °C for 2 h, finally obtaining CN nanosheets [30]. Wang et al. utilized the bottom-
up green acidification method to prepare the ultra-thin CN nanosheets. As shown in
Figure 1A-E, the precursor was obtained by mixing melamine and diluted sulfuric acid
solution and then undergoing hydrothermal treatment which was calcined in a muffle
furnace at 550 °C for 4 h. The CN nanosheets treated with sulfuric acid hydrothermal have
a larger specific surface area and more obvious 2D-layered characteristics than the CN
nanosheets treated with acid alone [31]. Similarly, Amir et al. first calcined melamine in
a crucible at 520 °C for 5 h to form bulk CN (BCN) through thermal polycondensation.
Then, the bulk CN is mixed with sulfuric acid, and the sulfuric acid is stirred to penetrate
and act on the interlayers of CN, destroying the van der Waals force between the layers,
thereby achieving the exfoliation of CN and forming a suspension of CN. The suspension
was then washed repeatedly with deionized water and ethanol and then dried in a vacuum
drying oven at 60 °C to obtain preliminary purified CN nanosheets. To further increase the
porosity of CN nanosheets, the dried powder was heated at 400 °C for 1 h. The resulting
CN nanosheets had a large specific surface area and catalytic activity [32,33].
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Figure 1. (A) Synthesis Procedure of Nanosheets of CN; TEM images of (B) bulk CN; (C) acid-treated
CN; (D) hydrothermal treatment of melamine without acid and (E) Ultrathin CN nanosheets [31].
Reprinted with permission from Ref. [31].
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In addition to the calcination method, the liquid-phase exfoliation method can also
obtain CN nanosheets. Masih et al. put the anterior urea in the furnace at 550 °C for 4 h
with a calcination method, and then disperse the obtained BCN in the ion water for 4 h
ultrasonication. The BCN was removed, and then the upper liquid was dried to receive
the CN nanosheets [34]. Furthermore, Yi et al. used the NB,Os-mediated thinning strategy
to prepare a large amount of CN nanosheets, the interlayer distance of the nanosheets
was significantly shortened, which was more conducive to electron transmission and thus
improved photocatalytic efficiency [35].

Ma et al. developed a simple method to anchor CN quantum dots (CNQDs) onto CN
nanosheets to form a homojunction structure (HJ-CN), which could improve photocatalytic
performance largely without introducing metal elements [36].

2.1.2. One-Dimensional (1D) CN Nanotubes and Nanorods

In recent years, the preparation and photocatalytic research of 1D CN nanotubes
and nanorods have also been widely reported. Due to their shortened radial width and
elongated axial length, the photoelectric properties of 1D CN nanomaterials can be well
adjusted by controlling their size.

Guo et al. used hexagonal rod-shaped single-crystal supramolecules as precursors to
prepare hexagonal P-doped CN nanotubes with a layered structure. Experimental results
show that compared with ordinary CN, hexagonal CN nanotubes have more active sites
and their specific surface area is significantly increased. At the same time, due to the doping
of P, the band gap becomes narrower, the conductivity is improved, and the hydrogen
evolution efficiency has also increased [37]. Liu et al. heated a mixture of NaH,PO,4-H,O
and melamine at a high temperature and achieved large-scale rapid synthesis of P-doped
CN nanotubes. During the synthesis process, NaH;PO4-H,O generates phosphine gas at
high temperatures, which induces the transformation of CN from 2D nanosheets to 1D
nanotubes [38]. Li et al. prepared modified CN nanotubes by a two-step hydrothermal-
thermal polycondensation method using a combination system of urea and melamine as
precursors. The experiments show that controlling the reaction temperature can effectively
adjust the vacancy concentration on the nanotubes, and a larger vacancy concentration is
conducive to capturing photogenerated electrons. In addition, the tubular structure makes
the transmission path of electrons from the bulk phase to the surface phase shorter, and the
photocatalytic activity is greatly improved [39]. Before preparing CN nanotubes, Zhang
et al. first placed melamine in a NaOH aqueous solution for hydrothermal pretreatment,
then calcined the pretreated product, and finally obtained CN nanotubes. The studies
show that the production of CN nanotubes is attributed to the hydrothermal pretreatment
process because cyanuric acid is generated in this process, which will form a supramolecular
precursor through self-assembly with melamine. The precursor can be calcined to form CN
nanotubes, which have excellent photocatalytic hydrogen evolution properties [40]. Guo
et al. prepared CN nanotubes with abundant nitrogen-vacancy defects by a simple sodium
borohydride thermal reduction method. As shown in Figure 2A, a mixture of melamine
and urea was first calcined under an inert gas N to prepare CN nanotubes, which were
then mixed with sodium borohydride and further calcined under N to obtain defect-rich
porous CN nanotubes. As shown in Figure 2B-E, Scanning Electron Microscope (SEM) and
transmission Electron Microscope (TEM) images show that the porous CN nanotubes have
a uniformly distributed porous hollow tubular structure with a diameter of about 200 nm
and a wall thickness of about 26 nm. The porous hollow structure can provide abundant
surface active sites, which is beneficial to improving the photocatalytic performance [41].
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Figure 2. (A) Scheme for the formation of DTCN; (B,C) scanning electron microscope; (D,E) trans-
mission electron microscope images of TCN and DTCN (inset: high magnification image). DTCN,
defective porous CN nanotube [41]. Reprinted with permission from Ref. [41].

Preeyanghaa et al. used melamine and HONH;.HCl complex as templates to syn-
thesize hierarchical CN nanorods with carbon vacancies by ultrasonic-assisted thermal
polycondensation. The nanorods can promote light scattering, have a large specific surface
area and active sites, and provide abundant transport channels for charge migration. In
addition, the presence of carbon vacancies can also serve as shallow charge capture centers
and promote charge separation [42]. Zou et al. can universally prepare 1D porous CN
nanorods containing nitrogen vacancies and oxygen doping with a variety of nitrogen-
containing precursors through the hydrogen bonding structure and molecular shearing
effect of “nitrogen-containing precursor-nanocellulose”. As shown in Figure 3A, the prepa-
ration process of CN-based photocatalyst mainly includes the hydrogen bonding between
dicyandiamide and the functional groups of nanocellulose-hydroxyl and carboxyl groups,
and the subsequent thermal polymerization and HyO, molecular shearing process. The
morphology of CN nanorods is shown in Figure 3B-I, in the preparation process of the
above catalyst, nanocellulose plays the role of soft template and dopant at the same time.
Therefore, nitrogen vacancies and oxygen doping were successfully introduced into the
molecular skeleton of CN. Under the molecular shearing action of H,O,, CN was converted
into one-dimensional nanorods, and the nanorods were filled with nanosheet frameworks.
The 1D nanorod-like structure greatly increased the specific surface area of CN, exposed
a large number of active sites, and enhanced the photocatalytic activity [43]. Liang et al.
first heated melamine in the crucible at 500 °C for 4 h, and then put it in a tube furnace
with KCI and LiCl, heated at 550 °C in the N, atmosphere for 4 h. The obtained products
were washed with boiling water. Finally, after drying at 60 °C for one night, CN nanorods
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were obtained. Subsequently, W-doped highly crystalline CN nanorods catalysts were
successfully prepared by a solvothermal-assisted W-doping method for photocatalytic CO,
reduction [44].

Dicyandiamide

A
= . Freeze
2 5 i M 550 °C . H,0,
N, 100 °C
N~

Cellulose I i
Bulk g-C;N One-dimensional holey
Nanofiber s g-C;N, nanorods
N'\%\ g we o M, 0
N Sy TR S N Thermal Q” o, w

2 Sc @ W gy Ky Ll = 24,

“‘,‘cn B W S ] coon Polymerization J':NE}\ O;"' ,L_<“{h(ﬂw
HO——~L7—gt -0 ~tg—~o+1-Q oH «)N*u Ni 20 "L‘::(H: w
HO OO~ L—¢ A
nood OH v Mo o "‘J\"}\j‘\ Py Molecular Wl mﬁ{“’ a

s JOH 7 N a)‘n"n"u shear o ~%~ L ﬂi\ N
e W Ng T”f' :”i‘ Nitrogen "} mi"ﬁl—‘» V\H‘H\’_ ’ g

(~ . - i C. NN W i vacancyLN" ) Sy_(v " ‘\H)_“ L

2 Oyl NH, WONONTW o ”"‘)v_{»_() M~_< b T
S P TLearil

N"\q ,t u)“u i «J“u ,t ulNJ (»-(N—a $L§V ).,x*

=== Hydrogen Bond SRS o
w

10 nm

200 nm 200 nm 200 nm

Figure 3. (A) Illustration of the synthetic route and chemical structure of the nitrogen deficient
HCN with oxygen doping; (B,C) SEM; (D-F) TEM images of HCN-0.01 and (G-I) the corresponding
elemental mapping on C, N, and O [43]. Reprinted with permission from Ref. [43].

2.1.3. Zero-Dimensional (0D) CN Quantum Dots (QDs)

In recent years, in addition to the research on 2D and 1D CN nanomaterials, researchers
have also reported the synthesis methods of 0D CNQDs. As the size becomes smaller, CN
exhibits a larger specific surface area and more surface active sites. As usual, 0D QDs can be
prepared by hydrothermal method, solvothermal method, solid phase method, etc. Their
unique quantum confinement effect and optical properties can enhance light absorption,
thereby improving photocatalytic performance. He et al. first synthesized BCN by heating
melamine in air and N, atmosphere through a thermal polycondensation method and then
placed the BCN in water or ethanol solution for ultrasonic exfoliation for about 16 h to
prepare 0D CNQDs at room temperature [45]. Hong et al. prepared B-doped CN using a
mixture of boric acid, melamine, and urea as a precursor and then put it in the potassium
hydroxide (KOH) ethanol solution through the water heat method to obtain the B-doped
CNQDs. The preparation process and morphological characterization results are shown in
Figure 4A-E. The morphological tests show that the size of CNQDs is about 1.5 nm. They
are finally loaded onto Ni(OH), nanoflowers to form Ni(OH); nanoflowers doped with
B-doped CNQDs [46].
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Figure 4. (A) Diagram illustration for the synthesis of B-CNQDx-Ni nanoflowers; (B) SEM images
of Ni(OH), nanoflowers; (C) SEM images of B-CNQD;(-Ni nanocomposites, and (D) TEM and
(E) HRTEM images of B-CNQD;(-Ni nanocomposites [46]. Reprinted with permission from Ref. [46].

Dai et al. first prepared sulfur-doped BCN, and then used S-doped CN as a precursor
and ultrasonically exfoliated the S-doped CN to obtain S-doped CNQDs. Studies on its
fluorescence properties have shown that the average size of S-doped CNQDs is 2 nm and
has an emission peak at 460 nm, covering the luminescence spectrum region of 550 nm,
proving that the band gap of CNQDs has been adjusted and the light absorption range
has been significantly increased [47]. Ma et al. ground the mixture of melamine and
sodium citrate, added the resulting powder into ultrapure water, and then transferred it
to a reactor and heated it at 180 °C for 2 h. After natural cooling, the obtained solution
was dialyzed in pure water for 48 h, and the dialysate was freeze-dried to obtain CNQDs.
Subsequently, CNQDs were introduced into the prepared planar structured CN, which
broadened the light absorption range of the photocatalyst, promoted the separation of
photogenerated carriers, and increased the specific surface area of the catalyst, thereby
providing more active sites and effectively improving the performance of photocatalytic
hydrogen evolution [48]. Similarly, Eroglu et al. fabricated a novel ternary heterojunction
photocatalyst by decorating reduced graphene oxide/black phosphorus binary heterojunc-
tions (rGOBP) with carbon CNQDs via the ultrasound-assisted liquid exfoliation method
for an enhanced photocatalytic performance [49]. Finally, the comparison table of the most
active photocatalysts is listed in Table 1.
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Table 1. The size regulation of CN for photocatalytic.
Material Type Synthesis Method Photocatalytic System Reference
2D CN nanosheets Calcining + Annealing H; production [29]
2D CN nanosheets Calcining + Annealing CO; reduction [30]
2D ultra-thin CN nanosheets Acid + Hydrothermal + Calcining H, production [31]
2D CN nanosheets Calcining + Acid + Annealing H; production [32]
2D CN nanosheets Calcining + Acid + Annealing H, production [33]
2D CN nanosheets liquid-phase exfoliation H,; production [34]
2D CN nanosheets NB,Os-mediated thinning strategy H; production [35]
2D CN nanosheets Hydrothermal H, production [36]
1D P-doped CN nanotubes Hydrothermal H,; production [37]
1D P-doped CN nanotubes Hydrothermal CO; reduction [38]
1D CN nanotubes Hydrothermal NO reduction [39]
1D CN nanotubes Hydrothermal H,; production [40]
1D N-defect CN nanotubes sodium borohydride thermal reduction H; production [41]
1D C-defect CN nanorods ultrasonic-assisted thermal polycondensation Tetracycline degradation [42]
1D N/O-defect CN nanorods Hydrothermal H,; production [43]
1D C-doped CN nanorods solvothermal-assisted CO; reduction [44]
0D CNQDs Nj-assisted thermal polycondensation QLED displays [45]
0D B-doped CNQDs Hydrothermal Supercapacitors [46]
0D S-doped CNQDs Hydrothermal + Ultrasonic Bioimaging [47]
0D CNQDs Ground + Hydrothermal H, production [48]
rGOBP/0D CNQDs Ultrasound-assisted liquid exfoliation Methyl orange degradation [49]

2.2. Defect Control

The introduction of defects in CN is a research hotspot in defect regulation. Research
has shown that the introduction of point defects in CN is widely studied, and CN point
defects include vacancy defects of carbon vacancies and nitrogen vacancies, as well as
anti-site defects of carbon and nitrogen self-doping.

Based on density functional theory (DFT), Zhang et al. calculated the optimal struc-
tures and excited states of intrinsic CN and defective CN. The research results show that the
absorption spectrum of defective CN has a red shift, and the absorption intensity of visible
light is significantly improved, especially for the defective CN structure with superior
carbon atom defects. Further research also found that vacancy defects have a negative
impact on CN. Charge transfer and excited state electron-hole distribution will have an
impact, and as defects appear, the charge migration distance will also increase [50]. Ma et al.
mixed melamine and NaN3 and prepared porous CN rich in N defects in an Ar atmosphere.
The results show that the introduction of N defects into CN can significantly reduce the
bandgap width and inhibit the recombination of electrons and holes. Thereby improving
the reduction efficiency of CO; [51]. Lv et al. used melamine as a precursor and prepared
porous CN rich in N defects by secondary calcination in an Ar atmosphere. Further cal-
culations using DFT show that N, molecules are more easily adsorbed on the nitrogen
vacancies of porous CN, as shown in Figure 5A-C [52]. Liu et al. prepared porous defective
CN nanosheets by thermal condensation of freeze-dried precursors. They also used DFT
to predict the application of these defective nanosheets in regulating photocatalytic per-
formance. The study shows that CN nanosheets containing defects have more active sites
and can enhance visible light absorption capacity [53]. Luo et al. used nitrogen deficiency
carbon nitride as a model catalyst and proposed several different reaction mechanisms of
photocatalytic HyO, production, proving that HyO, can be generated through multiple
pathways and highlighting the main roles of 'O,, which are ignored by previous stud-
ies [54]. Shiraishi et al. prepared mesoporous CN (GCN) catalysts with different surface
areas by silica-templated thermal polymerization of cyanamide and studied the effects of
surface defects on photocatalytic HyO,. The defects on mesoporous GCN can behave as the
active sites for four-electron reduction of Oy, thus decreasing the H,O, selectivity. While
the GCN catalysts with relatively large surface area but with a small number of surface
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defects can promote relatively efficient HyO, formation [55]. Xie et al. introduced two
types of cooperative N vacancies, NHy and Njc vacancy, into the framework of polymeric
carbon nitride and found that the optimized sample delivers a 15 times enhancement in
solar-driven H,O, production as well as excellent stability [56]. Finally, the comparison
table of the most active photocatalysts is listed in Table 2.

>
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Figure 5. (A) N; adsorption geometry on polymeric carbon nitride with nitrogen vacancy; (B) and
(C) The charge density difference of the Np-adsorbed polymeric carbon nitride with nitrogen va-
cancy; the yellow and blue isosurfaces represent charge accumulation and depletion in the space,
respectively [52]. Reprinted with permission from Ref. [52].

Table 2. The defect control of CN for photocatalytic.

Material Type Synthesis Method Photocatalytic System Reference
C/N defects-CN DFT calculation All photocatalytic system [50]
N defects-CN Hydrothermal CO; reduction [51]
N defects-CN Hydrothermal Nj reduction [52]
N defects-CN Hydrothermal Bacteria sterilization [53]
N defects-CN Hydrothermal H;,0O; production [54]
Amine moieties-CN Hydrothermal H,0O, production [55]
N defects-CN Hydrothermal H,0; production [56]

2.3. Element Doping

As mentioned above, the bandgap width of CN is generally around 2.7 eV, and it
can absorb visible light with a wavelength of less than 460 nm. Element doping can
effectively adjust the bandgap width of CN, enhance light absorption, and thus optimize
photocatalytic performance. Hong et al. used melamine as a precursor solution and
prepared B-doped CN nanotubes by calcination and hydrothermal method. Studies have
shown that after the incorporation of B, new impurity energy levels are generated inside
the CN nanotubes, increasing the number of active sites and effectively promoting the
separation of photogenerated electrons and holes, ultimately improving the efficiency of
photocatalytic hydrogen evolution [57]. Huang et al. treated melamine with different
acids such as sulfuric acid and nitric acid to obtain CN materials containing various
oxygen functional groups. Studies have shown that although the doping of nitrogen-
carbon-oxygen (N-C-O) and carbon-oxygen-carbon (C-O-C) can effectively hinder the
recombination of photogenerated electrons and holes in CN and improve photocatalytic
performance, the effects of these two groups on the photocatalytic performance of CN are
completely different. The electron-withdrawing effect of C-O-C firmly holds the electrons.
Although it promotes the separation of photogenerated electrons and holes and prolongs
the electron life, it is difficult for the electrons to migrate out of the triazine ring, and its
photocatalytic hydrogen production performance is inhibited. The N-C-O group forms
a bridge connecting the triazine structures within the CN molecule, allowing electrons
to move between different triazine structures. This not only promotes the separation of
photogenerated electrons and holes but also promotes the transfer of electrons between
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triazine structures, making the N-C-O-doped CN have higher photocatalytic hydrogen
production performance [58]. Dang et al. embedded P, N co-doped carbon nanomaterials
in CN hollow spheres, and designed and constructed a photocatalytic nanoreactor system.
P, N co-doped carbon nanomaterials serve as active sites, which can become acceptors of
photogenerated electrons and accelerate the separation of photogenerated electrons and
holes, greatly improving the production rate of HyO; [59]. Sun et al. prepared F-doped
porous CN by directly calcining melamine in an F-containing atmosphere. The study
shows that the right calcination temperature is the key to preparing good photocatalysts.
The morphology and photocatalytic activity of CN can be controlled by controlling the
fluorination temperature. When the fluorination temperature increases, the pores of CN will
gradually become larger. At 180 °C, the porous structure of CN will seriously deteriorate
and the thickness will become thinner. When the fluorination temperature is 150 °C, the
hydrogen evolution efficiency of CN is the highest [60]. Zhang et al. fabricated a nitrogen
vacancy-modified B-doped CN photocatalyst with high efficiency of H,O, production
without adding a scavenger based on ion-doping and defect construction, and the system
produced H, O, in-situ through photocatalytic action and promoted the Fe?* /Fe3* cycle
under the action of photo-generated electrons [61]. Wang et al. employed an innovative
strategy to investigate the relationship between the H-containing structures of CN and
its water-splitting properties, and the newly synthesized CN sample demonstrates an
enhanced Hj yield by a factor of 17 compared to that of pure CN [62].

In addition to non-metallic doping, research on metal and metal /non-metallic doping is
also extensive. Shi et al. prepared Co/Fe bimetallic doped CN with N defects using a simple
salt template method. Experiments show that when the Fe/Co ratio is 2.5: 2.5, the prepared
doped catalyst has the best photo-Fenton-like catalytic performance and can effectively
degrade organic wastewater [63]. Jiang et al. prepared CN doped with alkali metals Li, Na,
and K by a high-temperature assisted method. The band gap width of CN is improved, the
number of surface active sites is increased, the specific surface area is increased, and the
catalytic hydrogen evolution performance under visible light is greatly improved. Among
the three alkali metal ion-doped CN, Na-doped CN has the best bandgap and the highest
photocatalytic activity [64]. Ma et al. prepared Fe/CN material by one-step thermal polymer-
ization using ferric nitrate nonahydrate and melamine as precursors. Research has shown
that Fe can be doped into CN in a suitable state without changing the layered structure, and
can also coordinate with nitrogen atoms to form embedded compounds, thereby regulating
the energy band structure and improving the absorption rate of photocatalytic materials to
visible light [65]. Xu et al. proposed a salt template-induced homogeneous doping strategy
and synthesized a new type of carbon/P-doped red polymerized CN using a dopant similar
to melamine. As shown in Figure 6A-E, compared with traditional CN and other red
carbon-based photocatalysts, this material has a narrower band gap (1.71 eV) and stronger
near-infrared absorbance (A > 700 nm), achieving efficient near-infrared photocatalytic
hydrogen production and the highest apparent quantum efficiency [66].

As a special type of material among metals, noble metals have received extensive
attention and research due to their strong localized surface plasmon effect (LSPR). Since
the band gap of CN is generally around 2.7 eV and the maximum absorption wavelength
is about 460 nm, it is unable to effectively utilize long-wavelength visible light, which
limits the photocatalytic efficiency of CN [67]. The use of noble metal loading can improve
the visible light response range of CN. Yi et al. loaded Ag onto CN to prepare modified
Ag-doped CN, whose LSPR excitation peak is between 450-500 nm, and the light response
range is improved compared with ordinary CN [68]. Zhao et al. prepared an Au-doped
CN/Co0304 plasma heterojunction photocatalyst. As shown in Figure 7A-I, the TEM
morphology shows that Au is loaded on CN, and finally both are loaded on Co3Oj4 to form a
Z-type heterojunction. This design applied the Au plasma effect and Z-type charge transfer
mechanism to broaden the response range of the photocatalyst. The corresponding LSPR
excitation peak was between 500 and 600 nm, which effectively enhanced the performance
of photocatalytic degradation of organic pollutants such as bisphenol A [69].
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Figure 6. (A) Schematic illustration of salt-template-induced homogeneous incorporation strategy;
TEM images of (B) polymeric carbon nitride, (C,D) red polymeric carbon nitride; (E) The Fast Fourier
Transform (FFT) pattern of red polymeric CN corresponding to the yellow framework of (D) [66].
Reprinted with permission from Ref. [66].

Figure 7. (A) TEM photograph and (B) SAED pattern of Co3O4 TEM photographs of
(C) CN/Co0304, (D-F) Au/CN, and (G,H) 4Au/CN/Co30y. (I) High-resolution TEM photograph of
4Au/CN/Co304 [69]. Reprinted with permission from Ref. [69].
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Recently, researchers have found that loading single-atom metals as catalysts onto
CN can greatly improve the catalytic performance of photocatalysts. Liu et al. dispersed
the precursor evenly on the surface of CN by wet chemical means and treated it at low
temperature under an inert atmosphere, successfully anchoring Pt atoms in the form of
single atoms on the vacancies of carbon nitride. Studies have shown that the introduction
of single-atom platinum promotes the separation of photogenerated electrons and holes,
reduces recombination, and improves the utilization rate of photoexcited electrons and
holes. Single-atom Pt acts as an active center, providing more catalytic sites and accelerating
the photocatalytic reaction [70]. Similarly, Zeng et al. prepared interlayer-constrained single
Pt atom catalysts by ion exchange. The confinement effect of Pt atoms between CN layers
significantly improves the separation efficiency of photogenerated electrons and holes and
reduces recombination, thereby enhancing the activity of the photocatalytic reaction to
improve its photocatalytic performance [71]. Jin et al. used the cryo-deposition method
to disperse NiCl, in CN material so that Ni atoms can be evenly distributed on CN. By
regulating the electronic configuration of Ni single atoms, the photocatalyst exhibits higher
photo-response characteristics and conductivity, charge separation efficiency, and mobility
under light irradiation. Compared with the unregulated Ni single-atom catalyst, the Ni
single-atom catalyst with regulated electronic configuration exhibits higher activity and
stability in photocatalytic hydrogen production [72].

In the context of current metal element doping research, due to the high cost of noble
metal materials and the relatively weak binding energy between alkali metals, transition
metals, and CN, the preparation yield of modified materials is significantly limited, which
also hinders the large-scale engineering application. Finally, the comparison table of the
most active photocatalysts is listed in Table 3.

Table 3. The element doping of CN for photocatalytic.

Material Type Synthesis Method Photocatalytic System Reference
B-doped CN Calcination + Hydrothermal H; production [57]
N-C-O/C-O-C-doped CN Acid + Hydrothermal H; production [58]
P, N-doped CN Hydrothermal H,0O, production [59]
F-doped CN Calcination H,; production [60]
B-doped CN Hydrothermal H; production [61]
H-doped CN Hydrothermal H; production [62]
Fe, Co-doped CN Hydrothermal Methylene blue degradation [63]
Li, Na, K-doped CN High-temperature assisted H; production [64]
Fe-doped CN One-step thermal polymerization Rhodamine B degradation [65]
C, P-doped CN Salt template-induced H,; production [66]
Ag-doped CN Hydrothermal H; production [68]
Au-doped CN/Co0,03 Hydrothermal Bisphenol A degradation [69]

. Sulfonylurea herbicide

Single atom Pt-CN Hydrothermal degradation [70]
Single atom Pt-CN Simple cationic ion exchange H, production [71]
Single atom Ni-CN Cryo-deposition H; production [72]

2.4. Heterojunction Construction

Previous studies have shown that the photogenerated electron-hole pairs in a single
CN photocatalyst are prone to recombination. By constructing a heterojunction, the recom-
bination of photogenerated electron-hole pairs can be effectively suppressed, mainly by
combining heterojunction materials with different energy level structures with CN into a
composite photocatalytic material, thereby improving the energy band structure.

The heterojunctions are mainly divided into type I, type II, type Z, and type S, and
the widely studied at present are type II and type Z. Type I heterojunction is considered
to be an undesirable heterojunction due to its inappropriate band alignment. The type S
heterojunction is mainly constructed in a staggered manner using a reduced semiconductor
photocatalyst with a smaller work function and a higher Fermi level and an oxidized
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semiconductor photocatalyst with a larger work function and a lower Fermi level, which is
hard to construct. Yu et al. synthesized an organic conjugated polymer/CN heterojunction
to improve the performance of photocatalytic water splitting for hydrogen production. The
researchers designed three organic conjugated polymer semiconductor photocatalysts with
different electron donor and benzothiadiazole acceptor structural units. By changing the
electron donor group in the conjugated skeleton, the band gap of the organic conjugated
polymer can be regulated, thereby improving the photocatalytic activity of the organic
polymer/CN heterojunction, and the type Il heterojunction it forms can promote the separa-
tion of electrons and holes, effectively improving the efficiency of photocatalytic hydrogen
production [73]. Shi et al. combined highly crystalline CN nanosheets with yolk-shell
structured ZnFe,O, by solvothermal and calcination methods to form a 2D/3D type II
heterojunction. Studies have shown that the conduction band position of CN nanosheets is
higher than that of ZnFe,O4, while the valence band position of ZnFe;O; is higher than
that of CN. This energy band arrangement enables photogenerated electrons to transfer
from the conduction band of CN to the conduction band of ZnFe,O,4, while holes transfer
from the valence band of ZnFe,O; to the valence band of CN, achieving efficient charge
separation and ultimately improving the photocatalytic degradation of tetracycline [74].
Hou et al. prepared the 2D /2D CN/BiOCl (CN/BOC) heterojunction photocatalytic mate-
rial containing oxygen vacancies by rapid grinding at room temperature using appropriate
amounts of CN, bismuth nitrate pentahydrate, glacial acetic acid, and potassium chloride
as raw materials. As shown in Figure 8A-H, the experiment shows that the synergistic
effect of the heterojunction and oxygen vacancies endows BiOCl/CN with excellent visible
light activity. Therefore, BIOCI/CN not only exhibits efficient photocatalytic degradation
of organic pollutants but also possesses excellent CO, reduction performance [75]. Ah-
mad et al. prepared a novel type Il MnNb,Og/CN heterojunction photocatalyst using
a solvothermal method. The study shows that under light conditions, the formation of
the heterojunction promotes the effective separation and transmission of photogenerated
electrons and holes. The photogenerated electrons are transferred from the conduction
band of CN to the conduction band of MnNb;Og, while the holes are transferred from the
valence band of MnNb, Oy to the valence band of CN. The separated electrons and holes
participate in reduction and oxidation reactions, respectively, generating free radicals with
strong oxidizing properties (such as hydroxyl radicals and superoxide radicals), which in
turn degrade fluoroquinolone antibiotics [76].

Although type II heterojunction can improve photocatalytic efficiency to a certain ex-
tent, it will also lose the strong oxidation or reduction advantages as a single semiconductor.
This defect can be overcome by rationally designing the Z-type heterojunction. Chen et al.
reported a simple in situ exfoliation and conversion method to uniformly distribute CeO,
nanoparticles on ultrathin porous CN nanosheets and synthesize a novel Z-type CeO,/CN
heterojunction. Studies have shown that the ultrathin porous structure of CN can not only
increase the specific surface area to provide more active sites but also effectively shorten the
migration distance of photogenerated electrons and holes to avoid recombination. At the
same time, the highly dispersed CeO, and CN have close interface contact, which enables
more charges to be transferred through the interface. In addition, the synthesized CeO,/CN
heterostructure has a bandgap-matched Z-type structure, which can effectively prolong the
lifetime of photoinduced charge carriers and enhance the redox ability of the photocatalyst,
ultimately achieving an improvement in the photocatalytic reduction of CO; [77]. Meng
et al. used a simple room temperature stirring deposition method to controllably prepare a
dual-channel Z-type ZIF-L/CN heterojunction, achieving effective separation of photogen-
erated holes and electrons, and at the same time constructed a piezoelectric-photocatalytic
reaction system based on the ZIF-L/CN heterojunction. Research has shown that with the
assistance of ultrasonic energy, a polarized electric field is formed between the catalyst bulk
and the interface, which provides a strong driving force for the directional migration of
carriers at the heterojunction interface, thus achieving efficient H,O, catalytic synthesis in
a pure water system. In addition, experimental characterization and DFT calculations have
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demonstrated that the synergistic effect between the Z-type heterostructure and the electric
field can significantly improve the HyO, catalytic activity of the material [78]. Sun et al.
first prepared the original CN by molecular self-assembly method. Subsequently, the acid-
treated CN and BiVO, nanosheets were combined in a hydroxyl-induced manner to form a
BiVO,4/CN (BVO/CN) Z-type heterojunction, and the CoOx nanoclusters were controllably
modified on CN. Finally, a CoOx-BVO/CN heterojunction photocatalytic material with
efficient charge separation and synergistic catalytic ability was realized, which showed
excellent performance in the reduction of CO; [79]. Chen et al. loaded Ag;PO4 on the
surface of CN by a simple in-situ deposition method to form a CN/Agz PO, heterojunction.
Studies have shown that under visible light irradiation, CN and AgzPOj are excited to gen-
erate photogenerated electrons and holes, respectively. Due to the existence of the Z-type
heterojunction, the photogenerated electrons in the conduction band of CN can be quickly
transferred to the valence band of AgzPO, to recombine with holes, thereby inhibiting the
recombination of photogenerated electrons and holes. The holes in the valence band of CN
and the electrons in the conduction band of AgzPOj participate in oxidation and reduction
reactions, respectively, generating free radicals with strong oxidizing properties, ultimately
achieving efficient photocatalytic degradation of ofloxacin [80]. Similarly, Du et al. as-
sembled CN and W1gOy9 into a nanocone array structure through a special preparation
process. This structure not only increases the specific surface area of the catalyst but also
promotes multiple reflections and light scattering inside the catalyst, thereby improving
the absorption and utilization efficiency of light. Research shows that the catalyst exhibits
strong absorption capabilities in the ultraviolet-visible-near-infrared (UV-Vis-NIR) spec-
trum range. In particular, the introduction of W1gOy9 significantly enhances the absorption
of infrared light. In addition, the introduction of W13O49 not only serves as an infrared light
absorption material but also promotes the separation and migration of photogenerated
charges through the LSPR effect. At the same time, the Z-type heterojunction formed by
Wi5049 and CN further improves the charge separation efficiency [81]. Eroglu et al. con-
structed a complex type II heterojunction with CN, black phosphorus (BP), and graphene
quantum dots (GQDs), and a GQDs@CNBP heterojunction with the kinetic rate constants
of 0.1415 min~! (30 min) for methyl orange (MO) and 0.0371 min~! (120 min) for TC is
one of the highest kinetics that has been reported in the literature so far [82]. Alemdar
et al. fabricated binary red phosphorus/CN (RP/CN) heterojunctions decorated with Pt
nanoparticles (denoted Pt/RP/CN) with a facile ultrasound-assisted two-step protocol as a
photo-assisted catalyst for the hydrolysis of ammonia borane (HAB) and reach a superb H;
generation rate of 142 mol Hy-mol Pt~ !-min~! under visible light irradiation [83]. Finally,
the comparison table of the most active photocatalysts is listed in Table 4.

Table 4. The heterojunction construction of CN for photocatalytic.

Material Type Synthesis Method Photocatalytic System Reference
Fluorene, ;a;‘;zizﬁlee_,(:l\lgannulated Calcination + Hydrothermal H, production [73]
ZnFe;O4/CN Solvothermal + Calcination Tetracycline degradation [74]
BiOCl/CN Grinding H; production [75]
MnNb,Og/CN Solvothermal Fluoroquinolone degradation [76]
CeO,/CN In situ exfoliation CO; reduction [77]
ZIF-L/CN Stirring deposition H,O, production [78]
CoOx-BVO,/CN Molecular self-assembly CO, reduction [79]
AgzPO,/CN In-situ deposition Ofloxacin degradation [80]
Wi8049/CN Hydrothermal H; production [81]
GQDs@CNBP Ultrasonic + Exfoliation MO degradation [82]
Pt/RP/CN Ultrasound-assisted two-step protocol H; production [83]




Catalysts 2024, 14, 636

15 of 32

g+

A
Grind
—

W/Bi(NO,),"5H,0 @KCI @C ON

1,,,=0.34
BiOCI

Figure 8. (A) Synthesis processes of 2D/2D CN/BiOCI heterostructure materials; SEM images
of (B) CN, (C) BOC, and (D) CN/BOC-5; TEM images of (E) CN, (F) BOC, and (G) CN/BOC-5;
(H) HRTEM image of CN/BOC-5 [75]. Reprinted with permission from Ref. [75].

3. The Research Progress on Photocatalytic Applications of CN
3.1. Photocatalytic Degradation of Organic Pollutants

The harmful substances contained in wastewater discharged by industrial produc-
tion are gradually polluting the natural environment on which human beings depend for
survival and will cause lasting harm to the human body. Currently, the toxic pollutants
contained in water bodies mainly include heavy metals and organic pollutants. In recent
years, photocatalytic technology has been widely used to reduce heavy metals and degrade
organic pollutants. Yin et al. constructed a 3D MgIn;S4 nanoflower /2D oxygen-doped CN
nanosheet heterojunction catalyst. This direct Z-type heterostructure design combines the
advantages of both materials. The 3D MgIn,S4 nanoflower structure provides a large spe-
cific surface area, which is conducive to the adsorption and reaction of reactant molecules,
while the 2D oxygen-doped CN nanosheets enhance light absorption and charge transfer
capabilities due to their unique electronic structure and optical properties. The results
show that all hybrid photocatalysts exhibit superior Cr (VI) photoreduction performance
when compared with single components. The efficiency of photocatalytic reduction of Cr
(VI) of the best junction sample reached 99.1%, which was 2.0 and 343.7 times higher than
that of 3D MgIn,S, nanoflowers and 2D oxygen-doped CN nanosheets, respectively. This
indicates that the synergistic effect of the composite material significantly improved the
photocatalytic efficiency [84]. Xu et al. synthesized lignin-derived C-doped CN (LCN) by
direct calcination of lignin and melamine physically blended. The photocatalytic effect
of tetracycline hydrochloride (TC) and peroxymonosulfate (PMS)-assisted photocatalytic
effect on typical organic pollutants under visible light was studied. Studies have shown
that TC will not self-degrade under light and the photocatalytic efficiency of CN is sig-
nificantly improved with the introduction of C. In the system where photocatalysis and
PMS coexist, the catalyst has a significant degradation effect on TC. Compared with un-
doped CN (MCN), LCN exhibits strong light absorption and efficient charge transfer. PMS
captures electrons to promote the transfer of electron-hole pairs, thereby generating reac-
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tive oxygen species (ROSs) and improving the photocatalytic efficiency [85]. Zeng et al.
fabricated nitrogen vacancies and oxygen substitution-modified CN ((Nv, Os)-CN) with a
rearranged surface via a low-temperature thermal oxidation strategy. Under visible light
irradiation, (Nv, Os)-CN can effectively degrade TC, ciprofloxacin (CIP) and sulfadiazine
(5Z0) than CN. The first-order kinetic constants of (Nv, Os)-CN for TC, CIP, and SZO are
2.1, 2.24, and 1.38 times higher than those of CN, respectively. This high performance is
attributed to the rearranged surface atoms, which form an active surface rich in Nv and Os,
thereby promoting interfacial charge transfer and establishing a strong water-(Nv, Os)-CN
interface [86]. Zhang et al. prepared a novel 5-bromo-2-thiophenecarboxaldehyde (BTC)
grafted carbon nitride photocatalyst (TCN). The results show that this material has obvious
performance advantages. Compared with ordinary CN, the photocatalytic rate constant of
oxytetracycline degradation by TCN-5 increased by about 2.32 times, and the degradation
efficiency is as high as 93%. At the end of the reaction (60 min), the TOC mineralization
rate reaches 38% [87]. Kuate et al. successfully prepared a 2D/3D black CN (CN-B)/BiOI
S-type heterojunction photocatalyst using a simple hydrothermal method. As shown in
Figure 9A-F, the prepared composite photocatalyst is approximately spherical with burrs
on the surface, and the particle size exceeds 1 pm. The catalyst has good photocatalytic
activity for the degradation of TC antibiotics in irradiated simulated seawater. As shown
in Figure 9G-J, by adjusting the ratio of CN-B, the optimal 10% CN-B/BiOI achieves a
TC degradation efficiency of about 93% within 60 min, which is significantly higher than
that of pure CN-B and BiOlI. Its degradation rate constant is 0.0389, which is much higher
than 0.0142, 0.0222, and 0.0291 of ordinary CN, CN-B, and BiOl], respectively. Finally, the
stability test showed that after four cycles of degradation tests, the degradation activity of
10% CN-B/BiOI remained basically unchanged, demonstrating the excellent photocatalytic
performance of CN-B/BiOlI [88].

In addition to degrading organic pollutants antibiotics, the excellent CN photocatalytic
material can also effectively degrade organic dyes. Ganesan et al. modified CN by direct
thermal exfoliation (TE-CN) and studied the photocatalytic degradation efficiency towards
textile dyes such as methylene blue (MB), MO, and rhodamine B (RhB). The specific surface
area analysis of CN and TE-CN shows that the specific surface area of the TE-CN sample
(48.20 m?/g) is higher than that of bulk CN (5.03 m?/g) and the adsorption efficiency
of TE-CN is 2.98 times that of bulk CN. In addition, the study indicates that TE-CN has
excellent stability over five degradation cycles, with its activity only decreasing from 92% to
86.2% [89]. Huang et al. used different acids to treat dicyandiamide and prepared thin-layer
porous CN rich in amino groups by precursor modification and applied it to the degrada-
tion of RhB. Experiments have shown that CN prepared by modifying dicyandiamide with
concentrated nitric acid (5H-CN) exhibits the best degradation effect, and its degradation
rate of RhB is 34 times higher than that of unmodified bulk CN [90]. Song et al. discovered
through experiments and calculations that porous CN nanosheets have a larger specific
surface area and abundant active sites, which can effectively improve the efficiency of
charge transfer and separation and also optimize the photoredox energy. Based on this, the
research team synthesized a special organic dye-modified melamine precursor and then
prepared porous defect-modified CN nanosheets to improve the photocatalytic activity.
Experiments show that the CN product prepared by modifying melamine precursor with
seven organic dyes (such as 4-nitrophenol, RhB, R6G, MO, MB, crystal violet, and malachite
green) can simultaneously integrate the advantages of porous structure and defects, thereby
achieving higher photocatalytic degradation efficiency for RhB dye. When it comes to
CN prepared from 4-nitrophenol-modified melamine precursor, its optimal photocatalytic
degradation reaction rate constant is 0.5324, which is 29.6 times that of ordinary bulk
CN [91]. Li et al. constructed an S-type heterojunction of N-doped carbon dots (NCDs) and
S-doped CN (S-CN) through 7-7r conjugated self-assembly, in which the S-doped CN has a
larger specific surface area and can enhance the absorption of visible light by adjusting the
band gap, while the N-doped carbon quantum dots (CQDs) can effectively promote charge
separation and transfer. As shown in Figure 10A-D, experimental calculations show that
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NCDs/S-CN-1.00 can degrade RhB by 99% within 15 min, which is much greater than the
71% of S-CN. Within 180 min, p-nitrophenol (PNP) can be degraded by 92%, which is much
greater than the 63% of S-CN, and the degradation kinetic constants for RhB and PNP are
2.72 and 2.65 times than that of S-CN, respectively. As shown in Figure 10E, the mechanism
study shows that the improvement of photocatalytic performance is mainly due to the for-
mation of an S-type heterojunction between S-CN and NCDs. The formed internal electric
field, the interaction of 7-7t conjugated bonds, and the effect of band bending promote the
recombination of photogenerated electrons and holes with low redox ability but retain
the beneficial electrons and holes with strong redox ability, which helps to produce more
active species h* and -O,~, thereby significantly improving the ability of photocatalytic
degradation of organic matter [92]. Xiong et al. obtained reduced graphene oxide-modified
black phosphorus quantum dots (rGO@BPQDs) through surface modification of BPQDs
with rGO via an ultrasound-assisted liquid phase method and remarkably improved the
photoelectric properties of CN. Likewise, the kinetic constant of RhB and tetracycline
degradation reached 0.183 and 0.0194 min !, respectively [93]. Finally, the comparison
table of the most active photocatalysts is listed in Table 5.

'—;‘:(;N-E‘B\OI
— 5% CN-B/BiOI
2.0_410"'¢CN-B/BIOI
- 30% CN-B/BiOI
—p— 1% CN-B/BiOl
—v— 5% CN-B/BiOI
0.2+ 10% CN-B/BiOI
—<—30% CN-B/BiOI
0.0 —e— Blank
’ 20 0 20 40 60 0 10 20 30 40 50 60
Irradiation time (min) Irradiation time (min)
I o.045
0.0386 %0389
0.0358
0.0322
:0.030 i =
5 111l
E ¢ s ||
o o z z
x 0,0154{0.0142 1 10 1=:
B Fo F= e g3
o Q -
z
o
0.000

Different samples

Figure 9. SEM images of (A) CN-B, (B) BiOI, and (C) 10% CN-B/BiOI composite; TEM images of
(D) CN-B, (E) BiOl, and (F) 10% CN-B/BiOI composite; (G) Photocatalytic TC degradation curves of
the as-prepared photocatalysts in simulated seawater. (H) Pseudo-first-order degradation kinetics
curves and (I) corresponding degradation rate constants of the prepared samples. (J) Photocatalytic
TC degradation stability tests of 10% CN-B/BiOI sample [88]. Reprinted with permission from
Ref. [88].
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Figure 10. Photodegradation of RhB under visible-light irradiation (A) and corresponding first-order
plots (B); Photodegradation of PNP under visible-light irradiation (C) and corresponding first-order
plots (D); (E) Photocatalytic mechanism of N-CDs/S-CN S-scheme heterojunction [92]. Reprinted
with permission from Ref. [92].

Table 5. The photocatalytic activities for organic degradation of CN.

Material Type Degradation System Photocatalytic Performance = Reference
Mgln,S4 nanoflower /2D oxygen-doped CN Cr (VI) solution 343.7-fold enhancement [84]
C-doped CN TC solution 6.74-fold enhancement [85]
Nv, Os-CN TC, CIP, SZO solution 2.1,2.24,1.38-fold [86]

enhancement
BTC/CN Oxytetracycline solution 2.32-fold enhancement [87]
BiOI/CN-B TC solution 93% removal rate in 60 min [88]
TE-CN MB, MO, RhB dyes 92%, 93 /0., 95% re.moval rate [89]
in 60 min

5H-CN RhB dyes 34-fold enhancement [90]
4-nitrophenol-modified CN RhB dyes 29.6-fold enhancement [91]
NCDs/S-CN RhB dyes 99% removal rate in 15 min [92]
rGO@BPQDs/CN RhB/tetracycline solution 2.69-fold enhancement [93]
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3.2. Photocatalytic Hydrogen Production

In the field of new energy, hydrogen energy is generally considered to be a clean green
energy, and its reserves in nature are very abundant. In general, when a semiconductor
is irradiated by ultraviolet light or visible light, and the input light energy is greater than
the bandgap width of the semiconductor, electrons will be excited from the valence band
to the conduction band to generate electron-hole pairs. The electrons and holes react
with water molecules to generate H and O, thereby achieving photocatalytic hydrogen
production. In 2009, Wang et al. proposed the use of CN for photocatalytic hydrogen
production and achieved certain results [13]. Since then, researchers have extensively
carried out research on photocatalytic hydrogen production by continuously modifying
CN. Zhang et al. designed and synthesized Pt@Au nanorods (Au NRs)/CN photocatalyst
using the LSPR effect of the precious metal Au. The results show that the LSPR effect
of Au and the synergistic effect of Pt-Au together enhanced the hydrogen production
rate of CN [94]. Similarly, Yan et al. deposited Ag nanoparticles and Ni nanoparticles
on single CN nanoparticles using a two-step synthesis method and were independently
dispersed on CN. The results of photocatalytic reduction hydrogen production show
that the photocatalytic activity of bimetallic loaded CN is nearly 12 times higher than
that of Ni/CN sample with the same loading mass, and nearly 4 times higher than that
of Ag/CN sample with the same loading mass. Further mechanism studies show that
during the preparation process of loading Ag by photoreduction, holes are transported
to Ni nanoparticles and reacted on them, while CN gathers electrons to reduce Ag ions
and load them on it. Two heterojunctions, Ni/CN and Ag/CN, are formed on a single
CN nanoparticle. These two heterojunctions produce a synergistic effect and form a
long-range electric field on the CN nanoparticle, thereby greatly improving the carrier
separation rate [95]. Yang et al. prepared CN intermolecular homojunction (UTMCN)
by alkali metal salt (NaCl + KCl)-assisted multi-precursor (urea + thiourea + melamine)
co-thermal polymerization technology, forming a unique triple S-scheme type energy
band arrangement to promote the efficient separation of photogenerated carriers. As
shown in Figure 11A-C, the photocatalytic hydrogen production results show that UTMCN
has excellent photocatalytic performance, exhibiting a hydrogen production rate of 5281
umol~!g~h~!, which is about 38.9 times that of bulk CN. To demonstrate the reusability
of the synthesized samples, four consecutive cyclic stability tests were conducted, and the
UTMCN still maintains a high catalytic activity even after 12 h of continuous testing. In
addition, the authors also combined DFT to study the intrinsic mechanism of enhanced
photocatalytic hydrogen production performance. As shown in Figure 11D-I, when an
intermolecular homojunction is formed, the electrons in the T region and the M region are
transferred to the U region, thereby forming a space charge layer at the interface. In the
process of the Fermi level re-balancing, the flow of electrons forms a strong built-in electric
field at the contact interface, causing the photogenerated charges to be transferred along
an S-shaped route, which is conducive to the dissociation of excitons and the separation
and transfer of photogenerated electrons and holes. In addition, it has been calculated
that the built-in electric field strength of UTMCN is 12.18 times that of bulk CN [96].
Wang et al. reported a self-assembly method to synthesize S-doped CN through the
self-assembly of melamine and thiocyanate and then calcined it to obtain S-doped CN.
Although the S-doped CN obtained by this method contains only a small amount of sulfur
dopant (0.14 wt.%), it has high crystallinity (even higher than that of the original CN)
and a broadened visible light response range. During and after calcination, the high
melting point melamine-trithiocyanate supramolecular precursor effectively maintains the
ordered structure of the crystal, resulting in a product with high crystallinity. Experiments
show that the optimal S-doped CN (MTCN-6) exhibits an ultrahigh H, production rate
of 1511.2 pmol_lg_lh_1 under visible light excitation, which is approximately 11 times
that of the original CN [97]. He et al. first synthesized 3D C using in-situ chemical vapor
deposition, then mixed urea with 3D C aqueous solution, and finally calcined it to obtain the
3D C/CN composite material. Studies have shown that this unique structure can prevent
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the aggregation and stacking of CN nanosheets, while also providing a multi-directional
transmission path for electrons, thereby improving light absorption by increasing the
number of light reflections. In addition, the close contact interface between CN and 3D C
facilitates the transfer of photogenerated electrons from CN to 3D C. Therefore, due to the
combined effects of reduced nanosheet thickness, abundant active sites, enhanced visible
light utilization, and increased interface contact area, the photocatalytic performance of
3D C/CN materials for hydrogen production has been improved. The optimal 3D C/CN
photocatalytic material shows a hydrogen evolution rate as high as 1610 pumol 'g~'h~1,
which is nearly 7 times that of bulk CN (240 umolflgflhfl) [98]. In order to solve the
serious carrier recombination problem caused by electron-hole Coulomb interaction in CN
polymers, Yang et al. synthesized ultra-small CN photocatalysts (55-CNPs) and constructed
a CN photocatalyst system with small-sized CN aggregates through non-covalent self-
assembly, achieving a record apparent quantum efficiency and excellent photocatalytic
activity. The characterization results indicate that SS-CNPs obtain persistent charges
through non-covalent interactions, thus breaking the symmetry. SS-CNP spontaneously
breaks the symmetry to achieve asymmetrically distributed charges, thus generating a built-
in electric field inside the material, thereby accelerating charge separation and improving
carrier lifetime. The photocatalytic results show that the apparent quantum efficiency of
the S5-CNPs aggregate photocatalyst reached a record as high as 76.4% at 420 nm, which is
better than that of the existing CNP photocatalyst system [99]. Wu et al. used a coordinated
regulation strategy to prepare a 3D honeycomb CN (Cr-PHCN) photocatalyst material
with seamless splicing of carbon rings (Cr) in the plane through a simple chemical vapor
deposition method in an air atmosphere by one-step co-condensation. The test results show
that the specific surface area of Cr-PHCN is 68.12 m?-g~!, which is much higher than the
8.09 m2-g~! of ordinary CN. The large specific surface area and pore volume are beneficial
to provide more catalytic active reaction sites, while the thin wall is conducive to the rapid
transport of electrons. Moreover, multiple refraction and scattering of incident light inside
the honeycomb can effectively enhance light utilization. From the perspective of electronic
structure regulation, the extended m-conjugated system of triazine/Cr in the Cr-PHCN
crystal structure can promote n — 7* electron migration, which has a positive effect on
accelerating carrier transport and promoting electron-hole pair separation. Therefore,
under the coordinated regulation of 3D morphology construction and in-plane electronic
modification, photocatalytic performance has achieved a breakthrough. The average
hydrogen production rate of Cr-PHCN reaches a maximum of 7581 pumol ~'g~th~!, which
is much higher than the 160 umol’lg’lh’1 of ordinary CN [100]. Finally, the comparison
table of the most active photocatalysts is listed in Table 6.

Table 6. The photocatalytic activities for H, production of CN.

Material Type Sacrificial Agent Photocatalytic Performance Reference
Pt@Au NRs/CN 10 mL deionized water 207.0 umol h~! (20 mg) [94]
Ag/Ni/CN 10 mL methanol 600 umol~lg~th~1 [95]
UTMCN 10 vol% triethanolamine 5281 umol_lg_lh_1 [96]
S-doped CN 10 mL deionized water 1511.2 umol ~'g~1h~! [97]
3D C/CN 10 mL triethanolamine 1610 prnol_lg_lh_1 [98]
SS-CNP/BA 10 vol% triethanolamine 272.4 umol h~! (2 mg) [99]

Cr-PHCN 45 mL triethanolamine 7581 umol ~lg~Th~1 [100]
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Figure 11. (A) The photocatalytic hydrogen production over 3 h and (B) the corresponding hydrogen
evolution rate of BCN, MCN, UMCN and UTMCN; (C) Stability evaluation of photocatalytic hydro-
gen production for UTMCN; The theory work function of (D) U domain, (E) M domain and (F) T
domain; (G-I) The built-in electric field (BIEF) formation by U domain, M domain and T domain [96].
Reprinted with permission from Ref. [96].

3.3. Photocatalytic Reduction of CO,

CO; is one of the most important factors leading to global warming. How to rea-
sonably solve the environmental problems caused by CO, gas will affect the sustainable
development of society and the economy. Normally, CO, molecules are very stable, it takes
about 750 kJ-mol ! of dissociation energy to break the C=O bond. It is very difficult to
treat CO; using conventional physical and chemical methods. However, there are isolated
electron pairs around O in the CO; molecule, which can provide electrons to the Lewis acid
center, while C can accept electrons from the Lewis base [7,8]. In addition, CO, can also be
adsorbed on the surface of most catalysts. Under the stimulation of sunlight, the catalyst
material can induce CO; to convert into high-value hydrocarbon fuels, which can not only
alleviate the greenhouse effect but also produce high-value-added industrial products.

In recent years, researchers have modified CN to make it have a stronger ability of
photocatalytic reduction of CO;. In order to solve the problem of insufficient CO, adsorp-
tion activation sites in bulk CN, Li et al. used a simple one-step hydrothermal method to
achieve CQDs and oxygen atom doping co-modification of CN. Mechanism studies have
shown that CQD modification not only facilitates charge transfer and separation but also
provides a large number of CO; adsorption and activation sites. In addition, the process
of oxygen atom doping in CN (OCN) leads to the formation of nitrogen defects, which
can promote the dissociation of water and the oxidation half-reaction, and sustainably
provide H*. The photocatalytic results show that CQDs/OCN-x (x represents the volume
ratio of HyO, (30 wt.%) in the mixed solution used in the laboratory) achieve excellent
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CHy selectivity in the photocatalytic reduction of CO,, with a cumulative CH4 production
of 1.2 pmol~!'g~'h~! within 8 h, which is nearly 14 times higher than that of ordinary
CN [101]. Hu et al. successfully anchored different numbers of Ag single atoms on hollow
porous polygonal CN nanotubes (PCN) through a simple “impregnation+pyrolysis” pro-
cess to form Agl@PCN photocatalysts with Ag N3 coordination for CO, photoreduction
with HyO as the reductant. The morphology characterization results show that Agl@PCN
has a polygonal tubular structure with a length of about 12 pm and a width of about
2 pm, and there are a large number of pores in the hollow polygonal tubular structure,
which is conducive to the adsorption of CO,. The results of photocatalytic production
of CH4 and CO show that the introduction of a single Ag atom significantly improves
the performance of Agl(x)@PCN (x: mass percentage of Ag, wt%). With the increase in
Agl(x)@PCN, the evolution rates of CHy and CO increased, and the Ag1(0.73)@PCN is
the best, reaching 0.021 and 0.320 umol ~'g~'h~!, respectively, the latter is nearly 12 times
that of ordinary PCN. Combined with the DFT calculation results, it can be shown that
the strong metal support interaction in the AgN3 configuration can promote the transfer
dynamics of photoexcited carriers. In addition, single Ag atoms can also serve as active
sites to enhance CO, adsorption and reduce the barrier from *CO, to *COOH, thereby
enhancing CO, photoreduction activity and CO selectivity [102]. Double-atom-dot catalysts
(DACs) have higher metal content and more active sites than single-atom-dot catalysts.
Ma et al. first constructed Rhy DAC (Rh, /HCNS-Nv) on loose and porous CN hollow
nanospheres containing N vacancies and applied it to the photocatalytic CO, reduction
reaction, overcoming the current limitation of low electron-hole recombination rate and
prolonging the lifetime of photogenerated carriers. Studies have shown that the high
specific surface area of hollow nanospheres is conducive to the uniform dispersion and
anchoring of Rh, diatomic pairs, and the N vacancies induce the formation of a stable
3N/Rh-Rh/1N2C coordination between the carrier and the Rh, diatomic pairs. The local-
ized charge on the carrier with N vacancies is transferred to the Rh;, diatomic site through
the 3N/Rh-Rh/1N2C bridge, making the charge-rich Rh;, diatomic site the active center
of the reaction, thus improving the charge separation efficiency of Rhy /HCNS-Nv. Due
to the synergistic effect of support modification and Rh, diatomic sites, Rhy /HCNS-Nv
exhibited high CO/CHyj release activity and high CHy selectivity in the photocatalytic
reduction in COy. Further DFT calculations confirm that, compared with Rh; SAC, Rhy
DAC can effectively stabilize the rate-limiting intermediate CHO* and well weaken the CO
bond strength in the CH30* intermediate, thus promoting the generation and separation of
CHy, the maximum yields of CHy and CO are 14.16 and 5.16 pmol ! g’lh’l, respectively,
with a CHy4 electron selectivity of 91.65% [103]. Wan et al. constructed a novel CN/La,
Rh co-doped SrTiO3 (CN/LRSTO) S-type heterojunction for photocatalytic CO, reduction
using an electrostatic self-assembly method. With the help of the built-in electric field at the
S-type heterojunction interface, the recombination of photogenerated electrons and holes is
significantly suppressed, and the redox ability of photogenerated carriers is significantly
improved, thereby efficiently catalyzing the reduction in CO, to CO and CHy. For the
optimized S-type heterojunction CN/LRSTO-30wt%, the average production rates of the
products CO and CHy are 4.1 pmol 1 g_lh_1 and 1.8 umol ! g_lh_l, respectively, which
are about 1.9 times and 22.5 times higher than those of pure CN, respectively. In addition,
the S-type heterojunction still has high catalytic activity after three cycle tests, indicating its
good stability. Subsequently, the authors used in situ XPS to further study the photogener-
ated electron-hole separation and transfer mechanism in the CN/LRSTO-30wt% S-type
heterojunction. Since the surface work function of LRSTO is smaller than that of CN, after
they come into contact, it is easier for electrons in LRSTO to escape from its surface and
transfer to CN, thus forming a built-in electric field pointing from LRSTO to CN, and the
corresponding energy band bends at the contact interface. When illuminated, since both
CN and LRSTO have light absorption, the photogenerated electrons of CN will rapidly
recombine with the photogenerated holes of LRSTO under the promotion of the built-in
electric field. Under the hindrance of the built-in electric field, the recombination between
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the photogenerated electrons of LRSTO and the photogenerated holes of CN is greatly
suppressed. Therefore, the lifetime of the photogenerated carriers in the heterojunction is
greatly prolonged, and the reduction and oxidation abilities of the corresponding photo-
generated electrons and holes are enhanced, which will greatly promote the photocatalytic
CO, reduction process [104].

Hussien et al. used a green and simple method to synthesize a new type of ultrathin
porous material of phosphorus and boron-doped CN, which has strong photocatalytic CO,
reduction activity, especially for selective CO generation. The study shows that the opti-
mized electronic structure and porous morphology due to the presence of dual non-metallic
dopants extend the optical path, thereby improving the visible light harvesting capability.
At the same time, the coexistence of electron-deficient atoms (B) and electron-rich Lewis
acid centers (P), as well as the presence of Lewis basic functional groups (NH>) as pho-
toinduced charge carrier separation centers, promotes charge separation. In addition, with
the help of fast charge transfer and injection of ultrathin nanosheets, the charge migration
distance and a large number of point and body defects are reduced. Finally, under visible
light irradiation, the CO yield can be increased to 22.45 umol~'g~'h~!, which is about
12 times that of the original CN [105]. Yang et al. constructed a compact 2D /2D CN@BiOI
S-type heterojunction on hydrophobic carbon fiber paper for efficient CO, photoreduction.
Studies have shown that the design of the S-type heterojunction promotes the separation
of photogenerated electrons and holes and reduces their recombination rate. Further, the
formation of a gas-liquid-solid three-phase interface facilitates the effective adsorption and
reaction of CO, and water molecules on the catalyst surface, thereby improving the rate
and efficiency of the photocatalytic reaction. The prepared heterojunction has good CO
selectivity (77.8%) and activity (458.0 umol h~'m~2), which is significantly better than the
traditional photocatalytic system, indicating that the design of the S-type heterojunction
and the gas-liquid-solid three-phase interface plays an important role in improving the pho-
tocatalytic performance [106]. Ding et al. constructed a heterojunction system consisting of
CN-encapsulated melamine-resorcinol-formaldehyde (MRF) microspheres using a simple
one-pot hydrothermal method, labeled as XCN@M, where X is the weight (%) of CN, and
evaluated their activity for photocatalytic reduction in CO,. The photocatalytic results show
that the yield of CH3OH is 0.99 umol h~! when using 100 mg photocatalyst containing
15wt% CN at a reaction temperature of 80 °C and 0.5 MPa, and the external quantum
efficiency is 5.5% at 380 nm and 1.7% at 550 nm, which is about 20 times and 10 times
higher than that of CN and MRE, respectively. XPS, TEM, and EDS analysis were further
utilized to demonstrate the formation of the core-shell structure and the charge transfer on
the CN bond at the CN-MRF interface as well as the charge transfer between the methoxy
group of the 2,4-dihydroxymethyl-1,3-diphenol part in MRF and the terminal amino group
in CN. This enhanced ligand-ligand charge transfer results in 67% of the photoexcited
internal charges in the MRF being transferred from the CN to the hydroxymethylamino
groups, which are the catalytic sites for the photocatalytic reduction in CO, to CH3OH,
thus effectively improving the activity of the photocatalytic reduction in CO, [107]. Finally,
the comparison table of the most active photocatalysts is listed in Table 7.

Table 7. The photocatalytic activities for CO, reduction in CN.

Material Type Reduction Product Photocatalytic Performance Reference
CQDs/O-doped CN CH, 13.83 umol-g~! (8 h) [101]
Ag @PCN CO 0.32 umol h~! (2 mg) [102]
Rh, /HCNS-Nv CH4/CO 14.16/5.16 umol~'g~1h~! [103]
LRSTO/CN CH,/CO 1.8/4.1 umol~1g~Th~! [104]
B-doped CN CcO 22.45 pmol ~'g~Th~! [105]
2D CN@BiOI CcO 458.0 umol h~Im—2 [106]
CN-MRF CH;0H 0.99 umol h=! (100 mg) [107]
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3.4. Photocatalytic Synthesis of HyO,

Photocatalytic synthesis of HyO; is a green, safe, and sustainable synthesis method
that uses solar energy to oxidize and reduce H,O and O; to generate H,O, under mild
conditions. Surface modification of CN can greatly improve the efficiency of photocatalytic
synthesis of HyO, and, therefore, has attracted great attention from researchers. Chen et al.
proposed a hydroxyl-induced CN homojunction strategy that can simultaneously optimize
bulk charge separation and suppress surface reverse reactions. Calvin probe tests com-
bined with DFT calculations confirm that the surface hydroxyl groups of CN can provide
additional regulatory effects on the migration of electrons from the bulk to the surface. Fur-
thermore, due to the presence of surface hydroxyl groups, the kinetics of the two-electron
oxygen reduction reaction (ORR) is more favorable than that of the four-electron ORR,
thus the decomposition of H,O, is suppressed. Photocatalytic test results show that the
H,0O, production of the homojunction sample is increased by 4.5 times compared with
the original CN, with an apparent quantum efficiency of 2.1% at 500 nm [108]. He et al.
designed a new method to first break CN into smaller fragments (CN-NH,) and then put
them into a directed healing process to create multiple ordered-disordered interfaces (CN-
NHj4-NaK). The resulting CN-NH4-NaK linkages significantly enhance charge dynamics
and promote more spatially ordered separated redox centers. The results of photocatalytic
studies have shown that CN-NH;-NaK exhibits good catalytic activity for the synthesis of
H,O, via two-step single-electron and one-step two-electron oxygen reduction pathways,
with a selectivity of up to 91%, a photochemical conversion efficiency of over 2.3%, and a
yield of 16,675 umol~!g~th~!, which is 158 times that of the original CN [109]. Zhou et al.
used melamine as raw material to obtain CN hollow tubes (MCN) through hydrothermal
self-assembly and calcination and used thiourea as raw material to obtain CN nanosheets
(SCN) by calcination. Subsequently, MCN, SCN, and cellulose-based carbon nanofibers (CF)
were self-assembled by wet hydrogen bonding in aqueous solution. After high-temperature
carbonization treatment, the MCN/SCN/CF composite photocatalyst was successfully
synthesized. The introduced CF can serve as an electron transfer agent and energy band
regulator of the CN-based photocatalyst, inhibiting the recombination of its photogenerated
electron-hole pairs. The results of photocatalytic research show that the photocatalytic
H,0, generation performance of pure MCN is only 17.06 pumol~'g~'h~! due to the easy
recombination of photogenerated electrons and holes. However, the optimized MCN/SCN
and MCN/SCN/CF photocatalysts exhibit excellent photocatalytic HyO, performance,
which are 55.44 pmol g~ 'h~! and 87.36 umol g~ 'h~!, respectively, which are about
3.25 times and 5.12 times that of MCN [110]. Similarly, Feng et al. reported a novel nitrate
anion intercalation decomposition (NID) strategy to effectively exfoliate BCN into few-layer
CN (fI-CN), which can expose internal active sites and accelerate charge separation and
transport, thereby improving the photocatalytic efficiency. This method only requires the
hydrothermal treatment of BCN in a dilute HNOj3 aqueous solution followed by pyrolysis
at different temperatures. The decomposition of nitrate anions not only exfoliates BCN and
changes its band structure, but also binds oxygen species to fl-CN, which is beneficial for
related chemical processes such as O, adsorption. The results of photocatalytic research
show that in the photocatalytic preparation of HyO, under visible light irradiation, the
H,0, yield of the optimal fl-CN-530 catalyst is 952 pmol ~'g~'h~!, which is 8.8 times that
of BCN [111].

Meng et al. used Ba metal atoms to modify CN and effectively improved the efficiency
of photocatalytic synthesis of HyO,. They developed an ingenious strategy by rationally
designing Ba atoms to be injected into planar highly ordered CN nanorods (BI-CN) while
improving their planar crystallinity and inducing a highly selective two-electron oxygen
reduction reaction (2e” ORR) pathway to produce H,O;. As shown in Figure 12A-D, the
photocatalytic results show that the optimized BI-CN3 photocatalyst exhibits an excellent
H,0, production rate of up to 353 umol~'g~'h~!, which is 6.1 times higher than that
of the original CN, and has high photocatalytic cycle stability. This is mainly because,
after the BaCl,-induced in-plane polymerization process, the prepared Ba embedded in
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the in-plane highly ordered CN nanorods show higher photocatalytic H,O, generation
activity and cyclic stability. However, when the Ba atoms are poisoned by SO,42~ ions,
the H,O, generation rate of the BI-CN3 photocatalyst drops sharply, indicating that the
embedded barium atoms play a decisive role in the photocatalytic activity and H,O,
generation selectivity. In addition, in the O, environment, as the light irradiation time
increases, the HyO, production rate is much higher than that in air and Ar environments.
Figure 12E presents the schematic process of photocatalytic synthesis of HyO,. Experi-
mental and theoretical calculations show that O, molecules are efficiently adsorbed on the
BI-CN photocatalyst through the Pauling-type configuration. Due to the good in-plane
crystallinity of the CN structure, the photoexcited electrons can be effectively separated
and rapidly transferred to the electron-deficient Ba active sites, while inducing the end-face
adsorbed O, molecules to be reduced with H* to form *OOH intermediates. The generated
*OOH intermediates together with H* can be further reduced by photoexcited electrons
to generate H,O, molecules, while the process of *OOH dissociating into *O intermedi-
ates to generate H,O is greatly inhibited. Finally, the generated H,O, molecules can be
rapidly desorbed from the Ba implanted layer in the highly ordered CN photocatalyst
within the plane, while forming Pauling-type adsorption of another O, molecule on the Ba
center. This highly selective and efficient two-electron oxygen reduction process enables
the highly selective synthesis of H,O; in the highly ordered CN photocatalyst with Ba
implantation on the surface [112]. Inspired by the light-enzyme coupling catalytic system
in chloroplasts, Zhang et al. used polyethyleneimine (PEI) as a “bridge” and loaded Au
nanoparticles (AuNPs) as nanozymes on CN nanosheets to prepare a composite catalyst
(PEI-GCN/Au). By characterizing the photoelectric properties of the catalyst, it can be
found that the introduction of PEI and AuNPs can adjust the electronic structure of CN and
promote the rapid separation of photogenerated carriers. The surface plasmon resonance
of AuNPs excited by the incident light promotes the activation of glucose molecules and
increases their reactivity with O,, thereby improving the process of GOx-like catalytic
generation of H,O,. In addition, DFT calculations show that the grafting of PEI and the
addition of glucose enhance the adsorption of O; on the catalyst surface and promote
the reduction in O, to HyO,. Therefore, the photocatalytic performance test results show
that PEI-GCN/Au can efficiently produce HyO, under visible light with only glucose,
H,O, and O; as reactants, and its yield is 270 pmol ! gflhfl, which is about 3 times that
of ordinary CN photocatalyst [113]. Here, Zhang et al. introduced -C=N groups and
N vacancies (Nv) successively into CN (Nv-C=N-CN) for the photocatalytic production
of high-value chemical H,O, and systematically analyzed the effects of dual defect sites
on the entire photocatalytic conversion process. Studies have shown that double defect
modification promotes the formation of an electron-rich structure and a more localized
charge density distribution in CN, which not only enhances light absorption and carrier
separation capabilities but also significantly improves the selectivity and activity of HyO,
generation. In addition, experimental characterization and theoretical calculations reveal
the key role of each defect site in the photocatalytic HyO, surface reaction process. Nv can
effectively adsorb and activate O, while the -C=N group can promote the adsorption of H*,
thereby synergistically promoting the generation of HyO,. As a result, the H;O, generation
rate of Nv-C=N-CN reached 3093 pmol~'g~'h~!, and an apparent quantum efficiency of
up to 36.2% at 400 nm is obtained, which far exceeds the previously reported CN-based
photocatalysts [114]. Finally, the comparison table of the most active photocatalysts is listed
in Table 8.
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Figure 12. (A) Photocatalytic HyO, generation rates of different samples; (B) Cyclic H;O, generation
test of the BI-CN3 photocatalyst; (C) Photocatalytic HyO, activity of bulk CN and BI-CN3 samples
in 0.1 mol-L~1 Na,SO; solution; (D) HyO, evolution activity of BI-CN3 samples under different
conditions; (E) Mechanism of highly selective photocatalytic synthesis of HyO, via the 2" ORR

pathway by in-plane highly ordered CN nanorods with Ba implantation [112]. Reprinted with
permission from Ref. [112].

Table 8. The photocatalytic activities for H,O, production of CN.

Material Type Sacrificial Agent Photocatalytic Performance  Reference
Hydroxyl-rich CN 50 mL ethanol 508 umol ~lg~Th~1 [108]
CN-NH;-NaK 10mL isopropanol/90mL ¢ (75 olh—1 g1 30min)  [109]

water

MCN/SCN/CF 25 mL distilled water 136.91 pmol ~'g~th~! [110]
fI-CN 5 mL ethanol/45 mL water 952 umolflg’lh*l [111]
BI-CN 4 mL ethanol /36 mL water 353 pmol 'g~th~! [112]
PEI-GCN/Au 10 mL of deionized water 270 umol ~tg=Th~1 [113]
Nv-C=N-CN 20 mL pure water 3093 pmol ~!g~th~! [114]

4. Summary and Outlook

As a metal-free semiconductor material with unique physicochemical properties and
excellent stability, CN has shown broad application prospects in the field of photocatalysis.
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In recent years, in order to overcome the problems of a small specific surface area, few
active sites, high recombination rate of photogenerated electrons and holes, and narrow
visible light absorption range that affect the photocatalytic performance of CN, researchers
have implemented various measures to modify CN, including element doping, surface
morphology control, defect engineering, heterojunction structure construction, etc. Through
these measures, the band structure of CN is adjusted, the surface microstructure of CN is
changed, the specific surface area is increased, the transmission distance of photogenerated
carriers is shortened, the visible light absorption range is widened, and the recombination
of photogenerated electron-hole pairs is effectively suppressed. The modified CN is widely
used in photocatalytic degradation of organic pollutants, photocatalytic water splitting
to produce hydrogen, photocatalytic reduction in CO,, and photocatalytic synthesis of
H,0,, and its photocatalytic performance is greatly improved. However, although current
research has made great progress, there are still some problems that need to be solved.
For example, the preparation process of surface modification is relatively complicated, the
controllability of morphology and structure regulation is poor, the cost of heterojunction
construction is high, the internal mechanism of element doping is still not clear enough,
and the types of pollutants that can be degraded in the environment are limited. Therefore,
future research directions can be considered from the following aspects:

(1) Further improve the visible light absorption range and absorption efficiency of CNby
doping with new non-metallic/metallic elements, adjusting the energy band structure
of CN, expanding its light response range, and improving its absorption efficiency of
visible light. Construct more optimized nanoscale CN structures, such as nanosheets,
nanotubes, nanospheres, etc., to increase the specific surface area and improve light
capture ability.

(2) Further promote the effective separation of photogenerated electrons and holes in CN.
Compound CN with other 0D, 1D, 2D, and semiconductor materials to build a more
structurally reasonable composite heterojunction, promote the effective separation of
photogenerated electrons and holes, and reduce recombination losses.

(8) Continue to study the photocatalytic mechanism in depth. Through theoretical calcu-
lation and experimental verification, in-depth research on the charge transfer, reaction
path, and kinetic mechanism in the CN photocatalytic process will be conducted to
provide theoretical guidance for the design of new photocatalysts.

(4) In the future, with the continuous innovation of the preparation process, such as nanos-
tructure design and molecular structural engineering, it will be able to prepare CN
materials with higher crystallization, larger surface area, and better light absorption
performance, and further enhance its light catalytic performance.

(5) Develop efficient and low-cost CN large-scale preparation technology to meet the
needs of industrial production. At the same time, combine CN photocatalytic technol-
ogy with other energy conversion and storage technologies to build an efficient and
environmentally friendly energy system.

(6) Expand the types of environmental pollutants that can be degraded by CN photocatal-
ysis. At present, new environmental pollutants such as antibiotics and microplastics
are becoming hot topics. Therefore, the application of CN photocatalysts on these
pollutants can be gradually expanded to achieve true photocatalytic remediation of
environmental pollution.

(7) CN can be introduced in the aspect of new energy conversion area, light energy can
be converted into electrical energy or chemical energy, which can be used to prepare
high-efficiency solar cells, photocatalytic water decomposition, etc.

(8) For sustainable energy development, in the future, CN can be used to photocatalyze
seawater to produce hydrogen, and this is worth researching.
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