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Crystalline carbon nitrides for photocatalysis

*acC

Han Li,° Bei Cheng,®® Jingsan Xu, & *@ Jiaguo Yu {2 ¢ and Shaowen Cao
Photocatalysis is considered as an effective approach to address energy and environmental issues.
Carbon nitride (CN) is a promising metal-free semiconductor photocatalyst because of its unique
properties such as tunable electronic band structure, facile/cheap synthesis and high chemical stability.
However, the pristine CN prepared by the traditional thermal polymerization method is usually an
amorphous or semi-crystalline conjugated bulk with a high density of structural defects, resulting in its
moderate photocatalytic activity. Increasing the crystallinity of CN is an effective strategy to enhance its
photocatalytic activity, and a few methods have been proposed, including high-temperature and high-
pressure treatment, ionothermal method, solvothermal synthesis and microwave-assisted thermal
polymerization. This review summarizes recent advances in the preparation of crystalline carbon nitrides
(CCNs) and the design of CCNs-based photocatalysts in terms of nanostructure design, molecular
structure engineering and construction of CCNs-based heterojunctions. In addition, their applications in
a range of photocatalysis fields such as water splitting, carbon dioxide reduction, degradation of
pollutants, organic synthesis and H,O, production are reviewed. Finally, the concluding remarks are
presented as well as challenges and prospects for future development of CCNs-based photocatalysts.

The excessive consumption of fossil fuel has not only led to energy shortages, but also resulted in environmental pollution. Semiconductor-based
photocatalysis is recognized as an effective strategy to alleviate the above issues since it can directly convert clean solar energy into valuable chemical fuels

and degrade pollutants. Carbon nitride (CN) has emerged as a promising photocatalyst due to its unique properties including tunable electronic structure,
facile/cheap synthesis and high chemical stability. However, pristine CN suffers from limited light absorption and severe charge recombination, thus resulting
in moderate photocatalytic activity. Improving the crystallinity of CN has been demonstrated as an effective approach to enhance the photocatalytic

performance because of the improved charge transfer, reduced bulk defects and enhanced light absorption. This review summarizes recent advances in the

preparation of crystalline carbon nitrides (CCNs) and the design of CCNs-based photocatalysts in terms of nanostructure design, molecular structure
engineering and construction of CCNs-based heterojunctions. In addition, their applications in a range of photocatalysis fields are reviewed. Finally, the
challenges and prospects for future development of CCNs-based photocatalysts were also discussed. We hope that this review could provide valuable insights

for designing highly efficient CCNs-based photocatalysts for energy and environmental applications.

1. Introduction

it can directly convert clean solar energy into valuable chemical
fuels such as hydrogen and hydrocarbon, selectively synthesize

Semiconductor-based photocatalysis is recognized as an effective
solution to the energy shortage and environmental pollution since
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organic compounds, and degrade organic pollutants.'™® In the past
decades, various semiconductors (such as TiO,,” Fe,0;,'° ZnO,"
Bi,WO,,"> BiVO,,'* CdS," etc.) have been investigated as photo-
catalysts for solar-to-chemical energy conversion. However, the
large band gap of metallic oxide semiconductors restricts the
applications of photocatalysis due to the insufficient utilization
of sunlight. While metal sulfides have also been considered due to
their narrow band gap and appropriate conduction band posi-
tions, their further applications were limited by the disadvantages
including chemical instability due to photo-corrosion and self-
oxidation."” Therefore, the development of photocatalysts with
visible-light activity and chemical stability has become a popular
research topic and major task for a long time.
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Polymeric carbon nitride has emerged as a promising candi-
date photocatalyst since 2009 due to its extraordinary properties,
such as non-toxicity, low cost, easy preparation, high physicochem-
ical stability, and well-matched band structure,'® enabling its
widespread applications in photocatalytic water splitting, carbon
dioxide reduction, pollutant degradation, organic synthesis, etc."” >
Unfortunately, the pristine CN prepared by traditional thermal
polymerization is usually an amorphous or semi-crystalline con-
jugated polymer with high-density of structural defects, leading
to its moderate photocatalytic activity. The low crystallinity
caused by incomplete polymerization leads to the formation of
hydrogen bonds in the covalent CN framework. The intralayer
hydrogen bonds in pristine CN hinder the in-plane electron
conduction, resulting in poor intralayer transport. Theoretically,
increasing the crystallinity of CNs not only enhances the trans-
port of charge carriers and reduces the recombination rate of
electron-hole pairs, but also extends the m-conjugated system
and improves the light absorption capability. Therefore, reducing
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structural defects by increasing the crystallinity of CNs is a critical
strategy to optimize their photocatalytic performance.** > Nota-
bly, the kinetic hindrance is a dominant issue during bulk
condensation, which leads to incomplete polymerization. Hence,
it is highly desirable to promote the mass and heat transfer to
improve the crystallinity. To this end, considerable effort
has been made to prepare CCNs, including high-temperature
and high-pressure strategy, ionothermal route, solvothermal
approach and microwave-assisted thermal synthesis.

Up to now, there has been numerous publications on the
design of CCNs-based photocatalysts for various applications,
including several specific and inspiring reviews.>"**?7* How-
ever, an overarching understanding on the preparation, design,
mechanism and applications of CCNs-based photocatalysts is
still lacking. Hence, we present a comprehensive review of the
latest significant progress in the preparation, design, and
applications of CCNs-based photocatalysts. Specifically, the
development history of CNs will be introduced first, followed
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by the synthesis method and design of CCNs-based photo-
catalysts. Then the applications of CCNs-based photocatalysts
in water splitting, carbon dioxide reduction, pollutant removal
and organic synthesis, and H,0, production are presented.
Finally, the concluding criticism and perspectives on the chal-
lenges and future development of CCNs-based photocatalysts
are briefly discussed.

2. Discovery and development history
of CNs

To gain a comprehensive understanding of CN, it is necessary
to discuss their development history (Fig. 1a), which dates back
to 1834, when Berzelius first synthesized a linear polymer,
named “melon” by Liebig.”® A more in-depth understanding
of the composition and structure of these compounds was
described by Franklin in 1922.°° Pauling and Sturdivant
proposed in 1937 that the coplanar tri-s-triazine unit was the
basic structural unit of these polymeric derivatives, which was
confirmed by X-ray studies.”’ Later, Redemann and Lucas®
deduced that the 21 molecules of 2,5,8-triamino-tris-s-triazine,
that is, C1,6H,1N;75 may be the oligomeric condensation pro-
duct of carbon nitride, which was earlier described by Franklin.
Based on these findings, it can be concluded that it is not
possible to assign a single structure to melon, as it is a mixture
of molecules of different sizes and nanostructures.

This melon-based CNs were forgotten for a long time as an
unproven species, owning to chemical inertness and poor
solubility. Surprisingly, interest in CNs was revived in 1989,
as it was theoretically predicted that by replacing Si with C in
B-SizNy, the sp>-bonded C;N, phase (B-C;N,) exhibited extremely
high bulk modulus and hardness values, which could compare
with, even exceed that of diamond.* Later, theoretical investiga-
tions conducted by Teter and Hemley further confirmed this
prediction. Meanwhile, five different phases of CNs were pre-
dicted, including a-C3N,, B-C3Ny, cubic C;N,, pseudocubic C3N,
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Fig. 1 (a) The roadmap of the development of carbon nitrides. (b) Triazine
and (c) tri-s-triazine (heptazine) structures of g-CsNy4. (d) Structures of
poly(triazine imide) (PTI) and (e) poly(heptazine imide) (PHI).

and graphitic C;N, (g-C;N,).>* These interesting results not only
motivated experimental preparation of the hypothetical phase,
but also stimulated further theoretical studies on CNs. How-
ever, the preparation of single-phase B-C;N, was proved to be
extremely challenging due to its low thermodynamic stability.*
Further theoretical research confirmed that g-C;N,, with a
graphite-like layered structure, is the most stable allotrope
under ambient conditions.***® However, the characterization
of g-C3N, is a challenging task due to its low crystallinity and
high degree of disorder. Owing to the lack of experimental data,
discussions about the actual existence of ideal g-C;N, and its
possible molecular structure are prevalent. It has been pointed
out that the two basic structural units for the construction of
2-C3N, isomers are the triazine (C3N3) and tri-s-triazine/heptazine
(CeN5) rings, respectively (Fig. 1b and c).>*****! Moreover, the
heptazine rings was energetically favorable over the triazine-
based units.*>** The heptazine rings were interconnected
through bridging imide bonds (Fig. 1c), and recent studies
have demonstrated that the pyrolysis of cyanamide, dicyandia-
mide, or melamine yields a melon polymer composed of melem
subunits,**” indicating that this unit is the most robust and
stable building block. Therefore, the heptazine-based g-C;N,

EES Catal., 2024, 2, 411-447 | 413
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has been extensively investigated in many fields, particularly in
catalysis,”>** where the discovery of melon-based carbon
nitride as a metal-free polymeric photocatalyst for water split-
ting was first proposed by Wang et al. in 2009.'® Since then, the
research on g-C;N, as a metal-free polymeric conjugated photo-
catalyst has been nothing short of explosive. However, the
pristine CN prepared by the traditional thermal polymerization
method is a melon-based structure, which is amorphous or
semi-crystalline and exhibits moderate photocatalytic activity.

In principle, increasing the crystallinity of the photocatalysts
not only enhances the mobility of charge carriers and reduce
recombination centers, but also extends the n-conjugated system
and improves the light absorption capacity, thus enhancing the
photocatalytic performance. Therefore, various approaches have
been developed to synthesize CCNs. The actual crystal structure of
CCNs were further confirmed because of their high crystallinity.
Then, their crystal structure (Fig. 1d and e) was proposed and
confirmed by density functional theory (DFT) calculations and
experimental results. Kawaguchi et al. proposed a PTI-based CCNs
structure (Fig. 1d), consisting of a two-dimensional (2D) plane
framework of triazine units connected through NH groups.*
While the PTI-based CCNs synthesized by molten salt method
contains metal ions embedded in the interlayer or void. Schnick
and co-workers presented the crystal structure of the PHI-based
CCNs (Fig. 1e), which was composed of six heptazine subunits
arranged in a hexagonal configuration and bridged by imide-
bonds.”® This connection scheme introduced a large pore space in
the planner network compared with g-C;N,. Similarly, the alkali
metal ions in the framework of PHI-based CCNs are generally
located in the voids formed by the six heptazine units during the
molten salt process. Moreover, the advantages of CCNs are
summarized as follows: (1) the high crystallinity of CCNs could
decrease the number of defects, thereby reducing the recombina-
tion centers of charge carriers. (2) The high crystallinity of CCNs
could narrow the band gap due to the extended m-conjugated
system. (3) The high crystallinity of CCNs could decresae the
interlayer distance, which enhances interlayer exciton dissociation
and improves the charge transport (conductivity).

3. Properties of CNs and CCNs

3.1. Thermal stability

Thermal gravimetric analysis (TGA) of the CN proved that the CN
can remain stable up to 600 °C and above.* A significant endother-
mal peak is observed at 630 °C, as well as a continuous weight loss
due to the breakdown of CN. The complete decomposition of CNs at
750 °C confirmed its high thermal stability.'*>® The decomposition
temperature of the CN could vary slightly depending on the
different preparation procedures in literature,*****”*® probably
due to the different degrees of polycondensation.

3.2. Chemical stability

The strong van der Waals force between the CN layers makes
them prone to agglomerate and therefore insoluble in most
solvents. No detectable dissolubility or reactivity of CNs was
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observed in conventional solvents, including H,0, C,HsOH,
DMF, THF, diethyl ether, and toluene.”® To investigate the
stability and durability of CNs in different solvents, CNs powder
was dispersed in H,O, acetone, ethanol, pyridine, acetonitrile,
dichloromethane, DMF, acetic acid, and 0.1 M sodium hydroxide
aqueous solution for 30 days. After that, the dispersed CNs were
dried at 80 °C for 10 hours. Subsequently, the FTIR spectra of the
impregnated CNs were measured and showed almost no change
compared with the fresh ones, indicating their good chemical
stability and excellent durability. In addition, CNs treated with a
certain concentration of acid could form a colloidal dispersion
or a true solution,>”® which however is reversible. The photo-
chemical stability of CCNs was considered to be high in most
previous studies. Nevertheless, Zou and co-workers reported that
the photocatalytic performance of CCN nanotube was decreased
because of the loss of K, Na, and Cl ions.®" Reently, Hou and co-
workers proposed that the PHI-based CCN was unstable during
the photocatalytic process due to the Na* loss.®® Interestingly,
the addition of NaCl could improve the stability. Therefore, it is
reasonable to assume that the CCNs are suitable for photocata-
Iytic reactions in seawater. In short, the photochemical stability
of CCNs needs to be further investigated and the focus could be
the relationship between the leaching of metal ions and the
stability of photocatalytic activity.

3.3. Optical and electronic properties

The optical properties of CNs were tested by UV-vis diffuse reflec-
tance spectroscopy and photoluminescence. As revealed by the
theoretical calculation, the CNs are an n-type semiconductor featur-
ing a bandgap up to 5 eV, depending mainly on the structural or
geometrical diversity.®> In fact, conventional CNs exhibit strong
bandgap adsorption around 420 nm, which is in accordance with
the light yellow color. Preparation approaches, including various
precursors and polymerization temperature, may marginally affect
the absorption edge of CNs, mainly due to different crystallinity,
crystal structures, packing, particle size and defects.'****** Gen-
erally, the pristine CNs exhibits blue luminescence at room tem-
perature. The photoluminescence (PL) was observed between
430 nm and 550 nm, with a peak around 470 nm. Time-resolved
photoluminescence (TRPL) was used to investigate the charge
transfer dynamics, exhibiting an average lifetime of ~5 ns.*

As revealed by the UV-vis diffuse reflectance spectroscopy,
the CN possesses a bandgap of ca. 2.7 eV. While the conductive
band (CB) and valence band (VB) are positioned at ca. —1.1 eV
(vs. normal hydrogen electrodes) and ca. +1.6 eV (vs. normal
hydrogen electrodes), respectively. This appropriate electronic
band structure makes CNs a promising candidate for applica-
tions in solar energy conversion.

4. Synthesis and characterization of
CCNs

Despite the in-depth research on the structure of CNs, the
preparation of CCNs is still challenging. As we all know, the
kinetic hindrance is the predominant issue during the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of synthesis method: high temperature-
high pressure method, ionothermal route, microwave-assisted heating
synthesis, and solvothermal approach.

condensation process, which results in incomplete polymerization.
To solve this problem, many strategies have been developed to
promote the mass and heat transfer. Early attempts to prepare
CCNs were based on thin film growth techniques using various
physical and chemical vapor deposition approaches.””* Consid-
ering that most photocatalysts are powder-based, in this review,
the synthesis methods of CCNs are focused on bulk synthesis, as
shown in Fig. 2.

4.1. High temperature-high pressure method

Inspired by the high-pressure synthesis of diamond from gra-
phite, early attempts to prepare CCNs adopted the same
approach. Weill and co-workers reported a new model of graphi-
tic C;N, with different carbon vacancies and layered structures.”
The CCN was synthesized in a belt-type apparatus at 3 GPa and
800 °C using melamine as the precursor and hydrazine as the
nitriding solvent. The XRD pattern of the sample indicates that it
was an orthorhombic structure that could not be indexed accord-
ing to the model proposed by Teter and Hemley.** Moreover, all
the expected peaks of orthorhombic symmetry were absent and
the relative intensities did not agree with the calculated results,
mainly due to the effect of the internal pressure, which may lead
to reorientation of the specimens. Wolf and co-workers reported
another significant research for the preparation of CCN by the
high temperature and high pressure (HT-HP) approach.”® This
novel CCN, containing stoichiometric amounts of HCI, was
prepared through a solid-state reaction at 1.0-1.5 GPa and 500-
550 °C using melamine and cyanuric chloride as precursors. This
product had a two-dimensional CsNoH; framework belonging to
the hexagonal space group (P6;/m), which was similar to the
structure proposed by Kouvetakis et al.,”* but lacking one-third of
the triazine rings (Fig. 3a). The vacancy was occupied by Cl™ ions
and the N atoms in the framework were protonated to maintain
charge balance. The electron energy-loss spectroscopy (EELS)
revealed that both the C and N atoms were sp>hybridized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Proposed molecular structure of CgNgH3-HCL. (b) EELS spec-
trum of CgNgHs-HCl and the corresponding electron diffraction pattern
(inset). Reproduced with permission.”> Copyright 2001, American
Chemical Society. (c) EELS spectrum of C and N K edges of the C¢N,Cls
and CoN,(NH). (d) SAED pattern along the [110] zone of the orthorhombic
cell of dwur-C,N»(NH). Reproduced with permission.”® Copyright 2007,
Wiley-VCH.

(Fig. 3b). The electron diffraction pattern confirmed the hexago-
nal symmetry. Riedel and co-workers obtained a novel CCN phase
with a well-defined structure and chemical composition by the
HT-HP method.”® In this study, C,N,H, was used as the single-
source precursor, and the synthesis was performed at 1700-
2300 °C and above 27 GPa. The electron energy-loss spectroscopy
(EELS) indicates that the C atoms and N atoms were sp’-
hybridized (Fig. 3c). The as prepared CCN featured a 3D carbon
nitride network and exhibited a defective wurtzite-type structure,
which was confirmed by the electron-diffraction results (Fig. 3d)
and DFT studies. In summary, even with some shortcomings like
high temperature nitrogen loss, the HT-HP strategy is still an
efficient approach to synthesize CCNs. More importantly, some
precursors were proved to contribute to the synthesis of CCNs,
but the application of CCNs synthesized by the HT-HP approach
requires further research.

4.2. Ionothermal (molten salt) method

Kinetic barriers are a major problem in solid-state reactions,
while a liquid environment would be more conducive to heat and
mass transfer. Motivated by the application of the eutectic salt
mixtures in organic syntheses and electrochemical processes,
Thomas and co-workers first used ionothermal approach to
synthesize CCN.® LiCl and KCI (45:55 wt%) were utilized as a
good solvent because of its high-temperature stability, non-
corrosiveness, good solvation of precursors and intermediates,
and more importantly its melting point below the polycondensa-
tion point of s-heptazine. The XRD pattern (Fig. 4a) of CCN shows
two sharp peaks at 12.1 and 26.5°, which was different from the
melon-based CN synthesized by the traditional bulk condensa-
tion method. The obtained CCN had a hexagonal prism mor-
phology due to the preferential growth in the z-direction,

EES Catal., 2024, 2, 411-447 | 415
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(a) XRD pattern of CCN and SEM image of CCN (inset). (b) HRTEM image along the [001] axis and the corresponding SAED (inset). Reproduced

with permission.*® Copyright 2008, Wiley-VCH. (c) HRTEM image of PTI/Li*Cl™ and the corresponding SAED pattern of the hkO plane (inset). (d)
Projection of the structure of single-layer PTI/Li*Cl™ along the c axis. Reproduced with permission.”® Copyright 2011, Wiley-VCH. (e) Schematic diagram
of the preparation approach from PTI/Br to PTI nanosheet. Reproduced with permission.”® Copyright 2013, Wiley-VCH.

confirming the single crystal property (Fig. 4a). The high crystal-
linity was further determined by high resolution transmission
electron microscopy (HRTEM) image, the lattice fringes were
clearly observed (Fig. 4b) and the crystal plane spacing measured
by selected area electron diffraction (SAED) was consistent with
the XRD results. However, the location of the residual chloride
ions was unclear, which needs further investigation. Schnick and
co-workers conducted a detailed structural characterization of
CCN synthesized by ionothermal method using LiCl/KCl as
solvent.”® The solid-state nuclear magnetic resonance (NMR)
spectroscopy, FTIR spectrum, and "°N cross-polarization with
polarization inversion (CPPI) experiments confirmed that the
CCN was a 2D network constructed from imide-bridged triazine
units rather than heptazine building blocks. Thus, the CCN was
identified as poly(triazine imide) (PTI). The reason for this CCN
consisting of triazine is probably because the molten salt desta-
bilizes or even decomposes the heptazine units at higher tem-
peratures, since the use of heptazine-based precursors, such as
melem, also results in the formation of PTI at 600 °C. Several

416 | EES Catal., 2024, 2, 411-447

strong X-ray reflections of PTI suggest that the salt melting
method leads to its high crystallinity. Interestingly, the interlayer
spacing of 0.336 nm determined by the XRD result was signifi-
cantly larger than that of other graphite-like CN condensation
products, such as melon,”” PHI®> and CgNoH;-HCL”® This
broadening of the interlayer spacing could be attributed to the
incorporation of Cl ions. The HRTEM and SAED results (Fig. 4c)
revealed the hexagonal symmetry and graphite-like stacking.
The CI™ ions were located at the in-plane voids and intercalated
between the layers, while Li" ions also occupied the in-plane
vacancy and were distributed around chloride ions for charge
compensation. Hence, the CCN was also known as PTI/Li"Cl~
due to the molecular structure and chemical composition
(Fig. 4d).

Considering that interlayer distance and electronic properties
can be modified by ionic intercalation, Bojdys and co-workers
prepared CCN with adjustable interlayer distances by changing
the eutectic melt.”® Compared with the PTI/Li'Cl~ (0.338 nm)
prepared in KCI/LiCl eutectic mixture, the as-synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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poly(triazine imide) intercalated by bromide ions exhibited an
expanded interlayer distance (0.352 nm). While the PTI/F showed
a reduced gallery height due to smaller anions. Similar to the
processing of bulk graphite into graphene, the bulk PTI could be
mechanically and chemically exfoliated into thin sheets. Accord-
ing to this hypothesis, Bojdys and co-workers acquired a thin
nanosheet from the PTI/Br by Scotch-tape exfoliation (Fig. 4€).”
The thickness of the obtained nanosheet was determined by the
AFM analysis, corresponding to the stacking of 10-100 layers. The
PTI/Br could also be exfoliated by gas-phase metal potassium
treatment. Once the K(PTI/Br) encountered water, K would react
with water and generate H,, which was released between the
layers, thus promoting the exfoliation process. XRD and SAED
patterns show that the obtained nanosheet are predominantly
crystalline.

Overall, the ionothermal route is a facile, eco-friendly and
powerful approach for the synthesis of CCNs. Moreover, the
CCN s synthesized by ionothermal approach generally contained
alkali metal ions and exhibited distinct properties and high
activity for photocatalysis. However, the underlying formation
mechanism of CCNs in molten salt is still not well understood.

4.3. Solvothermal method

Considering the easy loss of nitrogen during high-temperature
synthesis, the solvothermal route, which was generally performed
at intermediate temperatures, had gained much attention.®°"
Bai and co-workers synthesized graphite-like CCN by reacting
CCl, with NH,CI at 400 °C through the solvothermal route.®"
From the sharp peak of the XRD pattern (Fig. 5a), which was
consistent with the theoretical results, it could be confirmed that
the sample was graphite-like C;N, with high crystallinity, which
was further proved by the clear diffraction spots (Fig. 5b) in the
SAED pattern. Zhu and co-workers reported a solvothermal route
for the synthesis of CCN using the C;N;Cl; and Li;N as pre-
cursors in benzene at 355 °C for 12 h.5% The high intensity peaks
of o-C3N, and B-C3;N, appeared in the XRD pattern (Fig. 5c),
indicating that the CCN consisted mainly of crystalline a-C;N,
and B-C3;N,. The EELS (Fig. 5d) revealed that the carbon atom was
mainly sp® bonded in the sample, further confirming the for-
mation of o-C3N, and B-C3;N, crystalline phases. Moreover,
benzene could effectively dissolve and disperse C3;N3;Cl; and
activate LizN, which facilitated the crystallization of CN under
supercritical conditions. In the same year, Xie and co-workers
prepared well-crystallized graphitic CN via a benzene-thermal
method by reacting C;N;Cl; with NaNH, at 180-220 °C for
8-12 h.* The sharp (002) peak in the XRD pattern (Fig. 5e) proved
the good crystallinity of CN. Moreover, the XPS result further
confirmed that the atomic N/C ratio was in good agreement with
the C;N, stoichiometry. The SAED results (Fig. 5f) indicate that the
diffraction ring can be indexed to (002) reflection, which corre-
sponds to the graphitic structure of polycrystalline feature, proving
the successful preparation of CCN. Cao and co-workers developed
an acetonitrile-promoted solvothermal route for the synthesis of
CCN with cyano and carboxyl groups.®®

In summary, the solvothermal method is a convenient way
for the large-scale synthesis of novel nanostructured CCNs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Note that the solvothermal methods sometimes require high
temperture and harsh chemicals, which could be further
optimized. In addition, the synthesis mechanism of this novel
nanostructured CCN prepared by solvothermal method deserves
further investigation.

4.4. Microwave (MW)-assisted heating synthesis

Although there are numerous publications on the synthesis of
CCNs, the synthetic methods usually required high tempera-
ture and long reaction time (several hours). Therefore, an
effective synthetic strategy for the rapid synthesis of CCN is
highly desirable. Xue and co-workers developed a rapid synth-
esis strategy known as “microwave-assisted heating synthesis”,
enabling the preparation of CCN within minutes.* In this
approach, CuO was utilized as the microwave (MW) absorber,
which intensively absorbed MW and induced rapid heating
within few minutes. Evidently, the peak intensities of the
obtained product (Fig. 6a) were higher than those of the pristine
CN, confirming the enhanced crystallinity, which was further
confirmed by the HRTEM image. Very distinct lattice fringes with
a distance of 0.33 nm, corresponding to (002) facets, were
observed (Fig. 6b). It is well known that a supramolecular
preorganization is a self-templating approach where a preorga-
nized network formed by hydrogen bonding, ensuring the perfect
alignment of CN during the polymerization process. Motivated by
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Society. (f) Schematic diagram of the preparation of KPCN from KBr confined
growth. Reproduced with permission.*®> Copyright 2019, Wiley-VCH.

this idea, Yuan and co-workers designed a rapid and facile
strategy for the preparation of highly crystalline CN with
decreased structural defects by combining the microwave-
assisted thermolysis strategy with a supramolecular preorganiza-
tion approach.® In contrast to the broad and weak XRD pattern
of the CN540 sample, an intense and narrow diffraction peak was
observed in CNj,, suggesting the improved crystallinity (Fig. 6c).

Table 1 The advantages and disadvantages of different synthesis methods
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Moreover, the peak at 27.5° was moved to a higher angle as the
reaction time was extended (Fig. 6¢, right), indicating a decrease
of the interlayer distance, confirming that the polycondensation
was enhanced by the microwave-assisted thermolysis route. More
importantly, the lifetime of the charge carriers in CN;, was
reduced due to the rapid charge transfer, further confirming
the improved crystallinity (Fig. 6d). Overall, the MW-assisted
heating route is a facile, rapid, and robust approach for the
synthesis of CCNs. It has several advantages. First of all, it is a
time and energy saving method. The preparation process can be
shortened to 15 minutes. Secondly, this is a general approach
which can be applied to other nitrogen-rich organic precursors.
For comparison, the advantages and disadvantages of different
methods for synthesizing CCNs are summarized in Table 1.

4.5. Other methods

Yin et al. developed a distinct method to synthesize the single-
crystal B-C;N, nanorods through mechano-chemical reaction and
subsequent thermal annealing under NH; gas flow.”* Li and co-
workers synthesized high crystalline CN nanorods through a
nanofabrication strategy which could overcome the kinetic restric-
tions of bulk polycondensation (Fig. 6e).”> The nanoconfinement
strategy was achieved by thermal polymerization of cyanamide
within the nanochannels of anodic alumni oxide (AAO) template,
resulting in improved orientation and crystallinity. Zhang and co-
workers developed a simple approach to prepare CCN through
protonating specific intermediates during the thermal condensa-
tion process, which could promote the solid-state polymerization
kinetics.”® Hu and co-workers prepared CCN nanosheets through
an alternating cooling and heating strategy.”* Su and co-workers
fabricated K cations intercalated CCN via a salt-template-confined
growth route (Fig. 6f).” The solid KBr could act as a solid template
and provide a confined space, thus leading to the confined growth
of CCN within the KBr crystal to achieve the crystalline structure.
Similarly, KCl and NaCl were used as a template to provide a
confined space between the salt crystals to effectively guide the
growth of CCN.”*®” Huang and co-workers proposed a new
approach of engineering hydrogen bonding interactions within
the CN framework of melons (doping-induced) to promote the
crystallinity of CN.%® This conception was realized by the removal
of some amino groups and the use of co-doped B and F atoms to
connect the melons via sodium fluoroborate-assisted heat poly-
merization. Moreover, the CCN quantum dots could be pre-
pared by a solid-phase reaction strategy® or “dry hydrothermal”
method."*® The ground mixture of urea and sodium citrate was
thermally treated in an autoclave at 180 °C for 1 h or 140 °C for
3 h to synthesize CCN quantum dots.

Method Advantages

Disadvantages

HT-HP Adjustable carbon/nitrogen ratio
Ionothermal (molten salt)
Solvothermal

Microwave (MW)-assisted heating

Cheap equipment; easy operation

saving
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Cheap equipment; easy operation; large-scale preparation

Large-scale preparation; easy operation; time and energy

Expensive equipment; high temperature; high
pressure

Complicated procedure for washing samples
Harsh feedstock; high pressure
Uncontrollable temperature
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4.6. Characterization of CCNs

Generally, the conventional characterization methods for the
crystal structure of CCNs are XRD and HRTEM analyses. Due to
the different building blocks of CNNs, the XRD patterns could
distinguish different crystal structure of CCNs. The (100) peak of
PTI-based CCN is located at ~12°, corresponding to the in-plane
pores. While the (100) peak of PHI-based CCN is located at ~8.1°,
which corresponds to a larger in-plane spacing. Moreover, as
revealed by the HRTEM images, the lattice fringes of PTI-based
CCN is around 0.73 nm, while the lattice spacing of PHI-based
CCN is approximately 1.1 nm. Overall, the XRD and HRTEM
analyses could only provide the average structural information. In
recent years, solid-state NMR spectroscopy'® and neutron
diffraction'® have provided the structure information of local
and light element of CCNs. However, real-space details and
atomic resolution imaging of the local configuration of CCNs is
still challenging. Very recently, integrated differential phase con-
trast scanning transmission electron microscopy (iDPC-STEM) is
an emerging phase imaging technique based on center of mass
shift of the convergent beam electron diffraction patterns by
utilizing the four-quadrant detector.'® Through analyzing the
scattered electrons, the x and y components of offset vectors of
DPC image were obtained.'”* Through two-dimensional integra-
tion, the iDPC image was obtained, enabling us to realize the low
dose imageing of the light element beam-sensitive materials with
atomic resolution and high signal-to-noise ratio.'® Therefore, the
atomic-resolution imaging of the true spatial structure of CCNs
was directly visualized by the iDPC-STEM."'%*'°® For example, He
and co-workers revealed the atomic structure (including the light
elements) and atomic electric field of the PTI crystal with the low
dose imaging by the DPC-STEM technique.'®” As displayed in the
iDPC images (Fig. 7a and b), the six triazine units with highly
ordered atomic structures were interconnected to build the 2D
honeycomb network and chloride ions occupied the central
triangular pore. Moreover, the location of Li and H atoms with
three configurations could be determined by the iDPC-STEM and
corresponding simulated images (Fig. 7c—f). The H atoms were
surrounded by bridging N atoms and the lithium ions were used
to balance the charge of bridged imide groups. Furthermore, the
atomic coupling electric field between the Li and neighboring
atoms was directly visualized by the atomic electric field imaging
(Fig. 7g and h). Meanwhile, the DFT calculations confirmed that
the Li-N ionic bonds were formed, which not only extended the
n-conjugated electronic structure, but also created an additional
charge transfer channel to facilitate in-plane charge migration
(Fig. 7i). Therefore, the charge migration route was schematically
presented in Fig. 7i. Besides, the Li ions could be intercalated into
the layers, which also confirmed by the NMR and XPS results.

5. Design of CCNs-based
photocatalysts
5.1. Nanostructure design

Considering that the photocatalytic process is an interfacial
reaction, the photocatalytic activity largely depends on the
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Fig. 7 (a) iDPC image of PTl along the [001] zone axis. (b) Enlarged iDPC
image. (c)—(e) Three Li/H configurations in the intralayer cavities detected
in iDPC and the corresponding atomic structure models. (f) Intensity
profiles following the defined circles in (c)—(e). Dashed lines in (c) guide
the azimuthal angles of intensity profile in (f). (g) Magnified color map with
the arrow vector. (h) The arrow vector map overlapped with the atomic
structure of PTI. (i) Schematic diagram of the migration of photoexcited
electrons between lithium ions and the triazine units. Reproduced with
permission.’®” Copyright 2021, Wiley-VCH.

shape, size and nanostructure of CCNs. The nanostructure of
CCNs can be designed to obtain high specific surface area,
enhanced electron transport property, reduced migration distance
and abundant surface active sites, all of which are beneficial to
improve the photocatalytic activity. Until now, various nanostruc-
tures of CCNs such as nanosheets, nanotubes, nanorods and
nanofibers have been prepared by many ingenious approaches.
The following is a detailed description of various strategies for
designing nanostructures of CCNs.

5.1.1. Exfoliation of bulk CCNs. Recently, CCNs nanosheet
has attracted great attention because of their abundant exposed
active sites due to the large specific surface area, and low electron—-
hole pair recombination rate owing to the short charge migration
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distance. Motivated by the graphene exfoliated from graphite,
graphite-like bulk CCNs have the potential to be exfoliated into
2D CCNs nanosheets, especially ultrathin 2D CCNs nanosheets.
CCNs nanosheets could be acquired through different approaches,
including ultrasonication-assisted liquid exfoliation, framework
charging, spontaneous dissolution, thermal oxidation exfoliation,
and alkaline metal ion intercalation.®>”*?*%* Ingpired by the
advances in graphene oxide (GO), CCNs nanosheets have been
fabricated through the liquid exfoliation strategy. For example,
Lotsch and co-workers obtained CCN nanosheets from bulk PTI by
sonication-assisted liquid-exfoliation in water.”> Atomic force
microscopy (AFM) image shows that the obtained triazine-based
CCN nanosheets had a height of 1-2 nm (Fig. 8a). TEM image
further confirms that the high crystallinity remained unchanged
after exfoliation (Fig. 8b). Compared with bulk PTI, the PTI
nanosheets exhibited significantly enhanced (by a factor of 18)
photocatalytic performance under visible-light irradiation due
to their larger specific surface area and more active sites.
Although the above study demonstrated that the triazine-
based CCNs had photocatalytic hydrogen production activity,
the tri-s-triazine-based CCNs is expected to have higher photo-
catalytic activity because of the extended n-system, which facili-
tated light-harvesting and charge carriers transportation.'"
Hence, Wang and co-workers prepared the heptazine-based
CCN nanosheets by liquid-exfoliation through an ultrasonic
approach in isopropanol (IPA)."*> The XRD pattern of the CCN
nanosheets was similar with that of the bulk CCN, suggesting
that the crystal structure was preserved after exfoliation. As
revealed by the TEM, the as obtained CCN nanosheets pos-
sessed a silk veil-like shape, which implied the successful
exfoliation of bulk CCN (Fig. 8c). The thickness of the obtained
nanosheets was between 3 and 4 nm, which corresponded to a
stacking of ten layers (Fig. 8d). The thickness of the CCN
nanosheets was further evaluated by the AFM and determined
to be 3.6 nm. In addition, the photocurrent of the CCN
nanosheets was significantly enhanced compared with the bulk
CCN, confirming the improved charge separation. The PL
spectra of the CCN nanosheets further demonstrated this, as a
much weaker PL intensity was observed after exfoliation, which
corresponded to improved separation of electron and holes. As a
result, the heptazine-based CCN nanosheets showed signifi-
cantly enhanced photocatalytic hydrogen generation activity
under visible light irradiation compared to bulk CCN, mainly
due to their high crystallinity, high charge carrier separation
and transfer rate, and enlarged specific surface area.

McMillan and co-workers demonstrated that the 3D bulk
PTI-based CCN was delaminated into a defect-free, hexagonal
two-dimensional nanosheets by a thermodynamically driven
dissolution process without any chemical or physical interven-
tion (Fig. 8e)."” The bulk CCN spontaneously dissolved in
select polar aprotic solvents due to the free energy gain from
the solvent coordination effect. Interestingly, the obtained
nanosheet are stacked in several layers rather than monolayer,
suggesting that the interlayer interactions are energetically
comparable to those between the solvent and nanosheet surfaces.
Mattevi and co-workers reported a framework charging route for
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Fig. 8 (a) AFM image of the PTI nanosheets and corresponding height
image (inset). (b) HRTEM image of PTI nanosheet and simulation (inset).
Reproduced with permission65 Copyright 2014, American Chemical Society.
(c) TEM image of the CCN nanosheets. (d) HRTEM image of CCN
nanosheets. Reproduced with permission.*? Copyright 2017, Wiley-VCH.
(e) Schematic illustration of the PTI nanosheet prepared by spontaneous
dissolution. Reproduced with permission.!®® Copyright 2017, American
Chemical Society. (f) Schematic illustration of charging and exfoliation of
PTI. Reproduced with permission.*® Copyright 2018, Wiley-VCH.

the fast and high yield preparation of PTI nanosheets through
sodium naphthalide (NaNp)/DMAc reduction (Fig. 8f).""° NaNp
was used as an electron charge transfer agent, while DMAc was
expected to be an excellent room-temperature solvent for anionic
monolayer/few-layer CCNs. The negative charge from NaNp could
be rapidly transferred to PTI, leading to short-range Coulombic
repulsion, which resulted in the exfoliation of PTI into solvated
few-layer sheets. Agrawal and co-workers prepared monolayer PTI-
based CCN nanosheets in anhydrous dimethylacetamide (DMAc)
by a simple solvent exfoliation route.'’* The DMAc played an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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essential role in exfoliation due to the strong interaction of
carbonyl oxygen of DMAc with Li*, which weakened the interlayer
interaction.

Despite there are numerous research publications related to
the liquid exfoliation of bulk CCN, this process requires a long
sonication processing time (10-16 h). To address these bottle-
necks concerning the exfoliation of bulk CCN, thermal exfoliation
has emerged as a fast and effective strategy.’"*'*® For example,
Zhang and co-workers proposed a simple but effective strategy for
the high-yield synthesis of CCN nanosheets with a specific surface
area of up to 34 m> g~ ' by two-step calcination."™ The structure of
the nanosheet was confirmed by the TEM image, and a clear
crystal lattice with a distance of 3.30 A is observed in the HRTEM
image, indicating its high crystallinity. The electrochemical impe-
dance spectra (EIS) analysis indicates that the electron-transfer
resistance of CCN nanosheets was lower than that of bulk CN.
Also, an obvious enhancement of photocurrent was observed for
CCN nanosheets compared with bulk CN, which indicated the
effective separation of charge carriers and enhanced photoin-
duced charge mobility in the CCN nanosheets. Moreover, the
TRPL spectra shows a prolonged lifetime of charge carriers,
indicating a higher electron mobility. Thus, the prepared CCN
nanosheets showed outstanding photocatalytic performance, with
a hydrogen generation rate of 9577.6 umol h™"' g7, 15.5 times
that of bulk CN.

In summary, the preparation of CCN nanosheets has been
achieved by various exfoliation strategies. The superiority of the
CCN nanosheets could be attributed to the increased specific sur-
face area, enhanced electron transfer capability, prolonged lifetime
of charge carriers, and improved charge separation efficiency.

5.1.2. Hard-template approach. The hard-template strategy,
which uses inorganic or organic matrices as templates, is a
controllable and effective approach for fabricating nanostructured
CCN materials."””*° Chen and co-workers developed a template-
assisted approach to prepare highly crystalline g-C;N, nanosheets
by adopting nickel foam as the hard template and dicyandiamide
as the precursor (Fig. 9a).""” The Ni-foam was not only used as a
template for depositing CCN nanosheets to prevent stacking, but
also as a catalyst to boost the polymerization and crystallization of
8-C;3Ny, resulting in CN nanosheets with high crystallinity. HRTEM
image shows well-defined lattice fringe with a distance of 0.33 nm,
suggesting better crystallization under Ni catalysis (Fig. 9b). The
as-prepared CCN nanosheets had a larger specific surface area of
39.24 m® g%, confirmed by the nitrogen adsorption-desorption
isotherms, which was much larger than that of CN (7.73 m* g™ ).
The CCN nanosheets showed superior photocatalytic activity for
H, evolution, which was attributed to the high crystallinity,
large specific surface area and efficient separation of photo-
induced charge carriers. Takanabe and co-workers reported
using spherical KCC-1 silica particles as a support (without its
removal) to produce dendritic tip CCN by combining molten
salt with supermolecule strategy (Fig. 9c and d)."*®* CCN fibers
with a thickness of 20-30 nm could project outward from the
sphere and assemble in an organized manner, resulting in an
uniformly sized nanosphere with dendritic fibers. Owning to the
high crystallinity, highly dispersed cocatalysts and slow charge
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carrier recombination rate, the Pt/CN/KCC-1 showed a remark-
able apparent quantum efficiency (AQE) of 22.1 £ 3% in the
solar hydrogen evolution reaction at 400 nm.

In addition, mesoporous photocatalysts can be designed to
improve the photocatalytic performance by increasing the
specific surface and abundant active sites, as well as promoting
the separation of photogenerated carriers. Recently, Yu and co-
workers fabricated highly ordered and porous CCN through a
one-step template-mediated strategy, that is, a bifunctional
NaHCO; template-mediated approach.'"® Specifically, NaHCO;
served as a gaseous template to promote the creation of the
porous structures, while the resulting Na,CO; could act as high-
temperature solvent to facilitate the crystallization of porous
CCN. Besides the porous structure and high crystallinity, the
cyano groups were also introduced to the surface of porous
CCN, which could serve as effective active sites for H, genera-
tion. As a result, the specific surface area of the porous CCN
could be up to 15.34 m* g~', which was 3.5 times larger than
that of bulk CN. Moreover, the clear lattice fringe with a
distance of 0.32 nm was observed in the HRTEM image,
confirming its high crystallinity. Owning to the great crystal-
linity, cyano-group defects and porous structures, the porous
CCN exhibited a remarkably increased H, evolution rate, which
was more than two times higher than that of bulk CN.

In the process of preparing CCN by salt-assisted synthesis
strategy, the salt could be used as a template. Zou and co-
workers fabricated an intercalated CCN nanotube through the
molten salt route.®’ In general, these salts could be used as
templates as their crystals have cubic morphology. Before the
temperature reached the melting point of the mixed salt,
thermal polymerization had occurred, and the polymerization
intermediate had grown on the interface of the cubic chloride
crystals, thus forming the nanotubes. By intercalating the alkali
metal ions into the layers of CN, the migration and separation
of photoinduced carriers was dramatically improved. Accord-
ingly, the intercalated CCN nanotubes showed high photocata-
lytic hydrogen production activity, reaching 0.346 mmol h™*
within the first hour, 34.6 times higher than that of the bulk
CN. Wang and co-workers fabricated the CCN nanosheets by a
solid-salt-assisted growth strategy (Fig. 9e).”® The solid salt
acted as a structure-directing template to steer the orderly
growth of CCN within the restricted space of the KCI crystals.
Therefore, the exfoliation of bulk CCN was achieved due to the
confinement effect of salt and the interaction of K* ions. As
expected, the CCN nanosheets exhibited significantly improved
photocatalytic activity compared with bulk CN. This improved
activity could be ascribed to the high crystallinity and shortened
interlayer distance, which could improve the light harvesting
capability and boost the transfer of photoexcited carriers. Quan
and co-workers synthesized (3D) branched CCN nanoneedles by
combining a post-synthesis ionothermal approach with a
quenching method.*" The melted eutectic salts were used as
an induction reagent to enhance the crystallinity and created 3D
structures. Interestingly, the prepared nanoneedle with sharp
curvature could evoke a nanoscale lightning rod-like effect to
accelerate directional charge transfer, thus suppressing the
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Chemical Society. (e) Schematic diagram of the synthesis of CCN nanosheet by the solid salt confinement method. Reproduced with permission.
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Copyright 2019, Elsevier. (f) Schematic diagram of the vapor-deposition strategy. (g) SEM image of KCCNB-30.122 Copyright 2020, Royal Society of

Chemistry.

recombination of photoexcited charge carriers. As expected, the
3D branched CCN nanoneedles showed outstanding photoca-
talytic activity for both H, generation (0.27 mmol h™*) and H,0,
production (0.33 mmol h™"), which was 85 and 23 times than
that of the pristine CN, respectively. Shu and co-workers fabri-
cated K* doped heptazine-based CCN with box-shape through
vapor-deposition approach using KCl as a template (Fig. 9f)."*
The obtained K* doped CCN box had a diameter of ca. 10 um, with
a wall thickness of several hundred nanometers, which was
confirmed by the SEM image (Fig. 9g). Due to the special box
shape, the incident visible light could be reflected and absorbed
multiple times, thus improving the light utilization. As a result, the
K" doped CCN showed an improved photocatalytic H, generation
performance, which was 33 times than that of bulk CN. This
enhanced performance could be ascribed to the improved light
absorption in the box shape, and the effective charge separation
and transfer due to the doping of K and high crystallinity.

422 | EES Catal., 2024, 2, 411-447

5.1.3. Supramolecular assembly route. In contrast to the
hard template preparation technique described above, the
supramolecular assembly route is a self-templating approach
that forms stable aggregates with well-organized morphology and
architecture through noncovalent interactions with no external
template. Recently, the supramolecular strategy has emerged as
an attractive approach to tune the morphological, optical, and
electronic properties of CCNs.'**™'2° A case in point, Fang and co-
workers fabricated highly crystalline holey g-C;N, nanosheets by
combining hydrothermal pretreatment and microwave-assisted
heating strategy.'*® The first hydrothermal process was to form
melamine-cyanaurate complex (MCA) to prepare thin nanosheets
with micro/mesoporous structure, while the microwave polymer-
ization process could improve the crystallinity. As a consequence,
the CCN nanosheets displayed a much larger specific surface area
(ca. 31.64 m”> g~ ") than that of the bulk CN (ca. 6.84 m*> g™ ). Also,
the SAED image confirms the increased crystallinity, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showsd a bright diffraction ring. Benefitting from the high
crystallinity, improved visible absorption utilization and increased
surface active sites, the as-obtained sample displayed a relatively
high photocatalytic performance. Zhu and co-workers reported a
bottom-up supramolecular self-assembly approach for the synth-
esis of three-dimensional porous CCN nanosheet (Fig. 10a).">* The
clear lattice fringes appeared in the HRTEM image, indicating the
high crystallinity of 3D nanosheet (Fig. 10b). The thickness of the
nanosheet confirmed by the AFM image (Fig. 10c) was about
2.3 nm, which corresponded to the stacking of 5 layers. Moreover,
the specific surface area of 3D CCN nanosheets was significantly
increased to 130.00 m* g~ * (Fig. 10d), providing more active sites
and enhancing the light absorption. Therefore, owning to the
open-framework of the 3D porous interconnection and the fast
charge carrier transport, the 3D CCN nanosheets achieved efficient

(@)

Cyanuric acid + Melamine (CM)
auqeous solution
H H

CM supramoleculars

View Article Online

Review

overall water splitting (OWS) performance under visible light with
H, and O, generation rates of 101.4 and 49.1 pmol g * h™%,
respectively (Fig. 10e).

5.1.4. Other routes. Sun and co-workers developed an
alternated cooling and heating treatment method for the rapid
fabrication of highly crystalline few-layered CN nanosheets.”* The
obtained mesoporous ultrathin nanosheets showed high crystal-
linity, increased large surface area (88.59 m? g '), narrowed
bandgap and improved electron transfer capacity. As a conse-
quence, the CCN nanosheets showed a significant enhancement
of photocatalytic performance.

To sum up, nanostructure design is one of the promising
strategies to modulate the physical and chemical features of
CCNs. Various morphologies of CCN from 1D to 2D, 3D
nanoarchitectures were prepared by different synthesis

Bottom-up supramolecular self-assembly route

3,320m
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(a) Schematic diagram of the fabrication of 3D g-CsN4 NS through the bottom-up supramolecular self-assembly strategy. (b) TEM image

(HRTEM image inset) and (c) AFM image of 3D g-C3N4 NS-2. (d) N, adsorption—desorption isotherms of the samples. (e) Photocatalytic OWS activity over
bulk g-C3N4, g-CsN4 NS, and 3D g-CsN4 NS. Reproduced with permission.?2* Copyright 2019, Elsevier.
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methods. These nanostructured CCNs offer great advantages in
terms of charge transfer, light absorption, and abundant active
sites. For CCN with hollow structure, improved light absorption
was achieved, which could improve the light utilization. In
addition, 3D nanostructures of CCN have a large specific sur-
face area which provided an additional pathway for electron
transport. More importantly, combining supramolecular self-
assembly strategies with solvothermal methods is highly desir-
able in the design and development of nanostructured CCNs.

5.2. Molecular structure engineering

5.2.1. Elemental doping of CCNs. Recently, numerous
studies have shown that elemental doping is a feasible approach
to regulate the electronic band structure of CCNs. Generally,
there are two predominant types of element doping based on the
type of impurities, namely, non-metal doping and metal doping.
More specifically, the non-metal doping preferentially replaced
the C or N atom, thus affecting the positions of conduction band
and valence band,'?® while the metal doping is realized by
inserting ions into the cavity or interlayer, thus creating both
in-plane and interlayer charge transport channels." For exam-
ple, Dai and co-workers fabricated highly crystalline sulfur-doped
CN through the self-assembly of melamine and tri-thiocyanuric
acid, followed by calcination.® As a result of S doping, the
bandgap was reduced, thereby expanding the light absorption
range. The S doped CCN exhibited an excellent H, production
rate of 1511.2 pmol g ' h™"', which was about 11 times higher
than that of the pristine CN. Such an enhanced performance
could be ascribed to the increased specific surface, high crystal-
linity, efficient charge separation and transfer rate. Although the
light absorption was enhanced, the CCN with near-infrared
activity was still challenging but highly desirable. Therefore, Li
and co-workers developed O-doped CCN (MC-CN) with near-
infrared response through a molten salt strategy using carbohy-
drazide as the precursor.'*® Compared with CN, the absorption
edge of MC-CN was significantly red-shifted and extended to the
near-infrared region, attributed to the O doping, while the
absorption shoulder assigned to the m-m* transition exhibited
higher intensity, indicating the high crystallinity (Fig. 11a). Thus,
the bandbap of MC-CN was determined to be 1.42 eV (inset in
Fig. 11a). Meanwhile, the MC-CN exhibited a hierarchical nano-
flower morphology consisting of nanorods, enhancing the light
absorption and providing more active sites (Fig. 11b). Moreover,
the DFT calculations indicates the generation of internal electric
field because of the O doping, which boosted the charge separa-
tion and transport. Owning to the improved optical absorption
and charge migration, the MC-CN presented remarkably
enhanced photocatalytic H, evolution activity under visible-light
irradiation and achieved a photocatalytic activity even in the near-
infrared region (Fig. 11c). In addition to nonmetal doping, metal
doping was also designed by Zhong and co-workers.*** The Zn
doped CCNs was fabricated by a two-step thermal polycondensa-
tion method in a molten salts bath. The diffraction peaks of Zn-
CCN in the XRD pattern became lankier and sharper, indicating
that the Zn doping did not change its high crystallinity, which
was further confirmed by the clear lattice fringes in the HRTEM

424 | EES Catal, 2024, 2, 411-447

View Article Online

EES Catalysis

image. The XPS analysis demonstrated the successful incorpora-
tion of Zn doping. Moreover, the doping of Zn enhanced the
electron delocalization and accelerated the charge transfer. As a
result, the Zn-CCN showed superior hydrogen production activity
(ca. 75 umol h™"), which was 41 times higher than that of pristine
CN (1.8 pmol h™"). Apart from transition metal doping, alkali
metal doping was also reported. In particular, Su and co-workers
designed a solid-template induced growth strategy to prepare
highly crystalline K-cation intercalated CCN (KPCN).”® XRD and
XPS analysis provided evidence of K ions insertion into the melon
chains or layers of PCN. The doping of K could narrow the
bandgap and thereby improved the light absorption properties
of KPCN (Fig. 11d). Besides, HRTEM image shows clear lattice
fringes, confirming the high crystallinity of KPCN (Fig. 11e). As
expected, the KPCN exhibited significantly enhanced photocataly-
tic performance, 18 times higher than that of the bulk PCN. This
improved photocatalytic performance could be ascribed to the
high crystallinity and K doping, which promoted the separation
and transfer of photoexcited carriers and inhibited recombination,
thereby increasing the lifetime of the carriers. Very recently, Mi
and co-workers proposed an n-type doping approach that replaced
monovalent K* ions with divalent alkaline earth metal ions for
visible and near-infrared photocatalytic H, evolution."*" The n-type
doping could dramatically enhance the electron densities and
activate the n — n* transitions, leading to near-infrared light
absorption (Fig. 11f). Moreover, the n-type doping not only
improved the conductivity, but also regulated the effective mass
of carriers as well as the valence band state, facilitating the charge
carriers transport and separation. Benefiting from the efficient
charge transport and separation, the as-synthesized Ca®>" doped
crystalline K" implanted CN (CKCN) showed a remarkable AQE of
31.2% at 420 nm (Fig. 11g). Beyond single element doping, He and
co-workers prepared C and K co-doped red polymeric carbon
nitride (RPCN) through a salt-template approach.** The uniform
and high doping of C and K could dramatically reduce the
bandgap of CN (1.7 eV) and inhibited the recombination of
photogenerated electrons and holes. As a consequence, the RPCN
exhibited high near-infrared photocatalytic H, generation perfor-
mance (140 pmol h™" g™ "), with an AQE of up to 0.84% at 700 =+
10 nm. Sun and co-workers developed a K and S co-doped CCN for
photoreforming of biomass coupled with CO, reduction through a
salt-template-assisted incorporation approach."*

Besides heteroatom doping, self-doping has also been devel-
oped by recent works.'**"*® For example, our group developed an
acetonitrile-promoted solvothermal route for the synthesis of
CCN with cyano and carboxyl groups.®® The high crystallinity
was confirmed by the HRTEM image (Fig. 11h). The NMR studies
revealed that the defects were most likely located at the structural
terminations of the CCN framework (Fig. 11i). Moreover, the
introduction of surface defects not only improved visible light
absorption, but also increased CO, binding affinity and improved
charge transfer and electron storage. Therefore, the as-prepared
CCN with surface defects showed superior photocatalytic CO,
reduction performance and selectivity in the gas phase. Wang
and co-workers found that the CCN with defects achieved a better
charge separation because of the built-in electric field."**

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00302g

Open Access Article. Published on 06 January 2024. Downloaded on 3/15/2026 7:07:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

View Article Online

Review

(3)1.5 I
5 1.2

0.9

Absorbance (a.u.
(=]
i

(GhV)1lz (ev)112)

0.3+
| I
0.0+
400 600 800 1000 1200 1400
. y - Y, (c) ~1250 Full spectrum AM1.5G 1101.58
©1000 - A>420nm A>700nm L
= A=450nm A=475nm T
= 771 A=500nm A=550nm
S 240- 208 A=600nm 215.86
é 181.51
Y 160
® 106.12
v 80-
. - » $6555202 45,07 3, 7
= o 01 0 0 0 o il B s
CN MC-CN

Absorbance (a.

Hu
1 22
0.9 05
56 ﬂ n 0.9 05 02
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 11

——KCN % —MKCN‘
—CKCNQ ——SKCN &
A nom* ”,
transitions BKCN e

400 500 600 700

Wavelength (nm)

800 900

9‘0
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magnification SEM images (inset) of MC-CN. (c) Wavelength dependence of the photocatalytic H, generation rate of CN and MC-CN. Reproduced with
permission.'?® Copyright 2022, Wiley-VCH. (d) HRTEM image and FFT pattern (inset) of KPCN. (e) Schematic representation of the band structures of PCN
and KPCN. Reproduced with permission.®®> Copyright 2019, Wiley-VCH. (f) UV-vis-NIR DRS spectra of KCN, MKCN, CKCN, SKCN, and BKCN samples.
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and CCN. Reproduced with permission.8® Copyright 2019, Wiley-VCH.

In conclusion, elemental doping plays a key role in modulat-
ing the band structure of CCNs. In most cases, elemental doping
not only narrowed the bandgap, but also improved the separation
of charge carriers because of the built-in electric field, thereby
improving the photocatalytic activity. Although many studies on
heteroatom-doped CCNs have been successfully developed, there
is still an urgent need to control the distribution and concen-
tration of doping, such as gradient doping.

5.2.2. Molecular doping of CCNs. As a cross-linked con-
jugated polymer semiconductor, the photocatalytic activity of
CN originates from the m-conjugated aromatic structure. How-
ever, the aromatic n-conjugated system of CN generally suffers

© 2024 The Author(s). Published by the Royal Society of Chemistry

from intrinsic drawbacks, such as insufficient absorption and
utilization of sunlight and rapid recombination of charge
carriers, which limit its potential applications. Hence, it is
desirable to modulate the intrinsic n-conjugated system and
electronic structure by delocalizing m electrons.®”**° The
molecular doping strategy, copolymerization of another similar
aromatic structural unit with CN precursors during the poly-
merization process, is regarded as an essential approach for
extending the m electrons conjugation of the aromatic system
and tuning the band structure. A case in point, Takanabe and
co-workers incorporated a 2,4,6-triaminopyrimidine (TAP)
monomer into the conjugated CN structures by copolymerizing
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melamine and TAP, combined with supramolecular preorgani-
zation and ionothermal methods (Fig. 12a)."*° The absorption
edge of the sample was red-shifted to 700 nm (Fig. 12b and c)
because of the introduction of pyrimidine moieties. Moreover,
the PTI-0.13 exhibited a remarkably improved hydrogen evolu-
tion performance because of the improved high crystallinity
and increased m-electron delocalization. Another representative
research on molecular doping within the PHI framework was
presented by Zhang and co-workers.'*! The PHI-based CCN
(CN-OA-m) was synthesized by copolymerization of urea and
oxamide in molten salts. As evidenced by the XRD pattern, the
as-synthesized CN-OA-m exhibited larger interplanar stacking
distance and shorter interlayer stacking distance compared to
bulk CN, probably due to the well-condensed structure. The
HRTEM image further confirms the decreased interlayer dis-
tance and high crystallinity (Fig. 12d). As a result of molecular
doping, the absorption edge of CN-OA-m was moved to about
700 nm, which would contribute to the photocatalytic perfor-
mance (Fig. 12e). Moreover, the EIS and photocurrent curve
confirmed the improved charge transport, which could be
ascribed to the molecular doping and high crystallinity. The
CN-OA-m showed superior photoactivity, even irradiated with
green LEDs (Fig. 12f), because of the enhanced optical absorp-
tion and improved exciton dissociation. Despite the enhanced
visible light absorption, the potential of CB and VB was reduced
and increased, respectively, which dramatically lowered the
reduction and oxidation abilities. To overcome this limitation,
the same group prepared a new allotrope of CN with internal
heterostructures by copolymerization of aminotetrazole with
adenine in NaCl/KCl molten salts.'** Therefore, the excellent
oxidation and reduction abilities were confirmed by valence
band XPS and Mott-Schottky results, respectively (Fig. 12g).
The charge distribution of the D-A structure was demonstrated
by the large interplanar spacing of 1.65 nm (d1 + d2). Moreover,
the efficient charge transport at the interface caused by the
heterostructure was confirmed by the large photocurrent
(Fig. 12h). Furthermore, the as-prepared sample showed excellent
photo-redox activity due to the local donor-accepter (D-A) hetero-
junction which enhanced light absorption and promoted charge
separation. The AQE measured at 420 nm was 9.6% using
ethanol as the sacrificial agent. Although the efficient charge
separation has been achieved within the photocatalyst, the inter-
facial electron transfer between the sacrificial electron donor and
photocatalyst is an important but neglected factor. Therefore,
Lotsch and co-workers designed surface covalently modified PHI
with melamine as the terminal unit (Mel-PHI) to modulate the
interface of electron donner and photocatalyst to improve the
photocatalytic H, generation performance (Fig. 12i)."** The suc-
cessful surface functionalization was demonstrated by the solid-
state NMR results. Moreover, the quantum-chemical calculations
revealed that the terminal melamine was not surrounded by H,O
molecules, suggesting the hydrophobic properties (Fig. 12j).
Meanwhile, the result also implied that the water and TEOA
interacted well with both melamine and the adjacent heptazine
moiety via hydrogen bonding (Fig. 12k). Thus, the established
catalyst-solution interface could facilitate electron transfer from
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the sacrificial agent to adjacent exciton, suppressing the charge
recombination. Benefiting from the modified electronic structure
and improved interfacial interactions, the Mel-PHI exhibited a
photocatalytic H, generation rate of up to 5570 pmol h™* g%
superior to most other CNs photocatalysts.

Overall, molecular doping not only modulated the bandgap
of CCNs, but also delocalized the n electrons. Doping with a
very small amounts of organic additives could significantly
modulate the bandgap and electronic structures. However,
the doping sites of organic monomer were still obscured, which
need further investigation.

5.2.3. Defects modification. In addition to molecular dop-
ing, the introduction of defects such as vacancies in the CCN
framework has been shown to significantly enhance the photo-
catalytic performance due to it improves charge separation,
provides more active sites and enhanced light absorption ability.
For example, Li and co-workers proposed the preparation of CCN
(CN-NVs-CTe) with rich nitrogen vacancies via alkali-assisted salt
molten method.*** The HRTEM image shows clear lattice fringes
of CN-NVs-CTe, indicating the high crystallinity. The existence of
nitrogen vacancies was confirmed by the XPS, elemental analysis
and electron paramagnetic resonance (EPR) spectra. Benefitting
from the synergistic effect of high crystallinity and N vacancies,
CN-NVs-CTe showed excellent hydrogen evolution activity, due to
the enhanced charge separation efficiency, improved light
absorption ability and charge mobility.

5.2.4. Crystal facet engineering. The engineering of crystal
facet to control the reactive surface has been proven to be an
efficient method to improve photocatalytic performance.™*?
Recent researches have indicated that the photoinduced elec-
trons and holes could be driven to different crystal facets
because of the surface heterojunction.'*"*® Therefore, certain
facets of a semiconductor tend to favor reduction reaction,
while other crystal planes favor oxidation reaction. However,
these findings mainly focused on inorganic photocatalysts,
Wang and co-workers identified the reactive facets of PTI
intercalated with LiCl (PTI/Li"Cl") single crystals for photoca-
talytic OWS via loading appropriate co-catalysts.'® The highly
crystalline PTI/Li"Cl~ was fabricated by ionothermal method.
SEM image (Fig. 13a) reveals the prominent prismatic profile of
PTI, which was different from the bulk CN prepared by tradi-
tional thermal polycondensation, indicating that the PTI/Li"Cl~
was completely crystallized. According to the symmetry of PTI/
Li"Cl7, the two flat hexagonal surfaces must be (0001) facets and
the six rectangular surfaces are (1010) facets, as schematically
illustrated in Fig. 13b. The high-resolution aberration-corrected
integrated differential phase contrast (AC-iDPC) image (Fig. 13¢c
and d) further confirms the high degree of atomic ordering of
the PTI/Li'Cl”. Furthermore, C, N, and Cl atoms could be
distinctly distinguished without tedious image simulation.
Therefore, the atomic structure of PTI/Li'Cl™ crystals was pre-
sented and confirmed. The reactive facets were identified by
photodeposition of co-catalysts, which could be used as a probe.
Interestingly, both the photoexcited electrons and holes accu-
mulated on the {1010} facets, confirming by the selective
photodeposition of the Pt or Co. Therefore, increasing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prismatic surface areas (reactive facets) could dramatically
improve the activity of photocatalytic OWS (Fig. 13e). Notably,
the apparent quantum yield (AQY) of PTI-550 reached 8% at
365 nm. Although crystal facet engineering had been achieved,
the intrinsic mechanisms of the molecular structure, nucleation
and crystallization of PTI-based CCN during the ionothermal
process remain unclear. Therefore, the same group used micro-
scopic characterization techniques to reveal the molecular con-
jugation and crystal growth processes from mesoscale to
nanoscale by various sample processing methods.'*” Combin-
ing various characterization techniques, the -crystallization
mechanism of PTI at the molecular scale in molten salts was
proposed in Fig. 13f. The heptazine precursors were depolymer-
ized into triazine units, and subsequently PTI-based frameworks
was constructed by introducing Li* and Cl~ ions. During the
crystal precipitation process, the KCI cubes served as a nuclea-
tion center and template to guide the orientation and orderly
stacking of PTI monomers, thereby producing agglomerated PTI
crystals. More importantly, it was found that the aggregation of

428 | EES Catal., 2024, 2, 411-447
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PTI crystals decreased the exposed area of the active center,
which should result in a significant decrease in photocatalytic
activity. Therefore, to optimize the photocatalytic performance,
it is highly desirable to prevent aggregation and enhance
the dispersity by controlling the crystallization fronts, that is,
the weight proportion of precursor and salt (Fig. 13g-i). Conse-
quently, when the weight ratio of salt to precursor was 1: 10, the
best photocatalytic activity was realized due to the large exposed
reactive facet and good dispersibility (Fig. 13i).

5.3. Development of CCNs-based heterojunctions
photocatalysts

Construction of CCNs-based heterojunction has become an attrac-
tive strategy to improve the photocatalytic performance of CCNs by
boosting the separation of photoexcited electrons and holes.
The CCNs-based heterojunction can be classified into isotype
heterojunction, semiconductor/CCN heterojunction, carbon/
CCN heterojunction and metal/CCN heterojunction. The isotype
heterojunction constructed between two different crystalline

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phases of the same substance (known as crystal-phase hetero-
junctions) was an useful approach to enhance the photocatalytic
performance,*®*"*° which in this section was categorized as
amorphous/crystalline CN heterojunction®'™*** and heptazine/
triazine-based CCN heterojunction.'>* %!

5.3.1. Amorphous/crystalline CN heterojunction. Consider-
ing the obviously different band structures of amorphous CN
(ACN) and CCN, the construction of an isotype heterojunction
is an efficient strategy to accelerate interfacial charge transfer
and improve photocatalytic activity.'>>'** For instance, Yang
and co-workers obtained melon-based ACN and triazine-based
CCN heterojunction through a simple thermal treatment of
graphitic CN with LiCL'>' HRTEM analysis confirmed the
establishment of isotype heterojunction (Fig. 14a), where the
phase junction was constructed by (002) plane of triazine-based
CCN and ACN. The optimized sample displayed better photocata-
lytic performance for degradation of RhB than mono-component
ACN and CCN (Fig. 14b). Such an enhanced photocatalytic
performance could be ascribed to the effective separation and
transfer of photoexcited electrons and holes caused by the
isotype heterojunction. Similarly, Yang and co-workers con-
structed an amorphous/crystalline CN heterojunction via two-
step polymerization of melemon, using CCN nanosheets as
seeds to achieve efficient photocatalytic hydrogen evolution.'*>
Jiang and co-workers designed an amorphous/crystalline lateral
heterojunction through a multi-step chemical vapor deposition

View Article Online
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(CVD) method." The isotype heterojunction was edge-epitaxially
grown at 650 °C using CCN as seeds. The heterojunction interface
was clear between the crystalline and amorphous CN (Fig. 14c).
The amorphous/crystalline CN showed improved photocatalytic
activity over crystalline and amorphous CN (Fig. 14d) because of
the efficient charge separation across the heterointerfaces at the
isotype heterojunction.

5.3.2. Different building blocks-based CCNs heterojunc-
tions (phase heterojunctions). Taking into account the different
band structures of the building units in the CN framework, it is
desirable to build a CCN heterojunction based on different
building blocks, which could facilitate the orientation transfer
of interfacial electronics and inhibit the recombination of charge
carriers. Chen and co-workers prepared a triazine/heptazine-based
CCN isotype heterojunction by microwave-assisted thermolysis
approach in KCI/LiCl salts (Fig. 15a).">® The XRD result showed
two sets of diffraction peaks, which assigned to the triazine-based
and heptazine-based CCNs, respectively (Fig. 15b). Furthermore,
the flat band potentials of the triazine-based CCN and heptazine-
based CCN estimated from the Mott-Schottky plots were —0.90 V
and —1.22 V, respectively, confirming different electronic band
structures and the construction of the isotype heterojunction. The
as-obtained sample showed high photocatalytic hydrogen evolu-
tion activity, which could be attributed to the effective separation
of photoexcited electron-hole pairs because of the isotype triazine/
heptazine heterojunction (Fig. 15c).
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Fig. 14 (a) HRTEM image of CPCN. (b) Photocatalytic degradation performance of the samples. Reproduced with permission.*>* Copyright 2017, Wiley-

VCH. (c) TEM image of CN-750@650. (d) Photocatalytic H, generation
permission.*>> Copyright 2019, Royal Society of Chemistry.

© 2024 The Author(s). Published by the Royal Society of Chemistry

rates of the samples under visible light (2 > 420 nm). Reproduced with

EES Catal., 2024, 2, 411-447 | 429


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00302g

Open Access Article. Published on 06 January 2024. Downloaded on 3/15/2026 7:07:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Although the above studies had confirmed the triazine-/
heptazine-based isotype heterojunction, they did not provide a
clear interface for phase heterojunctions. Quan and co-workers
developed a secondary growth method for the preparation of CCN
phase heterojunction (triazine/heptazine), in which the triazine-
based CCN was vertically aligned on heptazine-based CCN."*® The
XRD pattern confirmed the coexistence of triazine-based CCN and
heptazine-based CCN. The HRTEM analysis further demonstrated
the phase heterojunction, which consisted of well-matched lattice
fringes between (002) plane of heptazine-based and triazine-based
CCN, respectively. Owning to the increased crystallinity and accel-
erated charge separation, the triazine-/heptazine-based CCN exhib-
ited higher photocatalytic performance than that of PTI and
melon-based CN. Wang and co-workers fabricated a triazine/
heptazine-based CCN with D-A heterostructure in eutectic salts
(NaCI/KCI)."* This NaCl/KCI mixture had a much higher melting
point of 652 °C compared with the formerly used KCI/LiCl mixture,
which resulted in the CN solids being only partial “dissolution”
and forming triazine-based PTI. The high-resolution XPS displayed
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a significant increase in the peak of a more electron-poor
N atom during the molten salt treatment process, suggesting the
co-existence of triazine and heptazine building blocks (Fig. 15d).
The clear lattice fringes demonstrated the high crystallinity, con-
firming that the post-condensation in appropriate salt mixtures
could modulate the polycondensation process (Fig. 15¢). Despite
the reduced crystallinity, the CCN still exhibited excellent hydrogen
production performance because the well-designed D-A structure
accelerated the transfer of charge carriers at the interface. In
another study, Xiang and co-workers prepared a crystalline isotype
heptazine-/triazine-based heterojunction through molten salt
approach using preheated melamine as the precursor.’®® The
heterojunction structure and interfacial interactions were first
confirmed by first principle calculations. Due to the high crystal-
linity and heterojunction structure, the optimized sample
showed an excellent photocatalytic hydrogen generation rate
of 890 pumol h™* g™, and an AQY of 26.7% at 420 nm.
Recently, Wang and co-workers synthesized PHI/PTI hetero-
junction with a semi-coherent interface by a simple two-step

O] oh%plazi:r‘?bafsedg—:C:NA
(a) A Microwave heating bkl (b) g it "’:‘:"7"”3"9‘:?”‘
> -Mms-g- : . D:mw-gCN,
NH, & e 10 °Clmin, 550 °C / 30min GG T
& V\c,\f’\“ LA Electric-resistive heating 3 [ Af‘ G ergON,
o - -mSs-q- s ‘ e O
H NBI"’NENH ;\,\\1“‘"“\9 - 10 °C/min, 550 °C / 240 min SnaECH, > LR
2 2 " — = s B eEr-msE-g-CN
PUrS e R — Electric-resistive heating er-g-CyNg £ gt e R
e w‘ \ / 5°C /min, 550 °C / 240 min
Microwave heating :
—_J mw-g-C;N NS B e e
10 °C /min, 550 °C / 30min Bl 10 20 30 40 50 60
20/° (Cu Ka)
(C)ISOO- ?_ A (d) Nis "azne ¢ heptazine (e)
12504 — eichloads
21000 E d=0.96 nm
g = ; CN-LIN.
2 750 s N\ S 4)“4—
& ~ .
2 5001 ;
e B g CN-LiK
W 2504 AT T
I D C SES
o e 1 ¥ CN

T T T
408 404 402 400

BE /eV

E
mm Accumulation =
I Depletion

(h

=

—v— PHI/PTI
—a— PHI

—e— D-melon
—=—melon

12004

-
o
=3
o
n

8004

600+

4004

Amounts of H, (umol)

2004

Fig. 15

10 20

30 40 50

zZ@A) Time (h)
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samples. Reproduced with permission > Copyright 2017, Elsevier. (d) High-resolution N1s XPS spectra of CN, CN-LiNa, CN-LiK, and CN-NaK. (e) HRTEM image
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molten salt method.'®> The HRTEM image demonstrates that
the semi-coherent interface was constructed by two lattice
fringes with spacing of 1.01 and 0.73 nm, which corresponded
to the (10-10) plane of PHI and PTI, respectively (Fig. 15f).
Moreover, the DFT calculations demonstrates that the electrons
redistribution was observed across the semi-coherent interface,
thereby establishing an intrinsic electric field and regulating
the charge flow transport from PHI to PTI (Fig. 15g). As a result,
the PHI/PTI presented a remarkably enhanced photocatalytic
H, generation performance of 348.5 pmol h™" because of the
promoted charge separation and transfer (Fig. 15h).

5.3.3. Semiconductor/CCN heterojunctions. The design of
semiconductor heterojunctions by hybridizing two different semi-
conductors with appropriate VB and CB potentials is an effective
strategy to promote charge transfer and separation.”*'®* Until
now, a large number of semiconductors have been coupled with
CCNs to construct CCNs-semiconductor heterojunction photoca-
talysts, including ZnO,"**'®® ZnIn,S,,'*® Ti0,,"* WOy,'*8"®
Cds,"”° Ti-based metal-organic framework,"”* CoP.'”* Sun and
co-workers synthesized a PTI/ZnO composite photocatalyst by a
facile one-step ionothermal approach.'®* The ZnO quantum dots
(QDs) were well distributed on the surface of PTI nanosheets with
close contact interfaces, thereby enhancing the photocatalytic
activity. Jiang and co-workers synthesized WO,/CCN layered het-
erojunction photocatalyst via a hydrothermal method."*® The WO,
nanobelts were horizontally grown on ultrathin CCN nanosheets,
thus forming a layered-heterojunction. Upon illumination, the
photoexcited electrons tended to transfer from the CB of W50,
to CCN, which could effectively promote the charge separation
and inhibit the recombination of charge carriers. This spatial
separation of photoexcited charge carriers could greatly improve
the photocatalytic hydrogen production of the WO,/CCN layered
heterostructure. Yu and co-workers fabricated Ba,Sr;_,TiO;
(B,ST)/K-PHI composite photocatalysts via a facile electrostatic
self-assembly approach.'”® The HRTEM image confirms that the
K-PHI nanosheets were distributed on the surface of B, ST with
clear and intimate contact interface, promoting the separation
and transport of photoinduced carriers (Fig. 16a). Moreover, the
K' cations in the K-PHI could construct a charge-transfer
channel to facilitate charge migration. As a consequence, the
5% K-PHI/B, sST exhibited remarkably enhanced photocatalytic
H, production performance, reaching 1087.4 pmol h™* g*
(Fig. 16b). Very recently, Xiang and co-workers reported that atom-
ically Co-doped CeO, was coupled with crystalline PTI to construct a
S-scheme Co-doped CeO,/PTI (CeCo-PTI) composites for the selec-
tive production of CH,.'”* The aberration-corrected high-angle
annular darkfield scanning transmission electron microscopy
(HAADF-STEM) image demonstrates the formation of a distinct
interface between Co-doped CeO, and crystalline PTI (Fig. 16c and
d). Moreover, the lattice distance of 0.33 nm corresponded to the
(002) facets of graphitic CN (Fig. 16c). Furthermore, the wavelet
transform (WT) contour plots revealed that a main peak at 1.5 A was
observed in the CeCo-PTI, assigned to the Co-O bonds, suggest-
ing that the single-atomic Co was coordinated with the O atoms
(Fig. 16e). Notably, the CeCo-PTI presented remarkably
enhanced photocatalytic activity with CH, and CO production

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rates of 45.4 and 24.0 umol g~ ' h™", respectively, which was
much larger than those of Co-PTI and PTI (Fig. 16f). Such remark-
ably improved photocatalytic performance could be ascribed to the
excellent single-atom Co modulation as well as the S-scheme
heterojunction, which provided the driving force for the directional
charge transport.

5.3.4. Carbon/CCN heterojunctions. Carbon nanomaterials
with n-conjugated structures, including graphene, are considered
as promising support or reduction cocatalyst due to their extra-
ordinary structural and electronic properties, which could pre-
vent the recombination of the photoexcited electron-hole pairs. A
case in point, our group designed a 1D/2D heterojunction of CCN
nanoarrays (CNNA) aligned on 2D graphene nanosheet through
an ionothermal method (Fig. 17a)."”> The HRTEM image shows
clear lattice fringes of 1.12 nm, indicating the high crystallinity
(Fig. 17b). Moreover, another noteworthy finding was the greatly
improved adsorption capacity of CO, due to the heterojunction
effect and ordered 1D structure. This was further confirmed by
the isosteric heat (Qg), in which the Qs of CNNA/rGO was
increased to 55.2 k] mol !, which was larger than the value
reported for many specialized CO, capture materials, indicating
that the CO, molecules were strongly chemically adsorbed on the
surface of CNNA/rGO. Thus, the CNNA/rGO showed high CO,
photoreduction selectivity (87%), with an overall CO, conversion
of 12.63 pmol h™! g™, which could outperform other optimized
CN-based photocatalysts (Fig. 17c).

5.3.5. Metal/CCN heterojunctions. Decoration of metal
nanoparticles on CN surface has proven to be an effective approach
to inhibit photogenerated electron-hole recombination and
improve light utilization efficiency. It is well known that the size
of metal cocatalyst is an essential factor affecting the catalytic
performance.””®"”” In particular, reducing the particle size of the
cocatalyst could dramatically improve the atom utilization and
provide more active sites. Single atom photocatalysts, which con-
tains single metal atoms anchored to photocatalysts, have attracted
increasing attention due to their maximum atom utilization
efficiency, uniform coordination environment, and the unique
electronic structure."””®'® Xiang and co-workers prepared
a single Cu atom/CCN photocatalyst (Cu-CCN) by molten salt
and reflux approach.'®* The XRD pattern of the Cu-CCN showed
a decreased interlayer distance, confirming the successful incor-
poration of single Cu atoms. In addition, HAADF-STEM image
demonstrates the existence of single Cu atoms, which were
randomly distributed on Cu-CCN (Fig. 17d). The extended
X-ray absorption fine structure (FT-EXAFS) spectroscopy and
wavelet transform revealed the presence of Cu-N bond with a
coordination number of 6, while no Cu-Cu bond was observed
in the Cu-CCN, confirming that almost all Cu atoms existed as
isolated single atoms (Fig. 17e). Notably, the introduction of
single Cu atoms could serve as the adsorption and active sites
for CO, reduction, thereby improving the adsorption ability
of CO,. DFT calculation demonstrated that the CO, to CO
reaction is an energetically favorable process compared with
the reduction of CO, to CH,. Therefore, the Cu-CCN displayed
improved photocatalytic CO, reduction activity and high selec-
tivity (nearly 100%) for the conversion of CO, to CO.
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6. Application of CCNs-based
photocatalysts

In this section, we will focus on recent progress of CCNs-based
photocatalysts for photocatalytic applications such as photo-
catalytic water splitting, photocatalytic CO, reduction, photo-
catalytic degradation of pollutants, selective organic syntheses
and H,0, production. In the following subsections, various
photocatalytic applications of CCNs-based photocatalysts are
briefly outlined. Some selected examples are described based
on the latest findings.

432 | EES Catal., 2024, 2, 411-447

6.1. Photocatalytic water splitting

Direct water splitting for H, generation using photocatalysts
and sunlight is a sustainable technology that conversion of
solar energy into valuable hydrogen energy. Theoretically, for
CCNs photocatalyst, overall water splitting could be achieved
on account of suitable CB and VB positions.'?*"**8>718% por
example, Wang and co-workers achieved overall water splitting
by using crystalline PTI as photocatalyst without sacrificial
reagents."®® The in situ photodeposition of Pt/Co on the PTI
not only improved the photocatalytic performance, but also
adjusted the ratio of H, and O, to 2: 1 by tuning the amount of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Co cocatalyst. The AQY at 380 nm was calculated to be 2.1%.
The low efficiency of overall water splitting is presumably because
of the kinetic restriction of the oxygen evolution reaction. Moti-
vated by this work, the same group further investigated the
photoactivity of overall water splitting by using Co and Pt co-
catalysts to identify the reactive facets of single crystal PTI/
Li'CI™."°® 1t was found that both the reduction and oxidation
reactions preferred to occur on the same {1010} crystal plane,

© 2024 The Author(s). Published by the Royal Society of Chemistry

which was distinct from the spatial separation of reduction and
oxidation reactions for BiVO, and TiO, photocatalyst. Based on
this finding, increasing the prismatic surface area (reactive facets)
could dramatically improve the activity of photocatalytic overall
water splitting. Moreover, it was demonstrated that the lower
defect densities could lead to superior photocatalytic perfor-
mance. Motivated by this research, the same group developed a
fully condensed poly (triazine imide) photocatalysts with
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expanded m-conjugated system and low density structural defects
through a mild jonothermal strategy with LiCl/NaCL'®® The
melting point of LiCl/NaCl is about 552 °C, closing to the
polymerization temperature, thereby providing moderate reac-
tion condition and preventing the depolymerization of triazine
monomer. The binding energies of C-N—C in PTI-LiNa showed a
positive shift of 0.35 eV, implying that the completely condensed
nitrogen species were formed (Fig. 18a). The PTI-LiNa displayed
the best photocatalytic overall water splitting performance with
the H, and O, generation rate of 273 and 135 pmol h™" because
of the effective exciton dissociation and the promotion of the
transfer and migration of photogenerated charge -carrier
(Fig. 18b).

Recently, the use of CCNs-based photocatalysts for hydrogen
production half reaction has been intensively investigated, as this
is a less difficult reaction than photocatalytic overall water
splitting. However, low efficiency still hinders its practical appli-
cation. Therefore, several modification strategies of pristine
CCNs, including nanostructure design, molecular structure engi-
neering and heterojunction construction have been systemati-
cally studied to optimize the photocatalytic activity. The latest
progress using CCNs-based photocatalysts for photocatalytic H,
generation are summarized in Table 2 without detailed discus-
sion. It is demonstrated that CCNs prepared from various
precursors®#14%141:190 and molten salts® 11519192 exhibited
different photocatalytic activities due to different crystal struc-
tures of the products. In general, the specific morphology and
microstructure of CCNs could promote charge separation and
transfer, as well as provide more active sites, thereby enhancing
the photocatalytic hydrogen evolution activity. For example,
numerous CCNs nanosheet®>%*127114123:124 haye heen proven
to be effective in enhancing the photocatalytic H, production
performance. Moreover, Lotsch and co-workers investigated how
particle size and surface functional groups affect the photocata-
lytic performance.'®® The particle size and surface defects were
systematically modulated by ultrasonication approach. It was
demonstrated that optimal amount of defect not only accelerated
the charge separation, but also facilitated the loading of Pt and
reduced its size, thus boosting the photocatalytic H, production
activity. Apart from the nanostructure design, the defect engi-
neering and molecular doping could narrow the bandgap and
boost charge separation, thereby improving the photocatalytic
hydrogen production performance, as detailed in Section 4.2. For
instance, Zhang and co-workers proposed the doping of oxamide
molecular into the PHI-based CCN to enhance the photocatalytic
H, production performance, which was 38 times higher than that
of CN under green LED light irradiation."*’ Lotsch and co-
workers investigated the influence of ionic conductivity on
photocatalytic activity by adjusting various counterions in the
PHI framework.'*" It was indicated that the ions influenced the
stacking of 2D layers, thereby affecting the ionic conductivity,
which was the bottleneck of electron stabilization and extraction.
Benefiting from the highest ionic conductivity, the Na-PHI exhib-
ited the best photocatalytic H, production performance.
Apart from the molecular structure engineering, construction of
CCNs-based heterojunctions is another effective approach for
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improving the photocatalytic performance by accelerating the
separation and transfer of charge carriers. For instance,
Wang and co-workers fabricated a triazine/heptazine-based
CCN with D-A heterostructure to improve the photocatalytic H,
production performance by promoting interfacial charge carrier
transfer."

However, the conventional H, production half-reaction is
achieved by using various sacrificial reagents, which increases
cost and wastes the energy of holes. To address this issue, the
coupling of organic synthesis with H, evolution reaction has
emerged as an appealing strategy, which not only makes full
use of photoexcited electron and hole to realize sustainability
targets, but also enhances the performance of photocatalytic H,
production. Recently, some organic substrates coupled with H,
evolution have been reported on CCNs-based photocatalysts,
including bisphenol A'®® and cellulose.'*®

In addition to the hydrogen production reaction, the half
reaction of O, produced from water oxidation is a complex
multi-electron transfer process requiring a large overpotential.
The CCN has also been shown as a promising catalyst for
photocatalytic water oxidation. In a recent work, Wang and
co-workers developed a van der Waals homojunction of Zn-PHI/
PHI for photocatalytic O, evolution through a ternary molten
salt approach.’” The Zn doped PHI generated during the
calcination process contributed to the formation of homojunc-
tion, which created an hole migration channels and promoted
charge separation. Consequently, the AQY of the optimized
photocatalyst reached up to 3.6% at 420 nm.

6.2. Photocatalytic CO, reduction

With the rapid industrialization and economic development, the
concentration of greenhouse gases, ie., carbon dioxide in the
atmosphere, is increasing. Therefore, it is desirable to reduce its
concentration through capture or conversion. Inspired by the
photosynthesis of natural green plants, artificial photosynthesis,
photocatalytic conversion of CO, into hydrocarbon fuels has been
recognized as an appealing technology to mitigate greenhouse
effect and address global energy shortage. The photocatalytic
reduction of CO, is a complex multistep process, as shown in
eqn (1)-(8),>** the possible products and corresponding redox
potentials (versus normal hydrogen electrode (NHE) at pH 7) are
listed below

CO, +e~ - CO,* Elgox=-19V (1
CO, +2H" +2e = CO + HyO Epegox = —0.53V (2

)
)
CO, + 2H' + 2" —» HCOOH Egegox = —0.61V  (3)
)
)
)

CO, + 4H' + 4¢” — HCHO + HyO Efqox = —0.48V (4
CO, + 6H" + 66~ — CH30H + HyO Ebeqox=—0.38V (5
CO, + 8H' + 8¢~ — CHy + 2H,0 Eoegox = —0.24V (6
2C0, + 12H" + 127 — C,H, + 4H,0  ESgox = —0.33 V
)
2C0, + 12H" + 12e~ - C,H;OH + 3H,0 Elqgox = —0.32V
(8)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) High-resolution N1s XPS spectra of PTI-LiNa, PTI-LiK, PTI-LiRb and PTI-LiCs. (b) Photocatalytic overall water splitting performances of PTI/

Li*Cl™ prepared in different eutectic salts along with their melting points. Reproduced with permission. Copyright 2022, Wiley-VCH. (c) HRTEM image of

CN-M-0.01. (d) CO, TPD measurements. Reproduced with permission.?*

Copyright 2020, Royal Society of Chemistry. (e) Schematical diagram of the

preparation of PCNNs-IHO through on-surface polymerization. (f) HRTEM image of PCNNs-IHO and SAED pattern of the (100) plane (inset).
(g) Photocatalytic CH3SH mineralization performance of PCNNs-IHO, CCNNs, BCNNs, and P25. Reproduced with permission.®” Copyright 2021,

Wiley-VCH.

Based on the above reaction process, the photocatalytic CO,
reduction is a proton-assisted multi-electron reaction process,
which affects the selectivity of products. Moreover, the CO,
molecules are extremely difficult to be activated to participate
in the reactions due to their stable linear structure and chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry

inertness. Meanwhile, the proton donor for CO, reduction should
be provided by H,O. Thus, the hydrogen production via reducing
H,O0 is a competitive reaction for photocatalytic CO, reduction,
resulting in a low selectivity and activity for CO, reduction. These
factors make it difficult to realize high efficiency and good
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3 8 8§ € 8 98 g =9 ¥ selectivity for photocatalytic CO, reduction. In order to deal with
= . . these challenges, some key factors need to be considered, such as
? % 5 g g E a E 5 i light absorption, CO, adsorption and activation, separation and
5 < 2 S = o S = _2‘ o transfer of charges, and products desorption.
~ Gl . . . . . . .
g E‘ ~ § R3] g L, v I It is well known that improving light absorption is essential for
~ = 1] 3] —_— 2] . .
S 5 & = 35 @ s %; % g enhancing photocatalytic performance. Wang and co-workers
g § s = E % ® - T 5 synthesized PHI-based CCN through the molten salt approach using
I u} . . . .
&£ 8 5 B S g ; 5 a new stable monomer with high nitrogen content (5-amino-
< | B 4 = < L =
=] % 5 E‘ > 2 £ % tetrazole).””" The molten salt method could modulate the crystal-
2 E B & ? ‘§ % § %‘ ? linity, grain boundary structure and chemical property to improve
— Q =] o i) . .
5 g % 5 g = = ; g g the light absorption. Due to the well-constructed PHI structure,
e g Z o & ?éo é 2 g = improved light absorption and optimized electronic properties, the
_R|lse= @ . .
TS 29 % E g 2 E% g e § g8 g g . CCN exhibited excellent photocatalytic performance.
S| BT § g s 5 g 22 < é g § g S g &£ From the viewpoint of thermodynamics, transferring the
bon .“:o\gNE Lad¥zZz . S2s2ea3c . L.
= 5‘)3 I EEL TEs <“%: &Y E TT 9 first electron to the CO, molecule to activate CO, is indeed
i 'g a8 i =2 ﬁe% °Rz .ﬁo% s E E 2 §o§ unfavorable due to a very negative reduction potential of 1.9 V
= z% ;_ SS9 ;. m’ ; Sg 2 1B j. o 2. = 2 g (see eqn (1)). Therefore, improving the CO, activation ability of
952288222282 20222 . . .
Zlglxes o gosuoggeivgus s CCNs is an efficient approach to enhance the photocatalytic
ClB83Laamin 2o 2% 24 2a 5 s .. 88,184,224 : :
| P AFTOFIC T &ow &= 0 80O B activity.”> % Based on the above discussion, our group
designed a defect-modified CCN to improve the performance of
photocatalytic CO, reduction.”** As shown in Fig. 18c, HRTEM
. image reveals clear lattice fringes with a d spacing of 1.03 nm,
e £ g £ 88 £ & &g confirming the high crystallinity, suggesting that the crystallinity
(=3 . .
g © = £ g g g g g g was well maintained by KOH treatment. The CO, temperature-
% g‘ % s % % % % % % programmed desorption measurement (Fig. 18d) showed that the
& :: & S S 24 £ & & desorption peak shifted to a higher temperature, suggesting that
+/& E & %; E EE E E E the defect was beneficial to the adsorption and activation of CO,,
= E E» E E E ;» E E E E thus lowering the activation energy barrier. The defect-modified
E 5oy ¥ K 5 FF F F OF CCN exhibited better photocatalytic performance than CCN due
= S g 2 B g 88 g g g to the high crystallinity and optimal activation sites.
ol G The selectivity of the CO, photoreduction reaction products
- is influenced by CO, adsorption. For example, our group found
=
< TE N 2R~ that the cyano and carboxyl groups not only greatly enhanced
=) ) > =) =] =3=) =) < =) . . . .
S S S T; % % S § % S the adsorption and activation of CO,, but also improved the
[} — . .
2 2 5 8 & 28 8 < 8 charge transfer.®® Due to the strong chemisorption of CO,, the
E S % & S % ‘:?ac S i S defective CCN exhibited good photocatalytic CO, reduction
% e} £ B § g8 B g B performance with a total generation rate of 12.07 umol h™*
2ls £ 2 B ; %“5 bS] ; k) g ' and selectivity (91.5%), which was better than most pre-
= . .
g E é TZ 'g E g E g g E viously reported CN photocatalysts. Xiang and co-workers pre-
é& € o o 8 o «2 828 o 8 pared a single Cu atom/CCN photocatalyst (Cu-CCN) by molten
salt and reflux approach.'®! The introduction of single Cu atoms
served as reaction centers for CO, adsorption and activation.
8le o o o o EL o o o DFT calculation revealed that the reduction of CO, to CO is an
> o . . .
s : : Z : : % : : Z : energy favorable reaction compared with the CO, reduction to
=) =) =) =) =) =) =) =) =
g E 8 B F B SFE B OB OB CH,. Consequently, the Cu-CCN presented improved photoca-
© o ° - 7 7 e o o o talytic CO, reduction activity and high selectivity (nearly 100%)
z for the conversion of CO, to CO. Taking advantage of CO,
S o adsorption and charge transfer, Liu and co-workers developed
Q
§ § z tungsten doped CCN by solvothermal method for CO,
S E T L S conversion.*”> Owning to the synergetic modulation of photo-
g g & 8 z § § 'é generated electron capture and enrichment, as well as the
'§ 8 ] _g o 5 8 é 3 adsorption and activation of CO, and CO intermediates, the
=] = I . .
8 % s 2 E 2 £ g ” 8 W-doped CCN showed excellent photocatalytic CO, reduction
= o . )
~ ‘g?; E = f "é ‘f E § S : E performance and high selectivity for hydrocarbons.
2 £ z £ - EQ% o= & 8 g = The effective separation of photoexcited charge carriers is
el Elo ¥ 8 & Fo&& 5 8§ = beneficial to improve the photocatalytic CO, reduction activity.**®
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Furthermore, considering that the CO, reduction is a multi-
electron involved process, coupling the cocatalyst, such as gra-
phene, and single atom to promote the transfer and collection of
electrons is an efficient strategy to improve the CO, reduction
performance. For instance, our group constructed a 1D/2D hetero-
junction (CNNA/rGO) of CCN nanoarrays (CNNA) aligned on 2D
graphene sheet through an ionothermal method."”> Due to the
heterojunction effect and ordered 1D structure, the CNNA/rGO
exhibited greatly improved CO, adsorption capacity. Moreover, the
charge transfer and accumulation were greatly improved after the
introduction of rGO. The CNNA/rGO exhibited efficient photoca-
talytic reduction performance due to the selective CO, binding,
improved charge transport, enhanced light absorption as well as
promoted exciton splitting. Xiang and co-workers designed dual-
single-atoms of Pt-Cu on N-vacancy-rich CCN for efficient and
selective CO, reduction.””” The dual single atoms not only inte-
grated the advantages of platinum and copper atoms, but also
promoted the charge transfer and migration.

The conventional reaction system discussed above usually
couples CO, reduction half-reaction with pure water oxidation
half-reaction. However, the water oxidation half-reaction suffers
from sluggish kinetics and large overpotential, resulting in low
catalytic efficiency. Therefore, replacing the H,O oxidation half-
reaction with a thermodynamically favorable organic synthesis to
simultaneously produce two valuable chemicals is an attractive
approach compared with the conventional CO, reduction system.
For instance, Sun and co-workers proposed the co-doping of K
and S into CCN through a salt-template-assisted incorporation
approach for simultaneous photoreforming of biomass and CO,
reduction."®® The K and S co-doping could improve the visible-
light absorption and accelerate the charge transport and separa-
tion. Consequently, the K and S co-doped CCN presented super-
ior photocatalytic performance with a CO generation rate of
16.27 umol g ' h™" and lactic acid yield (78.07%).

6.3. Photocatalytic degradation of pollutants

With the rapid development of industrialization and popula-
tion growth, a large amount of toxic and hazardous pollutants
has been released into the environment, posing a great threat
to human health and the ecological environment. In order to
achieve the sustainable development of human society, photo-
catalytic degradation of pollutants has been demonstrated to be
a promising green approach to address the environmental
problems. The mechanism of photocatalytic degradation is as
follows. Under light irradiation, photogenerated electrons could
reduce the O, adsorbed on the surface of photocatalyst to generate
superoxide radicals (*O, ), which would contribute to the for-
mation of *OH radicals, 'O,, and H,0,. Meanwhile, in some cases,
the photoexcited holes may react with OH™ on the surface to
generate *OH radicals. These main active species (¢7, h', *0,7,
10,, H,0,, *OH) in the above process could oxidize organic
pollutants into CO, and H,O0.

Recently, the CCNs-based photocatalysts have been proved
to be effective in degrading various pollutants, including rhoda-
mine B (RhB),151,152,168,171,228—232 methylene blue (MB),160,229,233

methyl orange (MO),”®  phenol,”®***® tetracycline,'”*?***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pharmaceuticals and  personal products,”®> 170~
ethinylestradiol,>*® soluble U(VI).>*” For instance, Liang and co-
workers reported that the tetragonal CCN hollow tubes exhibited
efficient photocatalytic activity in degrading methylene blue and
phenol, which could be attributed to the high crystallinity, unique
one-dimensional hollow structure and large specific surface
area.”® Li and co-workers investigated the photocatalytic degrada-
tion of pharmaceuticals and personal care products (PPCPs) by
CCN.?* They proposed the route of direct two-electron reduction
on the CCN surface to produce H,0, and subsequent conversion
to *OH radicals, rather than the conventional single-electron
reduction reaction on bulk CN. Due to the improved charge
separation and electron transfer ability, the CCN exhibited
superior photocatalytic activity towards PPCPs-type pollutants.
To obtain an effective charge separation ability, Guo and co-
workers fabricated a CoP/CCN composite photocatalyst via a
facile solvothermal approach for the photodegradation of
tetracycline."”> HRTEM image confirms the high crystallinity,
suggesting reduced structural defects. Furthermore, CoP acted
as the cocatalyst to accelerate the separation of the charge
carriers. As a result, the designed composites showed superior
photocatalytic performance. The photocatalytic reduction of
soluble U(VI) around the clock was achieved by using K" and
cyano group co-modified PHL**” The K* could stabilize the
electrons and generate long-lived radicals, enabling the photo-
catalytic reduction of U(VI) in the dark. Besides the photocata-
Iytic degradation of pollutants in the liquid phase, CCN have
also been intensively investigated for the photocatalytic removal
of gas phase pollutants, including NO***?*° and CH,;SH.”” For
instance, Wang and co-workers prepared in-plane highly
ordered CCN nanosheets (PCNNs-IHO) through on-surface poly-
merization approach for the mineralization of CH;SH
(Fig. 18e).”” As revealed by the HRTEM image, a clear lattice
spacing of 1.07 nm corresponding to the in-plane stacking was
observed, suggesting the enhanced in-plane ordering (Fig. 18f).
Moreover, the NaCl not only acted as unique support to guide
the assembly of two-dimension nanosheets, but also served as a
reactant to afford Na' incorporation to obtain structural base
sites. Owning to the structural basicity, the PCNNs-IHO showed
excellent photocatalytic performance for the mineralization of
CH;SH to SO,>~ (Fig. 18g).

The aforementioned work demonstrated that the CCNs-
based photocatalysts presented outstanding photocatalytic
degradation performance since their high crystallinity could
effectively separate and transfer the charge carriers.

care

6.4. Photocatalytic organic synthesis

Solar-driven organic transformation is a promising technology
for the synthesis of many important compounds. Recently,
CCNs-based photocatalysts for selective organic synthesis
under mild conditions have been intensively investigated. For
example, Huang and co-workers demonstrated that a conversion
rate of 5.81% from cyclohexane to cyclohexanone and a selectivity
over 99.9% could be achieved by using the PTI as a photocatalyst
without any other oxidants, initiators or solvents.”** Wang and
co-workers reported that the conversion of benzyl alcohol to

EES Catal., 2024, 2, 411-447 | 439


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00302g

Open Access Article. Published on 06 January 2024. Downloaded on 3/15/2026 7:07:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

benzaldehyde with 90% selectivity was achieved using CCN as a
photocatalyst to activate 0,.*** This enhanced photocatalytic
activity could be ascribed to the synergistic effect of effective
electron-hole separation and increased surface reaction kinetics.
Su and co-workers reported the selective deuteration of alkenes
and alkynes by the in situ generated D-species in heavy water
splitting using Pd nanoparticles modified KPCN.*” Pieber and co-
workers coupled Ni catalyst with CN-OA-m photocatalyst for
selective C-O cross-couplings of carboxylic acids with aryl
halides.?** As a continuation of the above research, the same
group further extended this method to dual nickel/photocatalytic
C-O coupling.>*®* Hu and co-workers designed CCN with surface
nitrogen vacancies and cyano groups for isomerization of glucose
to fructose with a selectivity of 60%.>** Wang and co-workers
reported the preparation of Fe-PHI with atomically dispersed Fe-
N,C active center by ion exchange method for selective C-H bond
oxidation to valuable carbonyl compounds.**®> Savateev and
co-workers reported a series of research proving the efficient
photocatalytic organic conversion on K-PHI photocatalysts,
including the selective oxidation of benzyl alcohol to benzalde-
hyde and 1,4-dihydropyridines to pyridines,**® oxidative cycliza-
tion N-acylhydrazones to 1,3,4-oxadiazoles,”” photocatalytic
Kindler reaction,>*® oxidative C-H thiolation of toluenes to
dibenzyldisulfanes,**® cyclodimerization of the chalcones to
cyclopentanoles,”*® halogenation of aromatic hydrocarbons,>’
tetrahydroisoquinoline and chalcones to polyaromatic hetero-
cycles,”> [3+2]-cycloadditions reaction,>®® chromoselective
synthesis of sulfonyl chlorides and sulfonamides,*** and so
on. It was found that the conversion and selectivity of benzyl
alcohol to benzaldehyde were excellent under relatively mild
reaction conditions when elemental sulfur (Sg) and K-PHI were
used as sacrificial electron acceptor and photocatalyst, respect-
ively.”*® Recently, Savateev and co-workers described a cascade
of energy-transfer reactions for the preparation of various
oxadiazoles-1,2,4 and isoxazoles via dipolar [3+2]-cyclo-
addition.®® The crystal structure of the potassium poly(heptazine
imide) (K-PHI) was refined by the XRD data and TEM image
(Fig. 19a and b). The high crystallinity was confirmed by the HRTEM
image (Fig. 19c). Interestingly, once excited with visible light, the
K-PHI could undergo crossover between singlet-triplet intersys-
tem, thereby providing a reasonably long-lived triplet excited
state. Then, the triplet excited states could sensitize singlet
oxygen ('0,), and, in turn, employ 'O, as a starting point for
the preparation of up to 25 different N-rich heterocycles
(Fig. 19d). Moreover, the same group reported the selective
synthesis of three different products (arylchlorides, sulfonyl
chlorides and diaryldisulfides) from S-arylthioacetates by chan-
ging the excitation light, using K-PHI as the catalyst (Fig. 19¢).>**
The mechanism of the chromoselective oxidation reaction is
presented in Fig. 19f. Specifically, the diaryldisulfides was
produced by the green or red light irradiation, which was not
sufficient to separate excitons and only participated in the
energy transfer to O,. The formation of sulfenyl chloride was
achieved by the blue light irradiation, enabling electron transfer
to O, and thioacetate. When irradiated with 365 or 410 nm light,
the two-electron oxidation of Cl~ occurred and resulted in the

440 | EES Catal, 2024, 2, 411-447

View Article Online

EES Catalysis

over-chlorination of sulfenyl chloride, which was unstable and
decomposed to chlorobenzene.

6.5. Photocatalytic hydrogen peroxide (H,0,) production

H,0, is a valuable and mild oxidizing chemical extensively used
in paper bleaching, environmental remediation, sterilization,
energy conversion/storage, and fine chemical synthesis.>>>**®
The conventional and prevailing method for industrial produc-
tion of hydrogen peroxide is the anthraquinone process, which
requires intense energy consumption and produces hazardous
waste. Therefore, it is highly desirable to develop an eco-
friendly and sustainable route for H,O, synthesis. Photocataly-
tic production of H,0, from H,O and O, is a green and
attractive approach because it requires only renewable sunlight
as the energy input. The process of artificial photosynthesis of
H,0, could be divided into the five main routes>>’>*" (Fig. 20):
(I) The direct two-electron O, reduction process, (II) sequential
single-electron O, reduction route, (III) sequential electrons
and holes transfer pathway, (IV) the direct two-electron H,O
oxidation reaction, (V) sequential single-electron H,O oxidation
pathway. Therefore, the possible intermediates and corres-
ponding redox potentials (versus normal hydrogen electrode
(NHE) at pH = 0) for the production of H,0, via different
pathways are presented in eqn (9)-(14).>*

E?edox =

*0,” +2H '+ e~ — Hy05 Eoeqox = +1.44V

O,+e > °0,” —0.33V (9)

*0,” +h" - '0, Elqox=10.34V

(
(

O,+ 2H" + 2™ - Hy0, E%gox = +0.68 V (12)
H,O+ 2h" > H' + *OH  E%qox = +2.73 V (
(

2H,0+ 2h" - H,0,+ 2H" ESgox = —1.76 V

Recently, CCNs-based photocatalysts have emerged as a
candidate for efficient artificial photosynthesis of H,0,.>*7>
For instance, Yu and co-workers fabricated ion-intercalated
CCN (CN-KCI/KI) through a facile ionothermal approach for
photosynthesis of H,0,.2®® The ionothermal method not only
enhanced the crystallinity of CN, but also resulted in the
intercalation of K" and I". The doping of I~ reduces the band
gap and improves the light absorption. While the intercalation
of K" not only accelerates the interlayer carrier transport and
separation, but also enhances the selectivity for the two-electron
O, reduction pathway. Benefiting from the synergistic effect of
crystallinity tuning and dual doping engineering, the CN-KCI/KI
shows an excellent H,0, generation rate of 13.1 mmol g " h™" at
400 nm with the AQY of 23.6%.

7. Conclusion and outlook

In conclusion, CCNs have been a popular research topic in
photocatalysis due to their extraordinary features such as high
photogenerated carrier transfer capacity, improved light absorp-
tion ability and low electron-hole pair recombination rate. In this
review, we summarized the recent developments of CCNs and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) Crystal structure of KPHI revealed by the XRD data. (c) HRTEM image of K-PHI. (d) Photocatalytic synthesis of oxadiazoles-1,2,4 and

isoxazoles. Reproduced with permission.2>* Copyright 2020, Wiley-VCH. (e) Three possible products of S-arylthioacetates oxidation by K-PHI. (f) The
chromoselective oxidation mechanism for the production of sulfonyl chlorides, arylchlorides, and disulfides from thio-derivatives. Reproduced with

permission.?>* Copyright 2021, Wiley-VCH.

Direct two-electron O, reduction
2e~+ 2H*

Sequential single-electron H,0 oxidation
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I
\ Direct two-electron H,0 oxidation
Sequential

Fig. 20 Reaction pathways of the photosynthesis of H,O, through the O,
reduction or H,O oxidation reaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry

CCNs-based photocatalysts, focusing on the preparation methods
and design of such photocatalysts with remarkably improved
photocatalytic performance and high photogenerated carrier
separation capability. This review discusses the preparation of
CCNs based on high-temperature and high-pressure routes,
simple ionothermal (molten salt) approach, solvothermal
method and microwave-assisted heating synthesis. The applica-
tions of CCNs-based photocatalysts in the field of solar energy
conversion, such as photocatalytic water splitting, photocatalytic
CO, reduction, photocatalytic pollutant degradation, photocata-
Iytic organic synthesis and photocatalytic H,O, production, are
introduced. Despite the above significant progress in CCNs-based
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photocatalysts, there are still several important challenges to be
addressed:

(1) During the synthesis of CCNs by ionothermal (molten
salt) method, ions could be used as a “template” to induce
different morphologies, but the deep mechanism is still unclear
and more experiments and discussions should be conducted.

(2) The applications of CCN prepared by the solvothermal
and microwave-assisted thermal synthesis route are relatively
isolated.

(3) Although the crystallinity and visible light utilization
have been significantly improved, the specific surface area of
CCN is low and the exposed active sites are limited.

(4) More attention should be paid to the template, supra-
molecular chemistry strategy and solvothermal approach to
tune the morphology and microstructure. There is an urgent
need to develop more supramolecular precursors to synthesize
CCN with various nanostructures.

(5) Even though the performance of CCNs-based photocatalysts
has been greatly improved, the enhancement mechanism is not
deep and specific enough. Some characterization techniques and
DFT calculations should be applied in this field, such as surface
photo-voltage microscopy (SPVM), Kelvin probe force microscopy
(KPFM) and calculation of built-in electric field.

(6) The surface functionalization of CCNs needs to be
further explored to optimize photocatalytic performance.

(7) To further advance the performance of photocatalytic
reduction of CO,, a more comprehensive understanding of
the reaction process is necessary. From this perspective, in situ/
operando techniques would be extremely useful tools to investi-
gate the reaction process and intermediates. For instance, in Situ
Fourier transform infrared spectroscopy (FTIR) and operando
Raman can uncover the intermediates of the reaction.

(8) Although the ionothermal (molten salt) method is an
effective approach for large-scale production of CCNs, other
efficient synthesis methods need to be further explored. More-
over, compared with metal-based photocatalysts, the CCNs
would be suitable for photocatalytic reactions in seawater,
including the production of H, and H,0, in seawater.
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