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Abstract:Recently, polymeric carbon nitride (g-CsNs) as a
proficient photo-catalyst has been effectively employed in
photocatalysis for energy conversion, storage, and pollutants
degradationdue to its low cost, robustness, and environmentally
friendly nature. The critical review summarized the recent
development, fundamentals, nanostructures design, advantages,
and challenges of g-CsN4 (CN), as potential future photoactive
material. The review also discusses the latest information on the
improvement of CN-based heterojunctions including Type-Il, Z-
scheme, metal/CN Schottky junctions, noble metal@CN,
graphene@CN, carbon nanotubes (CNTs)@CN, metal-organic
frameworks (MOFs)/CN, layered double hydroxides (LDH)/CN
heterojunctions and CN-based heterostructures for Ha
production from H,O, CO,conversion and pollutants degradation
in detail. The optical absorption,electronic behavior, charge
separation and transfer, and bandgap alignment of CN-based
heterojunctions are discussed elaborately. The correlations
between CN-based heterostructures and photocatalytic activities
are described excessively. Besides, the prospects of CN-based
heterostructures for energy production, storage, and pollutants
degradation are discussed.

1. Introduction

Due to rapid population growth, urbanization and
improvement of living standards, clean energy production,
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environmental purification,and controlling greenhouse
gasses became key challenges.mlt is estimated that the
globe will need 2-time of its current energy supply by the
mid of 21° century and the world is committed to reduce
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CO, emission .. At the same time, rapid industrialization
has increased environmental pollution including water
pollution to its highest level which also needs to address on

a priority basis. Development and discovery of
semiconductor materials with  high solar energy
transformation efficiency and environmental redress

properties is the way forward to overcome energy and
environment-related global issues. In this regard, new
discoveries in nanoscience and nanoengineering have
been chased to prevail the barrier for energy transferring

and environmental remediation.[3]Among the diverse
opportunities for exploring sustainable zero-emission
energy generation technologies, heterogeneous

photocatalytic technology has been deemed as a proficient
technique to meet the current energy and environmental
issues.”!’ However, photocatalysis requires a stable and
suitable semiconductor that can effectively convert solar
energy through photocatalytic processes such as H, from
H.O splitting,”® photoreduction of CO, hydrocarbon fuels
and photodegradation of waste plastic to fuel.l®!

Since Fujishima and Honda's discovery of H,O splitting
in 1972, followed by Inoue et al.Plinvestigation of the
photocatalytic CO, conversion to hydrocarbon fuels utilizing
TiO,, ZnO, GaP, SiC, and CdS semiconductors trigger
extensive research on the synthesis of numerous
semiconductor photo-catalysts.lg]The common examples of
uv and visible-light responsive semiconductor
photocatalysts includes TiO,, 11 Sno,,t4
BiOCI,"?zn0,™IsrTios, ™ cds,*®  BivO,, M Fe,03,1""
LaFeO3,"®  BiFe0s,™ w03  Bi,WOs?"  Ta,0s,1%?
TaON,”! Cu,0,2¥ TaszNs,?® and so on. So far, the
construction of  high-efficiency  photocatalysts  for
overcoming energy and environmental problems has
received marvelous attention in photocatalysis. The
research scientists have devoted great efforts to fabricate
visible-light responsive novel photocatalysts to effectively
utilize solar energy as solar spectrum comprises of ca. 46%
of visiblelight.”® TiO, (Eg=3.2 eV) is among the widely
investigated semiconductor photocatalysts, however, it is
active only under UV light (ca. 4%).2"

The CN has become an emerging star of scientific
studies, due to its unique optical and electronic structure,
ease of preparation, high chemical and thermal stability,
cost-effectiveness, and "earth-rich" environment.!%® 28
Wang et al.?® utilized CN in photocatalysis in 2006, which
prompt the utilization of CN as a potential catalyst with
proper energy band gap (i.e. 2.7 eV). The valence band
(VB) and conduction band (CB) potentialsof CNare about
+1.4 V and -1.3 V, respectively relative to the Normal H;
electrode (NHE) reduction potential.®® Since, CN has an
aromatic C-N heterocyclic ring with stability up to 600 °C in
air environment. It exhibits high chemical stability in
numerous solvents such as H;O, alcohols, diethyl ether,
glacial acetic acid, toluene, N, N-dimethyl-formamide
(DMF), tetra-hydrofuran (THF), and in 0.1 M aqueous
NaOH because strong van der Waal's forces exist in the
structure layers of CN.BYtis easy to synthesize CN via the
thermal polymerization of N-rich compounds like
melamine,®? cyanamide,®¥ dicyandiamide,*®® *¥ urea,®
thiourea,®® and ammonium thiocyanate.®” Generally, there
exist seven different phases of CN, such as alpha, beta,
cubic, pseudocubic, g-otriazine, g-h-triazine, and g-h-



heptazine, with proper band gap energies of 5.49, 4.85, 4.3,
4.13, 0.93, 2.97, and 2.88 eV, respectively.®® It is
confirmed that triazine-(C3N3), and tri-s-triazine-(CsN7) are
the basic units constituting CN allotrope (Fig. 1).% Among
the seven existing types, (CsN;)-based CN is more
favorable and the highly stable form. [0 Generally, the tri-s-
triazine rings are considered the basic units of CN.
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and energy

In fact, CN consists of only C and N atoms, and its
characteristics could be adjusted by easy tailoring methods,
without altering its structure and
chemicalcomposition.[41]Similarly, due to its polymerization
properties, the CN chemical structure could easily be
changed by surface engineering. Additionally, the (sp?-
hybridized C,N bonding in CN forms a Tm-conjugated
structure.[42]Therefore, the aforementioned unique
characteristics of CN made it a promising material in
photocatalysis[43]However, bare CN has a small surface
area, low electrical conductivity, and rapid charge
recombination rate, so its practical application is still



limited.”Numerous modification approaches, including
manufacturing technology, structural design, changing the
electronic structure by introducing non-metallic elements,
introducing point defects via vacancy generation, depositing
precious metal nanoparticles, and fabricating composites,
are commonly used for upgrading the CN efficiency.”‘” The
modification routes are toan aligned band at the interface in
the designed nanocomposites is the most effective to
improve photo-generated charge carrier’'s separation of CN
for potential photocatalysis.[45] Thus, due to the copious
applications of CN in photocatalysis, the fabrication of novel
CN-based catalysts attracted worldwide attention from
scientific research for efficient solar energy utilization. In
other words, the construction of gC3Ny-based
heterostructures will enable CN to turn into a new family of
the nextgeneration visible-light responsive photocatalyst.

To date, some inspiring reviews on the synthesis,
textural features, and applications of CN are reported.”el
However, there has been no review article that significantly
presents the developmental history, fundamentals,
nanostructures design, heterostructures construction, and
the CN-based heterostructures applications in
photocatalysis from scientific and engineering points of
view. Hence, it is of great significance to provide a broad
and up-to-date review article on CN-based materials from
an open perception.

2. History and Development of CN

The history and precursor materials of CN can be traced
back to the emergent structure, “melamine, melam, melem,
and melon”, discovered by the scientists Berzelius and
Liebig in 1834 (Figure 1).14”)
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Figurel. The C and N rich compounds melamine (a), melam (b), melem
(c), and melon (d), used for CN synthesis.

Further approaches toward these compound structures
were demonstrated by Franklin in 1922 and proposed the
concept of carbon nitride and described that it can be
achieved as the final de-amination product of
ammonocarbonic acids by high-temperature treatment of
melon.*® In 1937, Pauling and Sturdivant described co-
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planar tri-s-triazine as the fundamental structural pattern of
these polymer derivatives.""

Redemann and Lucas suggested that appropriate
similarities exist among the melon and graphite and
molecules are planar and considerably large. They further
concluded that Franklin’s carbon nitride is a dense
condensation product of twenty-one
2,5,8-triamino-tri-s—triazine  (Ci2sH21N175) molecules.®®
They confirmed that a mono-structure cannot be accredited
to melon, as expected it can be a collection of polymers of
various sizes and structures. Later, these compounds have
received worldwide scientific attention by the theoretical
prediction in the 1990s. It was found that opaque C3N4 (b-
CsN4) with sp® bonding has extremely high bulk modulus
and hardness value compared to diamond.®® ** Hence, the
researchers _were greatly motivated toward the
experimental synthesis and characterization of b-C3N,.1%2
However, due to their low thermodynamic stability, it's very
hard to synthesize single-phase sp®-hybridized carbon
nitride® and confirmed from the theoretical predictions that
CN is the highly stable form at ambient conditions.®"

Inspired by the graphite crystal structure, these
compounds were categorized as heptazine and triazine-
based compounds.lss] In polymer melon, the tri-s-triazines
are interconnected by secondary nitrogen, while CN exists
as 2D sheets in which the tri-s-triazines are inter-connected
by tertiary amines (Figure 2).5®

(@)

Figure 2. The s-triazine (a), and tri-s-triazine tecton (b), of CN.

According to recent reports, the pyrolysis of precursors
like cyan-amide, dicyan-diamide and melamine produce a
melon polymer made up of melem component5[57]
suggesting that tecton is the most stable configuration.
Currently, the cyanamide condensation to dicyandiamide
and then to melamine as illustrated by Liebig were found
excellent synthetic routes to produce polymeric species with
slight defect (Figure 3).
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Figure 3.Condensation reaction paths of the cyanamide precursor to
produce polymeric CN.

Similarly, Komatsu has prepared high molecular weight
melon®&while Schnick et al.® isolated and identified the
derivatives of heptazine crystal structures melem
CeN7(NH2)zand  melam  [(H2N)2(CsN3)loNH.  Afterward,
Bordon et al.!®” reported that under high pressure and
temperature, the conversion of dicyandiamide definitely
yields a crystalline imide phase carbon nitride, CaN2(NH).
Recently, highly crystalline carbon nitride was produced by
the self-reduction of dicyandiamide precursor in a melted
salt of LiCl and KCL!*Y! These reports inspired huge efforts
toward more improvement of CN for potential applications
in photocatalysis.

3. Photocatalysis by CN

3.1. Physicochemical Properties

Among various allotropes of carbon nitride, g-CsN4(CN) is
themost stable one.According to the broad investigations by
thermo gravimetric analysis, the stability of CN could be retained
up to 600 °C or a little above.®™ A strong endo-thermal peak
related to the degradation of CN arouse at 630 °C, which is
approximately 30 °C higher than the starting point of degradation
(i.e. 600 °C). The complete degradation of CN occurs at 750 °C,
reflecting that it exhibits high thermal stability. Further, no
reactivity or solubility of CN could be observed in conventional
solvents like water, toluene, ethanol, dimethyl formamide, diethyl
ether, and tetrahydrofuran. The CN exhibits high chemical
stability and durability in various solvents such as water,
acetonitrile, ethanol, pyridine, dimethyl formamide, acetic acid,
acetone, methylene chloride, and 0.1 M sodium hydroxide
agqueous solution.® It is very important to describe the optical
properties of CN, which are usually investigated by the UV-vis
absorption and photoluminescence techniques. Based on the
theoretical calculations, it was confirmed that the semiconductor
CN exhibits a band gap larger than 5 eV, mainly relying on the
structural diversities. Generally, the traditional CN exhibits
absorption up to 470 nm. While introducing a mesoporous
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structure, its light absorption ability could be improved due to its
large specific surface-area and numerous scattering assets. As
investigated by the photoluminescence technique, charge
recombination in mesoporous CN could be greatly suppressed.
This phenomenon could be due to the electron relocalization on
the surface terminal sites that promote the catalytic redox
function of the CN.®¥ From above all, it could be stated that CN
display high stability, good durability suggesting that it could be
utilized as a promising photocatalyst even under harsh and
dreadful conditions.

3.2. Heterogeneous Photocatalytic Mechanism

The heterogeneous photocatalyticsystems have been
designed and developed for applications in
photocatalysis.[e‘s] Photocatalysis is an interesting advanced
techniqueused for energy conversion and mineralizationof
various hazardous pollutants and inactivation of the bio-
hazards. In particular,heterogeneous photocatalysis has
broad applications in waste watertreatment owing to its
prospective features like feasible temperature and
pressure, complete mineralization of pollutants without
producingany secondary pollutants,and reliable cost-
effectively.®® So far, the traditional biological and
electrocatalytic techniques have been widely investigated
but they frequently exhibited low stability, low mechanical
strength, poisoning of catalyst, and electrode corrosion.
Heterogeneous photocatalysis has an advantage over
these techniques because of its low cost, high thermal and
chemical stability, high efficiency, and no toxicity.®”
Photocatalysis produces reactive oxygen species(ROS)

such asthe +0%, H,0, +OH,'0,, and h'*under
suitableconditionsby reacting with the
dissolvedO,molecules or H,O/OH™, which facilitate

oxidationof various pollutants. In contrast, for the most
favorable energy conversion, the H'and CO.could be
reduced to Hzand hydrocarbons, while the H,O/OH™ could
be transformed to O, by an oxidation process.'*®

The fundamental mechanism of heterogeneous
photocatalytic process has been depicted in Figure 4. The
mechanism of heterogeneous photocatalytic process
comprises seven important key steps including (i) solar light
absorption; (ii) generationof charge carriers; (ii) separation
and transfer of charge -carrier's; (iv) charge carrier's
recombination; (v) recombination of surface charge
carrier’s; (vi) surface reduction reactions; and (vii) surface
oxidation reactions. In general, by constructing a layered
macropore/mesoporous structure that directly affects the
photocatalytic steps, the efficiency of a catalyst could be
significantly improved.[GQ]When a semiconductor is
irradiated by sunlight, and energy of a photon is equal to or
higher than its energy band gap, the transition of electrons
occurs from VB to the CB, while leaving holes in its VB. The
CB bottom of CN is highly negative (i.e. -1.3 V vs. the
NHE)2% " that facilitates its broad applications in visible-
light photocatalysis./™



=

Volume recombination
Surface recombination
=

s eV B

mechanism and

fundamental
heterogeneous photocatalysis: (i) solar light absorption; (ii) generation of
charge carriers; (iii) charge carriers transfer and separation; (iv) charge
recombination; (v) charge recombination on the surface; (vi) surface
reduction and (vii) oxidation reactions.

Figure 4. The typical steps in

The construction of interfacial heterojunctions is one of
the best ways to overcome the problem of charge
recombination and to enhance its separation and transfer to
activesites for faster redox reactions that drastically
enhance photocatalytic efficiency.m] The surface redox
reactions probably take place only if the redox potential
values are enough positive or negative relative to the CB
and VB potential of semiconductor photocatalysts. Various
standard reduction and oxidation potentials are enlisted in
Table 1 and all the enlisted reactions in Table 1 display
identical linear pH reliance having a slope of -0.059 V,
except for E° (0,/027) which do not depend on pH.I"®

Table 1.Standard reduction and oxidation potentials of some typical
species.
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2H" + 2e™+ 2CO,(g) — HOOCCOOH(aq) -0.4810
2H" + 2e”+ CO,(g) — H,0O + CO(g) -0.110
4H" + 4e™ + CO,(g) — H,O + HCHO(aq) -0.070
4H' + 4e”+ CO,(g) — C(s) + 2H,0 0.2060
6H" + 6e™+ COx(g) — H,O + CH;OH(aq) 0.030
8H" + 8e™+ CO,(g) — 2H,0 + CH.(Q) 0.1690
8H,0 + 12e” + 2CO, (g) — 120H + C,Ha(g) 0.070
9H,0 + 12e” + 2CO,(g)—~ 120H™ + C,HsOH(aq) | 0.080
13H,0 + 18e” + 3CO,(g) — 180H + C;H,0H(aq) | 0.090
H" + e”+ H,0,(aq) » OH + H,O 1.140
H" + ™+ HO,» — H,0,(aq) 1.440
2H" + 2e”+ H,05(aq) — 2H,0 1.7630

Reactions E°Vs. NHE (pH= 0)
2e + 2H" - Hy(g) 0

e + 0Oy(g) - O, (aq) -0.330

H" + e + 0,(g) — HO,+(aq) —0.0460

2H" + 2e”+ 0,(g) — H,0,(aq) 0.6950

4h™+ 2H,0(aq) — 4H" + 0,(g) 1.2290

2H" + 2e”+ O4(g) — H,0 + O(g) 2.0750

h*+ OH 4 OH 2.690

e +CO;- CO; -1.90

2H" + 2e”+ CO,(g) -~ HCOOH(aq) —-0.1990

To solve these critical issues, various modification
approaches like the tuning of band gap and nano-micro
structures, addition of co-catalysts, surfaces and interfaces
engineering, etc. are projected and used to boost up the
visible light catalytic efficiency of photocatalysts.[”]The
detail about the design and modification strategies of CN for
heterostructures formation will be systematically presented
in section 5.

3.3. The CN Photocatalyst Advantages and Challenges

The polymer CN exhibits a 2.7 eV band gap,™
corresponding to the approximately 460 nm absorption
wavelength. Accordingly, CN is considered to be a potential
visible-light catalyst. Some typical standard redox potentials
at pH 7 versusNHE with respect to CN are shown in Figure
5.
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Figure 5. The redox potentials of some typical reactions versus the CN
valence and CB edges at pH = 7.

Taking into consideration the over-potentials and
thermodynamic losses during the photocatalytic reactions,
the CNband gap by chance is located in between 2.0 eV
and 3.1 eV. Thus, CN can accomplish photocatalytic water
splitting reactions with adequate endothermic driving forces



(> 1.23 V) and utilize enough visible-light (< 3.1 eV).F®
"!INotably, the CB edge of CN is set at -1.3 V vs. NHE,
which is favorable for many important reduction reactions,
such as CO; conversion, H, evolution, O, reduction, and
environment remediation by degradation of pollutants.[mln
CN photocatalyst, the C and N atoms exist with a C/N molar
ratio of 0.75, signifying that it can be synthesized by cost-
effective methods such as thermal condensation of
nitrogen-rich precursors like cyan-amide, dicyan-diamide,
thiourea, urea, melamine, guanidine hydrochloride at 450-
600 °C in airfinert environments® while the highly
crystalline well ordered and condensed CN structures could
be prepared by ionic liquids,”™ molecular self-assembly,?”
ionothermal strategy,®and microwave irradiation,®? as
depicted in Figure 6.
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Figure 6. Various synthetic routes of CN by utilizing nitrogen-rich
precursors.

Thus, the natural abundance, high stability, non-toxicity,
and surface-rich features allow the use of polymeric CN as
a multi-functional heterogeneous photocatalyst. Though,
the activity of CN (bulk) is still low which can be attributed to
some serious shortfalls such as small surface area,
inadequate active sites for interfacial reactions, high charge
recombination rate, low mobility of charges, moderate
oxidation ability, and inadequate solar light consumption (A
< 460 nm).®®¥! Although, the very few drawbacks of CN
greatly limit its practical applications as a potential
photocatalyst, however, it still provides more opportunities
to design and construct CN-based highly efficient
photocatalysts for future studies.

4. Synthesis of CN Nanostructures

The nanostructure design has received considerable
attention in past few years owing to the diverse applications
in the improved photocatalytic efficiency of semiconductor
photocatalysts.lg"] Remarkable progress has been
accomplished to design and develop controlled-shape CN
and to investigate the correlation between morphological
textures and photocatalytic activities. To synthesize CN
nanostructures, two approaches such as “top-down” and
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“bottom-up” can be applied.lgs] In the CN nanostructures
design, the top-down approach comprises the liquid or
thermal exfoliation techniques, while the bottom-up
approach comprises solvothermal process, supra-molecular
pre-organization, and template methods.

4.1. Top-down Approach

The two-dimensional (2D) CN nanosheet structure with
large specific surface area, atomic and/or molecular
thickness, and infinite planar lengths display exceptional
optical, thermal, electrical, and mechanical characteristics
and potentially exhibit broad applications in photocatalysis
for solar energy conversion.® The top-down approach is
applied to split the block system of CN into subunits, so-
called CN nanosheets. The top-down approaches like liquid
ammonia assisted lithiation, liquid, liquid-exfoliation
technique, and thermal exfoliation, single or few-layered
nanosheets of CN can be obtained.

4.1.1 Liquid Exfoliation Technique

Using liquid exfoliation technique, different sorts of mono-
layer and multi-layer sheets have been extracted from CN
powder in different solvents like H.0,%* " 2_propanol,®®
1,3-butanediol,®™  H,0/2-propanol,®® methanol,®¥ and
H,O/2-propanol/dimethyl  formamide’®® by  sonication
process. Xie et al.’® obtained the CN nanosheets via the
liguid-exfoliation of bulk CN in H;O. The obtained
nanosheets were in the range of 70-160 nm and their
thickness was about 2.5 nm, suggesting that there exist
approximately seven atomic layers as depicted in Figure
7(a).

The CN nanosheets showed superior light absorption
and significant photocurrent response and photoactivity in
comparison to the bulk and induced photo-luminescence
quantum efficiency up to 19.6 %, superior to the efficiency
of bulk CN. They demonstrated that nanosheets of CN
soluble in H,O having improved stability, non-toxicity and
high quantum vyield are promising for potential
photocatalytic applications.

4.1.2 Chemical Exfoliation Technique

Zhu et al.”®® synthesized ultrathin single atomic-layer (0.4
nm) CN nanosheets via a chemical exfoliation technique
simply by mixing the CN (bulk) in sulphuric acid
(H2S04, %age purity 98%) before sonication in H,O. The
as-prepared mono atomic-layered nanosheets of CN
exhibited superior charge separation and transfer and
excellent activity for H; generation and pollutant
degradation relative to the bulk one. This indicates that the
single-layer nanosheets of CN exhibit broad potential
applications in photocatalysis. Zhao et al.®followed the
monolayer strategy of bulk nanosheets, and obtained thin-
layer atomic CN nanosheets having 0.4-0.5 nm thickness
by the ultrasonicexfoliation. The visible-light activity of
resultant atomic single layer CN nanosheets was appraised
for rhodamine B degradation. The mono-layered CN
nanosheets exhibited about 3.0-folds and 10.2-folds
improved activity for RhB degradation compared to the few-
layer nanosheets of CN and the bulk one, respectively. The



enhanced activity has been accredited to the atomic single-
layer CN nanosheets structure, which greatly prolonged the
charge carrier’s lifetime and served as an excellent electron
transporter.

4.1.3 Mixed Solvent Approach

Lin et al.®? proposed a flexible and scalable-mixed solvent

approach to obtain single layer nanosheets of CN from the
bulk one via a liquid exfoliation technique. In this technique,
the CN nanosheets concentration can be simply tuned from
0.1 to 3 mg mL™ by varying the volume-ratios of the used
solvents. The nanosheets exhibit high stability, can be
stored for six months without any aggregation, and have
excellent photoactivity for degradation of rhodamine B and
the benzyl alcohol selective oxidation, compared to the
corresponding layered parts.

4.1.4 Liquid-ammonia Assisted Lithiation Method

The liquid ammonia-assisted lithiation approach has also
been used efficiently to exfoliate nanosheets of CN from the
bulk one. Yin et al.’® prepared few layered CN via the
liquid-ammonia assisted lithiation technique and the
resultant few-layer thick nanosheets of CN exhibited
different surface structures as well as absorption and
electronic properties compared to those of the bulk one.
The nanosheets exhibited improved photoactivities for H
production and hydroxyl radical’'s generation in comparison
to the bulk one.

4.1.5 Thermal Exfoliation Approach

The thermal exfoliation approach is also an efficient, low
cost, non-toxic, high vyielding, fast, and environmental
friendly technique for fabricating nanosheets of CN. Niu et
aI.[96]proposed a thermal-oxidation-etching method to obtain
six to seven layered CN nanosheets (thickness about 2 nm)
from the bulk one, as shown in Figure 7(b).The CN
nanosheets showed a massive specific surface area, larger
band gap, smaller nanosheets thickness, enhanced
capability of electron transmission in-plane direction, and a
longer charge carrier’s lifetime due to quantum-confinement
effect. Notably, the resultant CN nanosheets exhibited
enhanced photo-activity for H,O reduction to generate H;
under UV-vis and visible irradiations, in comparison to the
bulk one.

Ong et al.[97]synthesized graphene-like carbon nitride
from the intercalation compound based on CN (CN/NH4CI)
by thermal exfoliation. The resultant material exhibited 2D
thin layered structures with 2—3 nm thickness and six to
nine atomic layers. The material showed excellent
photoactivity in degrading methylene blue, which was
accredited to large surfacearea (30 m? g?), enhanced
photocurrent response and electronic conductivity. Based
on the above studies, it is suggested that 2D nanomaterials
with single or few atomic layered structures exhibit
prospective applications in catalysis, sensors, electronics,
supercapacitors, and energy storage.°®

4.2. Bottom-up Approach

4.2.1. Template Method
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The template-technique is an efficient approach used for
fabrication of porous architecture materials. In this method,
organic and inorganic nanostructures are employed as
templates.lgg] The morphology, size, and porous texture can
be simply altered by using various templates. Porous
nanosized CN can be obtained via both the soft and hard
template techniques as depicted in Figure 7(c,d).

4.2.1.1 Hard Template Method

This method is flexible, controllable, and accurate for the
synthesis of nano-textured materials. In hard template
strategy, the used templates are very flexible and
accessible for the construction of various geometrical
shapes that falls in the range of nano-scale, micro-scale,
and macro-scale. This method is also effective for the
synthesis of hierarchical porous structures. It is noteworthy
that the well ordered mesoporous structures can be
obtained using hard templates as illustrated in Figure 7(e).
The CN with diverse structural morphologies can be
prepared using proper templates."®™ Jun et al.’*¥ reported
synthesis of large surface-area (239 m? g') 2D CN with
mean pore size of 4.89 nm using ordered meso-porous
SBA-15 as hard template, as shown in Figure 7(f). The
porous structures are much significant for improving the
activity and selectivity in photocatalysis. The porous
architecture allows the orientation of guest molecules and
assembly of catalytic co-factors into the materials structure.

[ 5]
woespoorne (2)
¥ x‘ \" Exfoliation
[T ——
& §
oooiioo s

Bulk g-C,N,

(b) 9-C;N, nanosheets |
—

Thermal oxidation
—_—

© carbon @ nitrigen A HO Bulk g-C,N, 9-CyN, nanoshes
(C) Nanocasting i
Mesoporous template Mesoporous replica :

() Cooperative assembly Template removal

Figure 7. The liquid-exfoliation of bulk CN to nanosheets (a). Adapted
with permission from ref.®3 Copyright-2013, The American Chemical
Society. Thermal exfoliation of the bulk CN to nanosheets (b). Adapted
with permission from ref.*®l. Copyright-2012, Wiley-VCH.Schematic



representation for fabrication of porous CN by hard-templating approach
(c), and soft-templating approach (d). Adapted with permission from
ref.’®? Copyright 2011, The Royal Society of Chemistry. Design for
obtaining 2D porous CN via a hard template-method (e). Reproduced
with permission from ref.***. Copyright-2008, The American Chemical
Society. The TEM micrograph of 2D CN (porous) obtained via a hard
template (SBA-15 silica sieve) (f). Adapted with permission from ref.*°!
Copyright-2009, Wiley-VCH.

Vinu*®! synthesized well-ordered meso-porous 2D CN
(meso-CN) by nanocasting techniqgue using ethylene-
diamine ((CHz;—NH;)2) and carbon tetra-chloride (CCls) as
the precursor materials and SBA-15 as a hard template for
pores introduction as shown in Figure 8(a). The resultant
TEM images are shown in Figure 8(b, c). The material
exhibited 2D hexagonal ordered meso-structures with pore
size about 2.9 nm, and surface area of ~ 140 m? g'l. It was
noted that by varying the weight ratio of (CH>—NH>), to CCl4
from 0.3 to 0.9, the C/N ratio could be tuned from 4.5 to 3.5.

Wang et al.’®! prepared ordered meso-porous CN

(ompCN) via SBA-15 template assisted nano-casting
method. In the resultant material, the C/N ratio was 0.73:1,
and its semiconducting properties were analogous to the
bulk one. The resultant ompCN material exhibited 2D
framework, uniform pore sizes and large surface area

leading to the superior H, generation with the aid of Pt as a
[105]

co-catalyst and electron acceptor. Zhang et al.
combined the properties of both nanospheres and
nanosheets, and fabricated nano-spherical CN

photocatalyst comprised of CN nanosheets with 3D-layered
framework build up from the 2D nanosheets having pointed
edge-tips by hard template method using spherical silica.
The open surface of 3D nanosheets with pointed edges
induced an analogous promotion like “lightning rod effect”
and the material showed rapid charges collection and
separation at the sharp tip, and H, production activity for the
optimized 3 wt% Pt/NS-CN catalyst was much significant
with appreciable quantum efficiency of 9.6 % at wavelength
420 nm. Thus, by selecting various templates with different
nanoarchitectures, CN with various porous architectures
can be obtained. Similarly, the properties and photocatalytic
activities can also be tuned.

4.2.1.2 Soft Template Method

Yan %! reported the fabrication of mesoporous CN from
melamine via the soft template (Pluronic-P123) that
exhibited worm-like porous morphology with large surface
area and broad visible-light response. The catalytic activity
of the as-prepared meso-porous CN for H, evolution was
considerably enhanced and the material even exhibited
activity at wavelength greater than 700 nm.

According to Wang et al.,*°” porous CN can be

prepared from the dicyandiamide (DCDA) precursor via
different varieties of non ionic surfactant and polymers
(amphiphilic block i.e. P123, F127, Triton(X-100), Brij-30,
Brij-58, and Brij-76) working as a soft template. The TEM
micrograph of porous CN prepared by using P123 template
is shown in Figure 8(d), which reflects the pore structures
within the Pluronic-based CN-material. The surface areas of
the porous CN obtained via using different amount of P123
were in the range of 10.0-299 m? g* and exhibited
microporous texture. They investigated that Triton X-100 is
a good exception (soft template) for fabrication of porous
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CN nanomaterials. TEM micrographs of the nanostructured
CN prepared by using Triton X-100 template are shown in
Figure 8(e,f). The TEM images reflect the well developed
porous texture and the geometric properties of original
surfactants supramolecular aggregates. The corresponding
pore-size diameters of nanoporous CN were of 3.8-15 nm.
The specific surface area was about 76 m? g*, and
micropores were absent. Using ionic liquids as soft
templates, much better nanoporous textures were obtained
especially for the used BmimPFs as shown in the TEM
micrograph (Figure 8(g)).

(a) \w k/&

Ethylenediamine

Carbon tetrachloride

50 nm_

Figure 8.Design for mesoporous CN fabrication by nanocasting
technique (a), the TEM micrographs of the resultant porous CN (b, c).
Reproduced with permission from ref."®® TEM micrographs of nano-
porous CN prepared from DCDA by using P123 template (d), prepared
by using Triton X-100 (e, f), and by using BmimPF6 (g). Adapted with
permission from ref.’*”! Copyright 2010, Wiley-VCH.

Thus, by the self polymerization reaction of
dicyandiamide using various soft templates, the Triton-(X-
100) and the ionic liquids were found best templates to
obtain CN with highly developed porous texture and large
specific surface area.

5. Design and Fabrication of CN-based
Heterostructures

The design of CN-based heterojunctions is engineered by
employing both of the CN and the coupled semiconductors
under solar light. In CN heterojunctions, the VB and CB
edges of some typical semiconductors versus NHE at
pH=7.0 are depicted in Figure 9.%
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Figure 9. Some typical semiconductors band gaps with proper VB and
CB edges versus the NHE at pH=7.

As CN is coupled with semiconductors having different
electronic and band structures, a new electronic structure is
formed due to band bending, which results from potential
difference in the heterojunction. Simultaneously, a built-in
electric-field at the interface is produced, that spatially
separate and migrate the charge carriers.**® Based on the
VB and CB potentials, the CN-based hetero-junctions could
be categorized into three major kinds, such as Type |, Type
I, and the Z-scheme, as depicted in Figure 10.**% In such
types of heterojunctions, CN could be taken as
semiconductor number 1 or 2, relative to the band levels of
the coupled semiconductors. In Type | heterojunctions
(Figure 10(a)), the CB edge of semiconductor-1 would be
higher than the CB level of semiconductor-2, and its VB
level would be lower than the VB level of semiconductor-2.
Therefore, under solar irradiation with energy of photons
equal or greater than the semiconductor band gap, electron
and hole pairs are generated and both would transfer to the
semiconductor-2, due to its band edge levels. While, both
the electron and holes are collected in semiconductor-2,
and as a whole there is no apparent improvement of
photogenerated charge carrier’s separation that results in
the low photo-redox efficiency. In Type Il heterojunctions
(Figure 10(b)), the CB edge of semiconductor-1 would be
higher than the CB level of semiconductor-2. Similarly, its
VB level would be higher than the VB edge of
semiconductor-2. Under solar irradiation, band bending are
formed at interface junction and the charge carrier’'s moves
in opposite directions.™"! Type Il heterojunctions are more
advantageous due to efficient electron-hole pairs separation
in them. Further, the redox reactions took place in two
dissimilar semiconductors. In Z-scheme heterojunctions
(Figure 10(c)), the CB edge of semiconductor-1 is located
above CB of the semiconductor-2 and VB level of the

WILEY-VCH

semiconductor-2.'*¥  Thus, selecting a suitable
semiconductor photocatalyst for coupling with CN is of
great importance for improving interfacial charge transport
and separation and solar energy utilization more efficiently.
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Figure 10. Schematic of the band alignments of the three various kinds
of heterojunctions: Type | (a), Type Il (b), and Z-scheme (c). In the fig, “A”
represent electrons acceptor and “D” represent electrons donor.

Summary of some latest publications on CN based
heterojunctions and the evaluated photocatalytic reactions
are shown in Table 2. Although, an effective charge
carrier’'s separation can be accomplished in Type |l
heterojunctions, however, the main shortfall of this system
is that the redox powers of photogenerated charges are
decreased during charge transfer. This is because of the
slightly positive VB level of the semiconductor 1 and slightly
negative CB level of the semiconductor 2.*%! Thus, to
achieve strong redox ability of Type Il heterojunctions is a
great challenge for researchers.

semiconductor-1 is close to the CB band level of
Table 2. Typical examples of type-lI, -1l, and the Z-scheme heterojunctions.
CN based Types Photocatalytic reactions Reference
heterojunctions (Year)
Ag2CO3-CN Type(ll) Methyl Orange (MO) & Rhodamine (2015)fY
B (RhB) degradation

AgCl-Ag;PO,@CN Type(ll) Sulfamethoxazole degradation (2017)4
AgsP0O,~CN Type(ll) RhB degradation (2014)19!
AgsP0O,~CN Type(ll) Diclofenac degradation (2018)*°!
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Ag,O-CN
Ag-Ag,O@CN

Agg PO4,—CN

AgBr-CN
AglOs—CN
AgVO5;—CN
Ag,WO,~CN
Bi,WOs—CN
BiOBr—CN
BiOCI-CN
BiOCI-CN
BiOCI-CN
Bis Ti3O12—CN

BiVO,—Pyridine-Doped
CN

BiVO4—CN
BiVO4—CN

BiVO4—CN

BiVO4—CN

Caln;S4,—CN
CdS-CN
CdS-CN

CdS QD-CN
CdSe QD-CN
Cdp5Zng5S—CN
CeO,—CN
CeO,-CN
CeO,-CN
Pd-CeO,—CN
CeOz—attapulgite—CN
N-CeOx—CN

CoTiO3—-CN

Type(l)
Type(l)

Semicond-cond-semicond Z-scheme

Type(ll)
Type(ll)
Type(ll)
Semicond-semicond Z-scheme
Semicond-semicond Z-scheme
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)

Semicond-semicond Z-scheme

Semicond-semicondZ-scheme

Semicond-semicond Z-scheme

Type(ll)

Semicond-semicond Z-scheme

Type(l)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Semicond-semicondZ-scheme
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)

Semicond-semicondZ-scheme

MO degradation

MO degradation

CO; conversion to CO, CH,4, CH30H,
& C,HsOH

MO & 4-chlorophenol degradation
MO & RhB degradation

Fuchsin & bisphenol A degradation
MO degradation

RhB degradation

RhB degradation

MO& phenol degradation
4-chlorophenol degradation

None

RhB degradation

Phenol& MO degradation

RhB & tetracycline degradation
Methylene blue (MB) degradation

Benzyl alcohol, benzyl amine & aniline
oxidation

Tetracycline, oxytetracycline &
ciprofloxacin degradation

H; evolution & MO degradation
H> evolution

Azo dye & MO degradation
H> evolution

H> evolution

H> evolution

CO; reduction to CO & CH4
2,4-dichlorophenol

H> evolution

Detoxification of toxic Cr(VI)
Desulfurization

H> evolution

H, evolution

(2013)17
(2016)*8!

(2015)1*!

(2013)1*2"!
(2015)*2
(2015)1*%2
(2017)1*%!
(2015)1*24
(2013)1*%!
(2015)1%!
(2018)1*?"
(2017)1*%
(2018)1*%

(2017)1%0

(2019)1%Y
(2018)*%2

(2017)1%

(2016)*%4

(2015)1%!
(2013)1*%¢!
(2017)1%7
(2015)1%
(2018)1*3!
(2018)14°!
(2016)**
(2019)1*42
(2018)1*
(2017)144
(2017)1*°!
(2015)1%¢!

(2016)47!
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Cu,O-CN
Cu,O-CN
Cu,O-CN
Fe;O3—CN
FeSe,—CN
CN-CN
In,O3—CN
INVO4—CN
LaFeO3—gCsN4

Mgln284—CN

MnO,-CN
MoS,—CN
MoS,—CN
MoS,—CN
MoS,—CN
0D(M0S;) —2D(CN)
N-SrTiOs—CN
NiO—-CN
Polypyrrole-CN
Red phosphor—-CN
SmVO,—CN
SnO,-CN
SnO,—-CN
SnO,—B-P codoped CN
SnS,—CN
SnS,-CN

TiO>—CN

TiO>—CN

TiO—CN
AU-TiOz—g C3 N4

B-TiO—CN

Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Semicond-semicondZ-scheme

Type(ll)

Semicond-semicondZ-scheme
Type(ll)
Type(ll)
Semicond-semicondZ-scheme
Semicond-semicondZ-scheme
Semicond-semicondZ-scheme
Semicond-semicondZ-scheme
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)
Type(ll)

Type(ll),Semicond-semicond Z-
scheme

Type(ll)
Type(ll)

Type(ll)

H> evolution

MB & MO degradation

H> evolution

RhB degradation

H> evolution

NO removal

H> evolution & CO; conversion to CHa
H> evolution

H; evolution & MB degradation

4-nitroaniline  (4-NA)
MO degradation

reduction and

RhB & phenol degradation

MO degradation

H> evolution

CO; conversion

CO; conversion

H> evolution

RhB degradation

MB degradation

RhB degradation

H> evolution & CO; conversion to CHy
RhB degradation

H; evolution & MO degradation

MO degradation

CO; conversion

RhB, MO & 4-nitrophenol degradation
MO degradation

H, evolution &
degradation

ciprofloxacin

N2O decomposition

H, evolution
H, evolution

H, evolution

(2014)1%8!
(2017)149!
(2017)150
(2015)1*%4
(2020)1*%2
(2013)1*%
(2014)1%4
(2015)1%°!
(2017)1%!

(2019)1%7

(2017)1%®
(2017)1%
(2016)%
(2017)164
(2018)1eY
(2018)1¢2
(2014)163!
(2014)164
(2015)16!
(2013)°¢!
(2013)1¢7
(2014)68!
(2018)16!
(2017)17
(2015)*"
(2016)1t72

(2016)17

(2018)1™

(2016)144¢!
(2018)1™

(2015)17®

11
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C-TiO,-CN Type(ll)
N-TiO,—CN Type(ll)
N-TiO,—CN Type(ll)
N-TiO,—CN Type(ll)
Ti**-TiO,—O-CN Type(ll)

UiO-66—CN Semicond-semicond Z-scheme
UiO-66—CN Semicond-semicond Z-scheme
V,05—CN Semicond-semicond Z-scheme
WO3-CN Type(ll)

WO3z-CN Semicond-semicond Z-scheme
WO3-CN Semicond-semicond Z-scheme
WOz;@CN Semicond-semicond Z-scheme
WO;@CN Semicond-semicond Z-scheme
ZnFe,0,@CN Type(l)

Znin;S;@CN Type(ll)

Znin;S;@CN Type(ll)

Znln;S;—NC@CN

ZnO@CN Type(ll)

Semicond-cond-semicond Z-scheme

MO degradation

(2017)7"
NO removal (2018)[178]
H; evolution & RhB degradation (2015)[32d]
CO; conversionto CO & CHy (2014)[179]
RhB degradation (2017)[180]
H, evolution (2015)[181]
Cr(VI) reduction (2019)[182]
RhB & tetracycline degradation (2016)[183]
RhB degradation (2014)[184]
MB degradation (2017)[185]
H, evolution (2017)[186]
RhB degradation (2019)[187]
CO; conversion to CH30OH (2014)[188]
H, generation (2014)[189]
gégragztr:;ation, MO & phenol (2015)[190]
jgg;gg;—;anhenoxyacetic acid (201 6)[191]
H, evolution (2015)[1921
MB & MO degradation (2017)[193]

5.1. CN-based Type-Il Heterojunctions

The fabrication of CN-based Type Il hetero-junctions is
beneficial for photoinduced charge carrier's separation
owing to the stagger band structure of the coupled
semiconductors. An appropriate band configuration is the
key deliberation to choose the 2™ catalyst for fabricating
CN-based Type Il heterojunctions. Li et al.**!! fabricated
composites of CN/TiO, (Figure 11(a)), that exhibit super-
imposed XRD patterns of TiO, and CN, demonstrating the
heterojunction formation. The samples exhibited better
visible-light catalytic performance for degradation of methyl
orange (MO) as compared to the bare CN (Figure 11(b)).
The activity of the optimized nanocomposite was also
examined under UV-vis irradiations. Compared to the
individual CN and TiO;, the nanocomposite displayed
drastically improved photoactivity for methyl orange (MO)
degradation. This was ascribed to the superior charge
carrier’'s separation by electrons transfer from the CB of CN
to the CB of TiO; (Figure 11(c, d)).

He et al.’®® reported ZnO/CN nanocomposites for CO;
conversion under UV-vis irradiation. Figure 11(e) clearly
indicates that the XRD patterns of both the components
exist in ZnO/CN composites. The formation of ZnO/CN

heterojunctions significantly promoted charge carriers
separation and considerably improved its activity for photo-
catalytic CO; conversion. The optimized ZnO/CN
nanocomposite exhibited CO, reduction rate of 45.6
umolh™ gcat™ (Figure 11(f)), about 4.9 and 6.4-time
enhanced compared to the individual CN and P25
photocatalysts, respectively. The charge separation and
transport mechanism is depicted in Figure 11(g).
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Figure 11.XRD patterns (a), photocatalytic activities for methyl orange
degradation (b), and charge carriers separation and transport
mechanism (c, d) of CN/TiO, composites. Reproduced from ref."**! with
permission. Copyright 2016, Elsevier. XRD patterns (e), photocatalytic
CO, conversion activities (f), and charge carriers separation and transfer
mechanism (g) of ZnO/CN heterojunctions. Reproduced from ref."** with
permission. Copyright 2015, Elsevier.

It is noteworthy, that CN could be simply exfoliated into
thin nanosheets structures with high flexibility. Thus, the
exfoliated CN sheets facilitate the synthesis of CN-based
core/shell heterostructures, in which the highly flexible CN
sheets cover the coupled semiconductors "°°*°¢ The
construction of core-shell heterostructures prevent the
nanosheets aggregation and efficiently consume the
absorption capability of the CN shell. Pan et al.2?®” reported
the synthesis BiPO4@CN core-shell nanocomposites via
electrostatic self-assembly technique. They observed a flat
CN coating layer with thickness of approximately 18 nm
onto BiPO, surface as shown in Figure 12(a-d).
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Figure 12. Bright-field TEM micrograph (a), dark-field TEM micrograph
(b), TEM micrograph (c), and HRTEM micrograph (d) of the CN-BiPO,
(CNBP-10) nanocomposite. Photo-luminescence decay curves of the
CN/BiPO, (CNBP-4), BiPO,, and CN samples measured at excitation
wavelength of 254 nm, and emission wavelength of 550 nm (e), Charge
carrier's separation and transport mechanism in BiPO,/CN
nanocomposite (f). Adapted with permission from ref.**”). Copyright 2012,
Wiley-VCH.

The BiPOs@CN core/shell nanocomposite exhibited
improved UV-vis and visible light activity for
photodegradation of MB, which was accredited to the
enhanced charge carriers separation by the photo-induced
electron-hole transfer at the interfacial junction of BiPO, and
the CN. The promoted charge -carrier separation of
BiPO,@CN core-shell composites was confirmed by
electrochemical impedance spectra photocurrent results.
Further, the photoluminescence (PL) decay results (Figure
12(e)) revealed that the charge carriers recombination is
drastically inhibited. As depicted in Figure 12(f), the energy
band levels between the CN and BiPO, components well
match for Type Il heterojunction. Thus, the photo-induced
charge carrier's could be extensively separated by
transferring the CN excited electrons to the more positive
CB of BiPO4 and holes of the BiPO, to more negative VB of
CN.

Notably, an appropriate semiconductor with narrow
band gap not only performs as the Type Il band alignment
complement in CN-based heterojunctions for improvement
of charge carrier’'s separation, but also improves the optical
absorption behavior of the composites. Liu et al.l*%®
reported the construction of AgsPO.@CN core-shell
nanocomposites by an ultrasonication-chemisorption

13



technique. The TEM images (Figure 13(a, b)) demonstrated
that CN wrapped the Ags;PO,4 nanoparticles and performed
as shell. The HRTEM image (Figure 13(c)) revealed that a
close interface contact exists between Ags;PO,4 and the CN
components, and the lattice-fringes with d-spacing of 0.27
nm (2 1 0, planes) were attributed to the Ags;PO4
nanoparticles. As shown in Figure 13(d), the AgsPOs@CN
core@shell nanocomposite exhibited exceptional visible-
light activity (97 %) for methylene blue degradation in only
30 min irradiation period. The improved charge separation
in the AgsPO.@CN nanocomposite was established via the
photocurrent response and electrochemical impedance
spectra (EIS) results. The charge transfer mechanism and
the MB degradation over the AgsPO4s@CN nanocomposite
was proposed as shown in Figure 13(e). They
demonstrated that the CN VB and CB levels are located at
1.3 and -1.4 eV, respectively. While, the VB and CB levels
of AgsPO, are at 2.9 and 0.45 eV position, respectively. The
CN CB level is negative compared to CB level of the
AgsPO,4. Thus, electrons excited to the CB of CN were
transferred to the AgsPO4 CB through the well-established
interface junction. The electrons then diffused to the surface
of catalyst and reacted with molecular oxygen and the
produced <OH through a series of reactions. The generated
*OH finally decomposed the methylene blue dye. In contrast,
the photo-excited holes of AgsPO, were transferred to the
CN VB and performed as the main active oxidants for
methylene blue degradation. Thus, the charge
recombination was greatly inhibited and the visible-light
activity was significantly enhanced.
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Figure 13.TEM images (a, b), HRTEM image (c), photocatalytic
degradation of methylene blue (d), and charge transfer mechanism and
photocatalytic processes (e) of Ag;PO,@CN core@shell
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1% with permission. Copyright

nanocomposites. Reproduced from re
2016, Elsevier.

In Type Il heterojunction, the multi-component or ternary
system can significantly enhance the charge separation by
a synergistic effect. Jiang et al.*® reported the construction
of  CN/TiO,/ZnO ternary  heterojunctions for p-
Toluenesulfonic acid (p-TSA) degradation under visible-light
irradiation. The TEM micrograph of = CN/TiO2/ZnO
nanohybrid (CP3) is provided in Figure 14(a). It is clear that
the TiO, and ZnO particles are dispersed on the unique
graphitic-like CN structure. From HRTEM image Figure
14(b), it was confirmed that the TiO, (101) facets (0.35 nm)
and ZnO (002) facets (0.26 nm) were stacked on
nanosheets of CN, and in the ternary hybrid CN acted as a
layer. The fabricated CN/TiO2/ZnO nanohybrid exhibited
superior photo-catalytic efficiency for p-TSA degradation
(Figure 14(c)). Schematic mechanism of charge separation
and transport in the facet coupled nanocomposite is shown
in Figure 14(d).
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Figure 14.TEM image (a), HRTEM image (b), of CN/TiO,/ZnO (CP3)
nanohybrid. Adsorption/photocatalytic degradation curves of p-TSA (c),
of TiO,, ZnO, CN, P25, and various CN/TiO,/ZnO nanocomposites.
Proposed charge separation mechanism for the facet coupled ternary
nanocomposites (d). Reproduced from ref.*** with permission. Copyright
2017, Elsevier.

They demonstrated that charge carrier’'s were induced
only from the CN component under visible light, because
TiO, and ZnO cannot be excited under visible-light. Thus,
the excited electrons of CN were transferred to the CB’s of
TiO, and ZnO where they easily reduced molecular oxygen
to <O, . Simultaneously, the VB holes of CN directly
oxidized p-TSA pollutant into inorganic minerals. Similar
synergistic effects were also observed in other
multicomponent or ternary system, like CN/Fe;O4/Agl,?°?
CN/ZnO/AgCl,?%! CN/Fe304/Ag.Cr0O,,2%% and
CN/Fe304/BiOl.2%%

The layered structured MnO;, could also be utilized to
fabricate CN-based 2D/2D composites.?®® Li et al.?%¥
fabricated 2D/2D CN/MoS; nanocomposite via the self
assembly of MoS, and nanosheet CN. As revealed in
Figure 15(a), the 2D CN and 2D MoS; were achieved by
exfoliation of their bulks using ultrasonication. From TEM
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micrographs of 2D CN/MoS; heterojunctions (Figure 15(b,
c)), the presence of CN and MoS; sheets were confirmed.
As clear from Figure 15(d), the mechanism of charge
carrier’'s transfer of the fabricated 2D Mo0S,/CN
heterojunctions could be allocated to the Type |
heterojunctions. When the 2D Mo0S,/CN nanocomposites
were irradiated under visible-light, the photogenerated
electrons of CN were transferred to the CB of MoS, and
holes in the VB of MoS; were transferred to the CN VB. The
photo-induced holes collected in the VB of CN oxidized dye
molecule into inorganic compounds, like CO, and H,O.
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Figure 15. The synthesis scheme (a), TEM image (b), HRTEM image (c),

and charge carrier's transfer mechanism (d) of MoS,/CN 2D/2D
composites. Reproduced from ref.?’) with permission. Copyright 2016,
Elsevier.

Based on the above discussion, it is established that
Type Il heterojunctions are much favorable for improved
charge separation and remarkably improved photocatalytic
activities. It is noteworthy, that the efficient solar energy
utilization, large surface area, more surface active sites,
and effective interface junction in Type Il heterojunction is
much crucial for the significantly improved photocatalytic
activities.

5.2. CN-based Z-scheme Heterojunctions

WILEY-VCH

Very recently, an innovative type of Z-scheme-
heterojunction distinct to the Type Il heterojunction has
been reported which overcome the weak redox
ability.?°?All-solid-state ~ Z-scheme  mechanisms  (with
solidstate electron mediators) and Direct Z-scheme (without
electron mediators) are highly investigateddue to their
capability of remarkably promoting space charge isolation.
Distinct from the typell heterojunctions,Z-scheme systems
involve spatialmigration of electrons causing enhanced
charge carriers separation leading to the occurrence of
reduction and oxidation reactions at different components of
the heterojunctions.”°® There exist two types of CN based

Z-scheme heterojunctions: 1)
semiconductor-CN/semiconductor Z-scheme
heterojunctions (Figure 16a), and 2)

semiconductor/CN/conductor (electron-mediator)-
semiconductor Z-scheme heterojunction (Figure 16(b)).”**"!
A lot of publications have been reported on the fabrication
of CN-based Z-scheme heterojunctions including
TiO./CN,?% Ag,CO3/CN,?% AgsPOL/CN,?% AgBr/CN, 2
CoTiOz/CN,™™ Bi,WOe/CN,?*? BivO,/CN,?*¥ CdS/CN,?*
a-Fe,05/CN,B3 NiTiOa/CN,?*® Mo0s/CN,*" woa/CN, 28
ZnO/CN,*!  etc. Thus, the wonderful Z-scheme
heterojunction display dual function role in photocatalysis
such as high charge separation and the strong redox ability
due to the reasonably negative CB level and very positive
VB level.?®! In semiconductor-semiconductor Z-scheme
composites, the photo-induced electrons of the
semiconductor 2 with less negative CB will combine with
holes of the semiconductor 1 with less positive VB level,
leaving the electron in comparatively negative CB of
semiconductor 1 and holes in comparatively positive VB of
semiconductor 2. In the
semiconductor/conductor/semiconductor Z-scheme system,
a conductor is employed as a bridge between two
semiconductors to transport electrons from semiconductor
2 to semiconductor 1. Zheng et al.??! fabricated
CdS-Au/CN heterojunctions that showed enhanced
photoactivity for H; production and CO; conversion.
Similarly, Yang et al.”?®? reported the synthesis of
AgBr/Ag/CN composites for methyl orange degradation.
Thus, the conductors such as nanocarbon, Cu, Au and Ag
etc. serve as electrons mediator between semiconductors
to effectively improve the photo-induced charge transfer.

(a)

hmlonndumrl\n
Interface
Direct Z-scheme Heterojunction

i Semiconductor2 ©
Conductor
Indirect Z-scheme Heterojunction

Figure 16. Schematic for the photo-induced charge separation
phenomenon in different kinds of heterojunctions: (a) Semiconductor-
semiconductor Z-scheme, (b) semiconductor/conductor/ semiconductor
Z-scheme. Here, “A” represents electron acceptor and “D” represents
electron donor.

Although, there have been a lot of reports on CN based
Z-scheme heterojunctions, but only a few of them provided
charge transfer mechanisms with clear experimental
evidences. Ohno et al.’®® used a double-beam photo-
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acoustic spectroscopy to investigate charge carrier transfer
phenomenon in WO3/CN hybrid under Vvisible-light
illumination. Intensity of the double-beam photo-acoustic
was obtained from partial-reduction of W®* to the W°* via
the photo-induced electron of nanosized WO3;. The CB of
CN is comparatively energetic than that of the WOg;, thus,
the excited CN electrons would transfer to WO3; leading to
the high concentration of W®*. It is noteworthy that if the
charge transfers follow the mechanism of Type |l
heterojunctions, then a high intensity in photo-acoustic
spectrum would be achieved. But instead, a low photo-
acoustic intensity was obtained along with enhanced
photoactivities by the comparison of WO3/CN with un-
modified WO;. Thus, it was confirmed that charge
separation proceed in a Z-scheme approach, the photo-
induced electrons of WO3; recombined with the VB holes of
CN. Kumar et al.?®! reported the fabrication of N doped
ZnO coupled CN Z-scheme heterojunction thorough an
efficient chemical-probe to explore charge transfer
phenomenon. The CN has a more negative CB level
compared to the N-ZnO. According to the Type(ll)
mechanism, the reduction and oxidation potentials of such
heterojunction would be decided by the slightly negative CB
level of N-ZnO nanoparticles and slightly positive VB level
of the CN. Worth noting, the less negative CB of N-ZnO is
energetically inadequate to reduce O, to the corresponding
*0O, , meanwhile, the CN VB is insufficient to generate «OH
from H;O. They performed EPR analysis to measure the
O,  trapped by the 5,5-dimethyl-1-pyrroline N-oxide
(DMPO). Simultaneously, they used terephthalic-acid as a
probe molecule to explore the production of *OH. They
found that both the <O, and *OH were present in reaction
system. This proved that this system do not follow Type(ll)
heterojunction, but instead follow Z-scheme system. The
CN based nanocomposites are still governed by the
heterojunction Type Il and due to the strong redox capacity
of Z-scheme heterojunctions, it is highly desired to fabricate
CN-based Z-scheme heterojunctions for  potential
photocatalysis.

Recently, Hong et al.'®® fabricated V,0s/CN Z-scheme
composites via the in-situ growth technique (Figure 17(a)).
As clear from Figure 17(b), the XRD characteristic patterns
of both the components exist in the heterojunctions. The
visible-light activities of the composites for rhodamine B and
tetracycline degradation were significantly enhanced in
comparison to the bare V,0s and CN. Obviously, the
catalytic efficiency of the amount optimized composite
(VC1.0 %) for rhodamine B degradation was 7.3 and 13.0-
time enhanced compared to the bare CN and V,0s (Figure
17(c)). Similarly, the photo-degradation performance of the
amount optimized composite (VC1.0 %) for tetracycline was
75.7 % (Figure 17(d)). From radical trapping and the
electron-spin ‘resonance (ESR) results, solid-state Z-
scheme heterojunction phenomenon was predicted as
shown in Figure 17(e). They demonstrated that the system
not only improved the separation of photogenerated
charges but also exhibited strong redox ability for pollutants
degradation.
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Figure 17. Schematic illustration of in-situ growth strategy of V,0s/CN
nanocomposites (a), XRD patterns (b), photoactivity for rhodamine B
degradation (c), and photocatalytic activity for tetracycline (d), of V,Os,
CN, and V,0s/CN. Proposed charge transfer phenomenon and the
catalytic processes over V,0s/CN nanocomposites (e). Reproduced from
ref.’® with permission. Copyright 2016, Elsevier.

It is important to note that in Z-scheme systems,
electron mediators can also be employed for effective
charge separation in two semiconductor components.??4
The applications of electrons mediated Z-scheme
heterojunctions are restricted to the liquid-phase only. Thus,
it is highly advantageous to design all-solid-state Z-scheme
heterojunctions utilizing the conductive-solid materials as
the electrons mediator.”?® The all-solid-state Z-scheme
heterojunctions could be utilized in both of the liquid-solid
and solid-gas systems. Usually, the nanometric sized metal
with excellent electrical conductivity is employed as charge
mediators for fabricating Z-scheme heterojunctions. Li et
al.??® fapricated g-CNS/Au/CdS Z-scheme heterojunctions
via two steps self-assembly technique. From TEM image
(Figure 18(a)), it is clear that the surface of g-CNS was
covered with many dark color Au nanoparticles and each
nanoparticle of Au was covered with bright color layered
CdS. Further, HRTEM image (Figure 18(b)), revealed that
lattice fringe with d-spacing of 0.34 nm (1 1 1) crystal plane
were attributed to the Cds. The g-CNS/Au/CdS
nanocomposite exhibited significant visible-light catalytic
activity for H, production in aqueous solution of lactic acid
scavenger (Figure 18(c)). Thus, a Z-scheme charge
transfer phenomenon was proposed for g-CNS/Au/CdS
nanocomposite as shown in Figure 18(d). In this system, Au
played the role of electron mediator between the g-CNS
and CdS components. As under visible-light irradiations, the
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weak reductive photo-excited electrons of CdS would
quickly transfer to the Au. Meanwhile, the weak oxidative
photo-excited holes of g-CNS would quikly transfer to the
Au. Thus, the photogenerated charge carriers would
annihilate at Au. Hence, the photogenerated highly
reductive electrons in the CB of g-CNS would take part in
H,O reduction to evolve H,. Similarly, the highly oxidizing
holes left in the VB of Cds would participate in the lactic
acid oxidation. In this way, the redox ability of the charge
carrier’'s would be significantly enhanced.
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Figure 18. TEM micrograph (a) and HRTEM micrograph (b) of g-
CNS@Au-CdS composites. Photocatalytic H, evolution activity (c) of g-
CNS, g-CNS/Au, g-CNS/CdS, g-CNS/Au/CdS and the CdS samples in
the lactic acid aqueous solution. Schematic of Z-scheme charge
transport mechanism in the g-CNS@Au-CdS nanocomposite (d).
Reproduced from ref.??®! with permission. Copyright 2015, Elsevier.

521 Quantum dots/CN Z-scheme Heterojunctions

Recently, the quantum dots are widely employed in
photocatalysis owing to inhibition of the charge
recombination as a result of the short average diffusion
distance from core to the surface.®?”) For example, Fu et
al.??® reported MoS, quantum dot/CNOD/2D composites by
a combine hydrothermal and microemulsion technique. The
visible-light catalytic activity of the composites was
appraised for rhodamine B degradation. The modification of
CN with MoS; QDs significantly improved its photocatalytic
activity. As clear from Figure 19(a), the photocatalytic
degradation rate of the optimized 7 % MoS, QD/CN
composite for rhodamine B degradation was 8.8 times high
compared to the bare CN. Further, the nanocomposites
exhibited enhanced photocurrent density response and low
charge transfer resistance compared to the bare CN and
MoS; QDs. Further, it was confirmed through active species
trapping measurements that the +O,”, h* and sOH are the
main reactive species. Hence, Z-scheme charge transfer
phenomenon was proposed as depicted in Figure 19(b).

In brief, the charge transfer phenomenon in various
composite systems depends on the component catalysts,
their ratio, synthesis conditions, and the close interface
contact. To clarify the charge transfer mechanisms, various
techniques such as electron paramagnetic resonance,
photoluminescence spectroscopy, surface photovoltage
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spectroscopy and reactive species trapping experiments
are highly efficient tools.

5.2.2 CN/Metal Schottky Junction

The construction of semiconductor-metal heterojunction is
extensively employed to generate a space-charge region
called the Schottky barrier. In semiconductor-metal
heterojunction, the interface junction between the two
components allow transferring of electrons from one
module to the other by the Fermi-energy levels alignment,
leading to the improved charge separation and
photocatalytic ~ activities.”*’Beside  various types of
heterojunctions, the CN modification with noble metal
cocatalysts like Au, Ag, Pt, and Pd, the transition metal co-
catalysts like Fe, Cu and Ni, and hydroxides and sulfides of
transition metal is another approach to improve its
photocatalytic performance. The function of the co-catalyst
is to increase the surface catalysis by acting as the active
reaction sites and also enhances charge carriers separation
of CN. When CN is modified with metal co-catalysts, a
Schottky-barrier and the space charge region is formed at
interfacial contact due to the difference in their Fermi
energy levels and work functions. Simultaneously, an
electric-field is produced because of the relocation of
charges between CN and metal co-catalysts.®*" In fact, CN
has low Fermi energy and CB levels in comparison to the
Fermi energy levels of the metal co-catalysts as depicted in
Figure 19(c).

Thus, electrons in the CB of CN would be captured by
the co-catalysts leaving the positive holes in VB of the CN.
This will lead to the enhanced charge separation and
visible-light catalytic activities. Hence, due to the Schottky
barrier, electrons appears in metal and holes in the CN.

5.3. CN/Noble Metal Heterojunctions

Except for the role of electron mediator, the noble metal
nanoparticles such as Au, Ag etc. also reveal the localized
surface-plasmon resonance (SPR) consequence under
solar irradiation.*¥ When the incident photons frequency
matches the free valence electrons frequency on the metal
particles, swing against the restoring force of positive nuclei.
Noteworthy, this frequency of resonance photons differ from
that of the noble metals. Thus, highly energetic-electrons
are generated at the surface of noble-metal particles due to
the localized SPR excitation, which then transfer to the CN
CB and participate in various reduction reactions as
depicted in Figure 19(d).
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Figure 19. The activity of CN and MoS, QD/CN composites for
rhodamine B photo-degradation (a), and Schematic for charge
separation and transfer and the photocatalytic processes over MoS,
QD/CN composites (b). Reproduced from ref.??® with permission.
Copyright 2017, Elsevier. The Schematic for charge separation and
transfer in Schottky junction of the metal/CN nano-hybrids (c), schematic
for the photo-induced charge transfer and separation in noble-metal/CN
nano-hybrids (d). Here, “A” represents electron acceptor, “D” represents
electron donor, and “Ef’ represents the Fermi energy level.

Bi et al.”?®? fabricated Ni/CN heterojunction via a facile
solvo-thermal approach using acetyl-acetone nickel and
melamine precursors. They demonstrated that the Ni
particles with average size of ~30 nm (d-spacing = 0.209
nm) were dispersed onto the CN nanosheets surface.
Consequently, the charge carrier's separation efficiency
was greatly enhanced. It is important to note that by
coupling a metal with CN, a Schottky barrier is formed that
facilitate electron hole pair's separation owing to the
electrons transfer among the metal nanoparticles and CN.
Recently, Fan et al.®®¥ fabricated Cu/CN catalysts via a
facile technique. From TEM image (Figure 20(a)), it can be
seen that Cu particles with average diameter of 30 nm were
uniformly dispersed on the surface of CN. Further, HRTEM
image (Figure 20(b)) revealed that lattice fringe with d-
spacing of 0.255 nm were attributed to the (111) plane of
Cu phase in Cu/CN heterojunction. The Cu/CN composites
displayed excellent cocatalyst-free visible-light catalytic
activity for H, generation. This demonstrates that the loaded
Cu could effectively trap photo-induced electrons of CN and
perform as a co-catalyst. Thus, a possible photocatalytic
mechanism for H,O reduction to evolve H, over Cu/CN
heterojunction was proposed as provided in Figure 20(c).
Under visible-light irradiation, the photoexcited electrons of
CN transfer to the Cu nanoparticles, because the Fermi
energy level of Cu nanoparticles is lower than CB level of
the CN. Moreover, the super electrical conductivity of Cu
and the strong contact between Cu and CN will form a
Schottky barrier, which facilitates the electrons transport
from CN to Cu. The electrons in Cu would be trapped by
H,O to evolve H, and the holes in VB of CN would be
utilized by methanol as a sacrificial agent. Thus, the Cu act
as a cocatalyst to speed up photocatalysis and the enriched
electrons on Cu would promote the reduction of H' to
generate Hj.
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The SPR behavior in noble metal nanoparticles can
improve the utilization of visible-light photons and exhibit
extraordinary sound effects with semiconductors.23 234
Thus, to enhance the photocatalytic efficiency of CN,
coupling of noble-metals is highly desirable.”*® The SPR
effect of noble-metal nanoparticles cause intense localized
electromagnetic fields, which accelerates the generation of
charge carrier's in CN.?®! Further, the suitable Fermi
energy level of noble-metal particles facilitate the charge
carrier’s separation, that results in the improvement of CN
quantum efficiency, because of the intimate contact
between noble-metal nanoparticles and CN in the
fabricated heterojunctions.”®”! Additionally, the electron
transfer further shift the Fermi energy level to highly
negative potential and enhances the electrons reduction
ability in vicinity of the Fermi level close to CB of the
semiconductor CN.7® 2% \worth noting, the noble
metal/CN nanocomposites could display enhanced photo-
activities.

For instance, Cheng et al.”®*¥ fabricated Au loaded CN
(AuNPs/CN) nanocomposites by ultrasonic assisted liquid-
exfoliation of CN via the photo-reduction of Au(lll) under
solar irradiation. From TEM image (Fig. 20(d)), it can be
seen that Au nannoparticles with diameters of 5-20 nm are
dispersed on the CN surface. The resultant
nanocomposites showed exceptional visible-light catalytic
activities for methyl orange degradation. The enhanced
activities were accredited to the improved charge carrier's
separation and the SPR effect of the AuNPs. The
mechanism of methyl orange photo-degradation over
AuUNP/CN nanocomposite is shown in Figure 20(e). They
demonstrated that charge carriers are generated in CN
upon visible-light irradiations. The AuNP traps the photo-
induced electrons of CN and facilitate electron-hole pair’'s
separation by interfacial electron transfer mechanism.
Simultanuously, the AuNPs plasmon excitation resulted in
the production of additional charge carriers on its surface.
The electrons in CB of the CN and AuNPs would react with
the O, species to generate super oxide radicals (¢O; ). The
photo-induced holes left in VB of the CN and AuNPs would
efficiently degrade methyl orange.

Similarly, noble-metal Ag has been regarded as
excellent co-catalyst in fabricating CN-based
heterojunctions.?*” For example, Ma et al.?*! fabricated
Ag/CN nanocomposite via the thermal polymerization of the
melamine combined with the photo-assisted reduction
process. The visible light activity of the composites was
appraised for the Escherichia coli (E. coli) inactivation. The
nanocomposites showed remarkably improved
photocatalytic disinfection efficiency in comparison to the
bare CN. The superior photocatalytic bactericidal effect of
the composites was attributed to the synergestic effect of
both Ag and CN, as a result of the extended optical
absorption and promoted charge carriers separation. They
demonstrated that the photoinduced electrons on the Ag
surface in Ag/CN nanocomposites would react with surface
adsorbed O, species to generate <O, and H;O0,.
Subsequently, the highly reactive species including h* and
*O, would directly attack the E. coli, oxidize and split the
semi-permeable membrane of its cell wall, causing leakage
of cell organelles, finally leading to its death.
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50 nm

Figure 20.TEM micrograph (a), HRTEM micrograph (b), and charge
transfer mechanism and the photo-catalytic processes in Cu/CN (c).
Reproduced from ref.?*¥ with permission. Copyright 2016, The Royal
Chemical Society. TEM micrograph of AuNP/CN nanocomposites (d),
Schematic of the charge transport and visible-light catalytic processes
for methyl orange degradation over AuNPs/CN nanocomposites (e),
Reproduced from ref.?** with permission. Copyright 2013, The American
Chemical Society.

Yang et al.?*? fabricated Ag/CN composite via a
polymerization photo-deposition technique. The Ag/CN
composite displayed enhanced visible-light photocatyalytic
activities for MO and p-nitrophenol degradation compared
to the bare CN. The superior performance was accredited
to the extended optical absorption via the SPR effect of Ag
metal and to the promoted charge carriers separation and
transportation. Bai et al.* reported the core—shell
plasmonic Ag@CN nanocomposites via a reflux treating
method that exhibited exceptional photoactivity for
methylene blue degradation and H; evolution. Thus, due to
the SPR effect of noble-metal nanoparticles, solar energy
can be utilized more efficiently and the materials will show
exceptional photocatalytic performance.

5.4. CN/Graphene Heterojunctions

Graphene has been considered as a promising material for
coupling with semiconductors owing to its numerous
properties such as, acting as electrons acceptor and
transport channels, supporting materials, cocatalysts and
photocatalysts.”** In  addition, graphene promotes the
adsorption and surface active sites. Graphene has been
categorized as a zero band gap semiconductor with
exceptional thermal, mechanical and optical characteristics
that ensure the electron transport and high mobility.?*?! The
VB orbitals of sp® hybridized C-atoms in graphene are
made of three planar & orbitals separated by an angle of
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120° and a 2p orbital which lies perpendicular to the plane
of graphene. Thus, the graphene with interconnected
hexagons of C-atoms has been considered as the thinnest
material in the world.?*® The unique characteristics of
graphene motivated researchers to fabricate graphene/CN
2D-2D heterojunctions via hybridization. In  such
heterojunctions, the close contact between two
semiconductors facilitate effective charge transfer across
the interface junction and inhibits the charge -carrier's
recombination, because graphene sheet works as the
conductive channels.**”! For instance, Xiang et al.**®
synthesized graphene@CN heterojunctions via an
impregnation chemically reduction method. TEM images
(Figure 21(a, b)) show that CN is successfully modified with
graphene. This exceptional stacking structure was
favorable for transfer of electron from CN to the graphene.
Hence, the resultant nanocomposites exhibited exceptional
photoactivity for H, production. Further, the surface area of
graphene/CN nanocomposites was greatly enlarged with
the increase in amount of graphene coupled. The graphene
acted as a support for the CN photocatalyst. When pt was
loaded on the nanocomposites, and under visible-light
irradiations, the excited electrons of CN were migrated to
the graphene, which then collected on the cocatalyst Pt and
reduced the H" to evolve H; as shown in Figure 21(c). Thus,
the photoactivity for H, evolution was much significant
compared to the graphene/CN composite and pure CN.
This work signified an important strategy for enhancing the
photoactivity of CN by employing graphene as a support
material and pt as a co-catalyst.
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Figure 21.TEM micrographs (a) of graphene, and (b) of graphene/CN
nanocomposite. Schematic for charge carrier’s transport in graphene/CN
nanocomposites (c). Reproduced from ref.?*® with permission. Copyright
2011, The American Chemical Society.

Beside the graphene/CN binary hybrids, graphene/CN
based ternary hybrids also received much attention. For
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example, Liu et al.?*! incorporated Fe(lll) into graphene
and the CN composite. The introduction of Fe(lll) into
graphene made Fe(lll) smaller in size with uniform
distribution, that was accredited to the synergistic effect
between graphene and the Fe(lll). The amount optimized
Fe(lll)/graphene/CNnanocomposite showed exceptional
visible-light absorption, and enhanced charge carrier's
separation owing to the presence of graphene as an
electron transport channel. Further, the ternary
nanocomposites exhibited significant photoactivity for
degradation of methyl orange (Figure 22(a)) compared to
the bare CN. The schematic mechanism (Figure 22(b))
revealed that the visible-light induced electrons of CN would
transfer to graphene and react with the adsorbed O; to
generate <O, radicals.

Notably, the electrons in CB of CN (-1.23 V) cannot
energetically transfer to Fe(lll) (0.77V), because of the large
difference in their energy levels. Further, the excited VB
electrons of CN are thermodynamically favorable to be
transferred to the Fe(lll) and form Fe(ll). The photoinduced
VB holes would participate in pollutants degradation. Above
all, important achievements can pave the approach for
fabricating CN-based heterojunctions as highly proficient
photocatalysts. The Vvisible-light absorption and charge
carrier's separation can be improved by effectively tailoring
the structure of the photocatalysts.

5.5. CN/CNTs Heterojunctions

Recently, marvelous attention has been given to the
coupling of carbonaceous nanomaterials such as graphene
and carbon nanotubes (CNTs) with CN (Figure 22(c, d))
due to their superior electrical conductivity, light-harvesting
properties, high specific surface areas, high electron
storage capacity, and excellent reduction ability ©%°
Coupling of graphene and CNTs prolongs the life time of
photoinduced charge carrier's of the CN by accepting the
photo-induced electrons of CN and acts as cocatalysts for
reduction reactions.
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Figure 22.Visible-light catalytic performance for degradation of methyl
orange (@), Schematic for charge transport and the photocatalytic
processes over the Fe(lll) incorporated graphene—-CN ternary
composites (b). Reproduced from ref.?**! with permission. Copyright
2016, Elsevier. Schematic of Graphene/CN composites (c) and CNT/CN
heterojunctions (d).

To synthesize CN-based based highly
photocatalysts, several

capable
important principles should be
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fulfilled: (1) enhancing charge separation and transfer to
hinder the rate of recombination, (2) enhancing solar
energy utilization, and (3) improving the photocatalysts
stability for long term reactions. In general, the construction
of heterostructures offers diverse promising virtues: (1)
visible-light utilization can be enhanced, (2) redox
overpotential at active sites can be lowered by employing
cocatalysts and the stability can be improved through
proper surface passivation. Generally, under solar
irradiation, the electrons excited to the CN CB would relax
to the VB in extremely short time losing energy as heat.
Consequently, the fast charge recombination is enormously
adverse for photocatalytic reactions. However, when a
suitable band gap semiconductor is coupled with CN, the
enhanced charge carrier's separation can be achieved
through systematic charge transfer at interfacial contact of
heterojunctions. As, CN exhibits energy band gap of about
2.7 eV, with its CB level placed at -1.3 eV and VB level at
+1.4 eV, versus the NHE at pH 0.'% Thus, CN can be
utilized in efficient photocatalytic reactions. A variety of CN-
based heterojunctions are discussed below.

The fabrication  of the carbon nanodot/CN
nanocomposites not only improved the -catalytic H;
production ability of CN but also exhibited a double-electron
H> generation mechanism due to the catalytic H,O, splitting
21 Ma et al.?® synthesized CNT/CN nanosheet 3D
porous composites for O, evolution reactions. The resultant
nanocomposites displayed enhanced catalytic O, evolution
activity and strong durability which was the best among all
the reported non-metal catalysts. Song et al.”** reported
the CNT/CN composites for highly stable water splitting to
evolve H,. The TEM image of CNT/CN composite (Figure
23(a)) revealed that CN existed as well separated layered
structures rather than the overlapped ones. The HRTEM
image (Figure 23(b)) showed that electrostatic contact
between the CN conjugated plane and the 1 bonded
electrons of CNTs tightly adsorbed CNTs onto the CN
surface. The amorphicism of CNT@CN heterojunction was
further investigated by the measurement of selected area
electron diffraction patterns (Figure 23(c)). The resultant
nanocomposites exhibited significant photoactivity for H;
production, which was accredited to the synergistic-effect
between CNTs and CN. The maximum H, yield (6548.4
umol g?) by the 12-mg/L CNT/CN (CG12) photocatalyst
was 138.7-time greater compared to the bare CN (47.2
umol g™) under visible-light irradiations for 10 h. Notably,
the apparent quantum efficiency of the CG12 heterojunction
for H, production after visible-light irradiations for 50 h was
up to 37.9%, indicating high stability for H,O splitting. It was
confirmed that H,O, is the major intermediate involved in
the photo-catalytic H, generation reactions as shown in
Figure 23(d). The CNTs strongly attracted the excited
electrons of CNdue to its excellent conductibility, and then
quickly transferred to the surface for catalytic reactions.
Consequently, charge separation and the reduction ability
of photo-excited electrons were greatly improved.
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Figure 23.TEM micrograph (a), HRTEM micrograph (b), and the
selected area electron diffraction patterns (c), of 12-mg/L CNT/CN
(CG12) photocatalyst. Schematic for photo-catalytic H, generation over
CNTs/CN nanocomposites (d). Reproduced from ref.?*¥ with permission.
Copyright 2018, Wiley-VCH.

Recently, the multi-walled carbon nanotubes (MWNTS)
have received tremendous attention owing to their smart
structural and electrical properties. Further, MWNTs
exhibits superior electron conducting capacity. Thus, they
have prospective applications in environmental
photocatalysis.™ For instance; Ge et al.”®* synthesized
multi-walled carbon nanotubes (MWNTs)/CN composites by
a facile heating technique for H, production from methanol
aqueous solution with the aid of cocatalyst Pt. The TEM
micrograph of MWNTs/CN nanocomposite (Figure 24(a))
revealed that the MWNTs with different lengths and
diameters were bound with the CN, which confirmed the
formation of interface junctions between the CN and carbon
nanotubes. The TEM image of MWNTS/CN composite
(Figure 24(b)) after photocatalytic reaction clearly showed
Pt particles dispersed on the MWNTs surface. Hence, it
was confirmed that the CN excited electrons were
transferred to the MWNTs surface which then reduced Pt
species. The amount optimized MWNTs/CN heterojunction
exhibited greatly improved photoactivity for H, production
with a rate of 7.58 pumol h™* (Figure 24(c)), about 3.7-fold
enhanced compared to the amount evolved by CN upon
visible-light irradiations. The H, evolution mechanism over
the MWNTs/CN composites (Figure 24(d)) revealed that the
MWNTs plays an important role in the enhancement of
charge separation and the photo-activity for H, production.
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Figure 24. TEM micrographs of MWNTs/CN composite (a) before
photocatalytic reaction, and (b) after photocatalytic reaction. Photo-
catalytic H, generation over CN and MWNTs/CN heterojunctions (c),
Schematic for charge transfer mechanism and the photocatalytic
processes in MWNTS/CN composites (d). Reproduced from ref.?**! with
permission. Copyright 2012, Elsevier.

Above all, it is confirmed that the MWCNTs/CN all-
organic metal free composites could greatly improve the
visible-light photocatalytic H, production with or without the
addition of cocatalysts.

5.6. CN/MOFs Heterojunctions

Metal organic framework (MOF) is a new class of highly porous
inorganic-organic complex hybrid semiconductor, in which the
metal-oxide clusters or metal ions are connected with organic
linkers and comprise a three dimensional structural motif. The
function of organic linker's is to serve as receivers for harvesting
solar light and trigger the metal ions/metal-oxide clusters to
behave like semiconductors. Usually, MOFs possesses good
stability, tunable metrics, and potentially small band gaps.
Distinct from other semiconductors, MOFs exhibit huge specific
surface areas, controllable size of the pores and tunable light
harvesting properties. Among various MOFs, MIL a crystalline
titanium dicarboxylate MOF exhibit high porosity, thermal
stability and photochemical properties, due to the huge specific
surface area and accessible pore diameters. In MIL type, high
density immobilized Ti sites are present within the porous
structure. By incorporating various organic ligands, its
photocatalytic performance could be greatly improved. In recent
years, considerable attention has been paid to couple MOFs
with CN due to their unique structures, species diversities,
controllable pore size, and huge specific surface areas.”® For
example, Wang et al®® fabricated a novel UiO-66/CN
composite photocatalyst via the hybridization of Zr-MOF (UiO-
66) and CN using a thermal calcination technique. The resultant
composite exhibited enhanced photocatalytic hydrogen evolution
activity with an optimal production rate of 14110 nmol h'g?,
which was about 17-fold compared to that of the bare CN (800
mnol h'g?). This enhancement in the photocatalytic
performance was due to the efficient interfacial migration of
photo-excited charge from CN to the UiO-66 MOF. In addition,
the high amount of CN directed the UiO-66/CN composite with a
quasi-polymeric nature. In another report, Du et al.?*"! fabricated
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MIL-100(Fe)/CN composite via ball-milling technique by mixing
the MIL-100(Fe) and CN components, followed by annealing at
300 °C for 2 h. XRD patterns (Figure25(a)) clearly shows the
characteristic peaks of MIL-100(Fe) in the composite confirming
the formation heterojunction. The TEM micrograph of the
composite (Figure25(b)) revealed that the CN nanosheets were
closely adhered onto the MIL-100(Fe). The Vvisible light
absorption characteristic of the composite was remarkably
enhanced as could be observed from Figure25(c). The
photocatalytic Cr(VI) reduction activity under visible light
irradiations with increasing the MIL-100(Fe) amount was
drastically improved (Figure25(d)). This enhancement in the
Cr(VI1) reduction ability was attributed to the promoted charge
separation and extended visible light absorption. They
demonstrated that under visible light irradiations, the excited
electrons in the CB of CN (-1.12 V) were transferred to the CB of
MIL-100(Fe) (-0.11 V), and hence electrons in the CB of MIL-
100(Fe) facilitated the Cr(VI) reduction to Cr(lll) as illustrated in
schematic (Figure25(f)). The holes generated in the VB of CN
(1.84 V) and MIL-100(Fe) (2.52 V) were utilized by the
scavenger species like oxalic acid, citric acid and diclofenac
sodium. Meanwhile, the accelerated electron-hole pairs
separation lead to the highly efficient reduction of Cr(VI)
(Figure25(e)). Thus, based on the abundant characteristics of
MOF, it could be regarded as an ideal material for combining
with CN so as to achieve high photocatalytic performance under
visible light.
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Figure25.(a) XRD patterns of CN, MIL-100(Fe) and MG-x composites (where,
M represent MOF and G represent CN and x shows 5, 10, 20, and 30 %age
composition of MIL-100(Fe) in the composites), (b) TEM image of MG-20%
composite, (c) UV-vis absorption spectra of CN, MIL-100(Fe) and MG-x
composites, (d) photocatalytic activity for Cr(VI) reduction and (e)
photocatalytic degradation of diclofenac sodium under different control
conditions over the CN, MIL-100(Fe) and MG-x composites, (f) charge transfer
and the photocatalytic reduction mechanism of Cr(VI) and diclofenac sodium
degradation over MG-20% composite. Adapted with permission from reference
2571 copyright (2018) Elsevier.

5.7. CN/LDHs Heterojunctions
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Layered double hydroxides (LDHs) (or hydrotalcite-like
compounds) are a class of two-dimensional (2D) compounds
comprised of the positively charged brucite-like layers containing
charge compensating anions and solvation molecules within the
interlayer region. These compounds are generally represented
by the formula [Mi" Mx®* (OH)2(A™)wal*mH,0.% The LDHs
include fractions of divalent metal cations like zn*, Ni#*, Mg®*
and Cu®*, which are octahedrally coordinated via hydroxyl
groups and have been substituted isomorphously by the trivalent
metal cations like Fe**, Ga®* and AP producing positively
charged layers. The value of “x” generally falls in the range of
0.20-0.33, and represents the mole fraction (M*") in the metallic
ions. The “A™ denotes interlayer balcony anions such as CI,
S04%, COs*, NO*. LDHs have been regarded as the promising
materials for a broad range of applications in energy conversion
and environmental remediation.”®® It has been discovered that
due to some useful physicochemical properties such as large
specific surface areas, compositional flexibilities and positive
surface charges, LDHs have been favorable for CO, adsorption.
So far, the CN photocatalyst exhibit small surface area and
limited number of active sites, owing to its stacked structure, it
hinders the adsorption of CO,. Thus, to improve its surface
adsorption ability, an important strategy is to construct
heterojunctions of LDHs and CN. For example, Tonda et al.l?*”
fabricated CN/NIAI-LDH 2D/2D heterojunctions via one-step in
situ hydrothermal route (Figure 26(a)).

The XRD patterns of CN/NIAI-LDH composite
(Figure26(b)) revealed the diffraction peaks of both the
components and the intensity of NiAl-LDH peaks gradually
enhanced with the increase in its content. A blue shift in the
absorption spectra of CN/NiAI-LDH composite (Figure26(c)) was
observed compared to the bare CN, which was due to the strong
interaction between the two components. The TEM image
(Figure26(d)) revealed that during in situ growth, both the CN
and NiAI-LDH nanosheets strongly interacted with each other
owing to the opposite surface charges and lead to avoid the
restacking of NiAI-LDH in the composites. The HR-TEM
micrograph (Figure26(e)) revealed lattice fringes of both CN
(002) and NiAI-LDH (012) with inter planar distance of 0.32 and
0.26 nm, respectively. This composite showed outstanding
performance for visible-light catalytic CO. conversion to CO
(Figure26(f)) compared to that of the bare CN and NiAl-LDH
components. The significant activity was attributed to the
exceptional interfacial contact between the two components that
remarkably suppressed the charge recombination. Figure 26(g)
revealed that under visible light irradiations, both the
components were excited to produce electron-hole pairs. The
excited electrons in the CB of CN were transferred to the CB of
NiAI-LDH, and the holes produced in the VB of NiAl-LDH
transferred to the VB of CN due to the proper bands alignment.
Hence, CO2 reduction was promoted on the surface of NiAl-LDH
due to the significant charge separation. Thus, the construction
of LDHs/CN heterojunctions is an important strategy to promote
the charge carriers separation, thereby improving the redox
reactions on the photocatalyst surfaces.
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Figure 26. Schematic of the preparation of CN/NiAI-LDH composites (a), XRD
patterns (b) and UV-vis absorption spectra (c) of CN, NiAl-LDH, and CN/NiAl-
LDH composites, TEM image (d) and HRTEM image (e) of CN/NiAl-LDH
composite, photocatalytic CO, conversion to CO over the CN, NiAl-LDH, and
CN/NIAI-LDH composites (f), and proposed charge transfer mechanism and
photo-reduction of CO, over the CN/NiAI-LDH composite (g). Adapted with
permission from reference®® Copyright 2018, ACS.

6.Applications of CN-based

Heterojunctions

In recent few years, CN-based heterojunctions have been
widely utilized in H;O splitting, CO; reduction, and
pollutants oxidation reactions. In this section, applications of
the CN-based heterojunctions in photocatalysis are briefly
summarized.

6.1 Photocatalytic CO, Conversion

The increase in atmospheric CO; concentration due to the
rapid collapse of fossil energy fuels such as the coal,
petroleum, and natural gas raised serious alarms about the
continuous dependence on the exploit of these fossil fuels
for energy production and various chemicals %Y. Mimicking
the natural photosynthesis phenomenon by transforming
the solar energy into chemical fuels is a prospective method
for solving both of the energy crisis and greenhouse effect
262 |n  this phenomenon, the  photocatalysts
(semiconductors) convert CO; into the hydrocarbon fuels
via the solar energy utilization'®*? %! as described in Figure
27.
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Figure 27. The photo-catalytically conversion of CO, on semiconductor
CN.

The CO; photo-reduction involve multi-electrons transfer
reactions and the redox potential values for various
products like, HCOOH, CO, HCHO, CH3COOH, and CH,
versus the reversible H; electrode (RHE) are provided
below %4,

COp+ 2H' +2e'~  HCOOH (Ereqox = -0.20V) (1)

COp + 2H' + 26~ CO + H0 (Eredox = -0.12V)  (2)

CO, + 4H" + 4e . HCHO + H20 (Eredox = -0.07V) (3)

CO; + 6H" + 68 =  CH30H + H20 (Eredox = +0.03V) (4)

CO, + 8H" +8e -~ CHy + 2H,0 (Eredox = +0.17V) (5)

Owing to the highly stable chemical structure of COg,
it's very tough to reduce it at room temperature. Because of
this attribute, the photo-conversion of CO; into chemical
fuels is an immense challenge for research communities.
Several other features that influence the photo-conversion
of CO; includes efficient charge separation, band gap
alignment, kinetics of the electrons transferring to the COg,
basicity of the catalysts, and adsorption of CO, molecules
(6] Nanostructured CN photo-catalysts had been
extensively used for CO, conversion owing to their high
stability, proper CB position and narrow band gap. However,
their photocatalytic efficiency was extremely low. Thus,
many approaches were developed to improve the photo-
catalytic efficiency of CN for efficient CO, conversion.**® 2¢!
Lang et al.®" reported Pd/CN photocatalysts for CO-
reduction to CO and CH,4. The CO; conversion over Pd/CN
photocatalysts was 61.4%, with CO productivity (4.3 pmol g
'h!, and CH,4 (0.45 pmol g* h™) confirming the existence
of highly reactive adsorption and activation sites of CO,. Yu
et alP®® synthesized Pt/CN photocatalyts for CO,
conversion to hydrocarbons fuel. The photocatalysts
showed high activity for CO, conversion and more
importantly, selectivity of the reactions product was effected
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by the modified Pt. Han et al.”®! reported CeO./CN
heterojunctions that displayed high photo-catalytic activity
for selective CO; conversion to CH,4 with production of 4.79

mmol g* h*. The CO; molecules adsorption on the

catalysts surfaces is also a vital step in CO, photo-reduction.

Hence, to improve the surface adsorption capability of CN
for CO,, various approaches have been accomplished.
Huang et al.®’® modified the CN material with amine-
groups. Consequently, the CO; adsorption capability for CN
was significantly improved, which lead to the superior
photocatalytic CO, conversion activity.

6.2 Photocatalytic Water Splitting

The photocatalytic H,O splitting to evolve H; over
semiconductor photocatalysts with the aid of solar energy is
a great challenge for researchers to produce zero emission
fuel. H, has been regarded as a promising chemical fuel
alternative to fossil fuels, owing to its high energy density
(i.e. 140 MJ kg™) on the gravimetric base in comparison to
that of the hydrocarbon fuels which approximately falls in
the range of 40-50 MJ kg™ Thermodynamically, for
efficient H, evolution, the CB potential of the
semiconductors would be highly negative than the standard
reduction potential value of H,O (i.e. OV versus NHE).
Similarly, for efficient O, evolution, the VB potential of
semiconductors would be highly positive than the standard
oxidation potential value of H,O (i.e. 1.23V versus NHE)
2721 The redox potentials for overall H,O splitting reaction at
pH = 7, gives an overall AG = +237.2 KJ/mol?”*! and the
mechanism is depicted in Figure 28.
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Figure 28. The photocatalytic reactions for overall H,O splitting on CN.
2H" +2e” - H» (1)

H.0 + 2(h*) - 1/20, + 2H" (2)

H,O - 1/20; + H»

(AG = +237.2 kd/mol)

The single component CN displays weak visible-light
catalytic activity for H,O reduction to produce H,. However,
the modification of CN with metal cocatalysts, non-metals,
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holes (h*) scavenger and semiconductors could greatly
improve its performance for photocatalytic H, production.
The CN based numerous photocatalysts have been
constructed for enhance photocatalytic H,O splitting to
evolve H, %% 2% Ran et al.?™ reported P-doped CN that
exhibited exceptional visible light activity for H, evolution
with amount of 1596 mmol g* h* (QE = 3.56 %) at
wavelength 420 nm. The superior performance of P-doped
CN was accredited to the macroporous analogues raised
from the empty mid gap states (i.e. -0.16V versus NHE) that
significantly extended its optical absorption up to 557 nm.
The phosphorus doping also improved the CN surface-area
to 123 m? g* and further reduced the surface charge
migration length to 8 nm. Zhang et al.'*® reported Pt loaded
hierarchical CN nanospheres that exhibited enhanced
photo-activity for Hz generation with quantum efficiency of
9.6% at 420 nm, that was superior compared to that of the
bare CN nanosheets (3.75%). Shen et al.”’® reported
TiO2/CN nanocomposites that displayed superior visible-
light activity for H, production (556 pmol g*) in comparison
to the bare CN (108 pmol g*). Hou et al.?’"! reported
MoS,/CN composites via the thermal deposition method
that showed high photo-catalytic performance for H;
generation with quantum efficiency of 2.1% at 420 nm.
Recently, Xiang et al.®*® reported the graphene@CN
composites that showed enhanced catalytic activity for H;
evolution (451 pmol h™ g™), about 3-time higher compared
to that of the bare CN. In such composite, graphene
performed as the electron acceptor and efficiently
suppressed charge carrier’s recombination.

6.3 Photocatalytic Degradation of Pollutants

Due to the rapid growth of industrialization and human
population, a variety of hazardous pollutants are released
into the surroundings which not only raised the serious
environmental problems but also posed a threat to the
sustainable development of human race. Even low
concentration of environmental pollutants posed serious
threats to human beings and the animals health, and their
degradation is a great challenge for scientific researchers.
Among various techniques, semiconductor photocatalysis
has been proved to be a promising technique due to the low
cost and high efficiency.?”® Polymeric CN photocatalyst
showed promising applications in photocatalysis for
pollutant degradation. Due the suitable valence and CB
levels of CN, the photo-induced holes display reasonably
high oxidation capability and directly convert organic
pollutants to intermediate products. Similarly, the excited
electrons of CN could reduce the O, molecules to generate
the «O," radicals which on reaction with electrons and H*
can also generate the *OH as depicted in Figure 29.
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Figure 29. The produced highly reactive radicals during photocatalytic
degradation of pollutants on CN.
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The highly reactive species such as h*, *OH, and +O,"
produced over CN can oxidize a variety of pollutants into
inorganic minerals (CO; and H»0).2® Though, the photo-
catalytic activity of single component CN is still inadequate
for practical applications. Various approaches have been
developed for modification of the CN photocatalyst so as to
promote its catalytic performance for efficient pollutant
degradation. For instance, Bu et al.?® reported Ag
modified mesoporous CN photocatalysts that showed
superior visible-light activity for rhodamine B dye
degradation compared to the bare CN. The CN adsorption
capacity was also enhanced by modification with Ag. Jiang
et alP® reported the CN/CdS nanocomposites that
exhibited significantly improved visible-light catalytic activity
for methylene blue degradation compared to the bare CN
and CdS. The improved activity of the nanocomposites was
accredited to the synergistic effect between the CN and
CdS components, which greatly enhanced  the
photogenerated charge carrier’'s separation efficiency, and
effectively inhibited the photo-corrosion. In another work, Li
et al.”® reported the synthesis of CN/rGO composite
photocatalysts that exhibited exceptional visible-light
catalytic activities for RhB ‘and 4-nitrophenol degradation.
The visible-light photoactivities of the CN/rGO composites
were strongly influenced by varying the amount of rGO. The
amount optimized composite exhibited 3.0 and 2.7 times
enhanced photoactivity for RhB and 4-nitrophenol
degradation respectively, in comparison to the bare CN.
This was accredited to the extended visible-light response,

improved electron transportation and electronic conductivity.

You et al.”®! reported the synthesis of S and O co-doped
CN for visible-light photo-degradation of RhB. The
degradation rate of S and O co-doped CN was 6-fold
improved in comparison to the bare CN. The co-doping of S
and O in CN resulted in a strongly delocalized HOMO and
LOMO, which obviously improved the active sites and
enhanced charge separation. Thus, the enhanced charge
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separation of CN is the key factor for
photocatalytic degradation of pollutants.

proficient

7. Conclusions and perspectives

The metal-free polymeric CN photocatalyst offer unique
optical, electronic, and textural properties which can be
altered for tailoring the solar energy utilization to produce
chemical fuel and for environmental remediation. However,
compared to the inorganic semiconductors, polymeric CN
exhibits several shortfalls such as small surface area,
limited solar energy utilization, high exciton binding energy,
and fastcharge recombination rate. Further, the Ilow
crystallinity and surface defects greatly limit its practical
applications in photocatalysis. Thus, it is highly urgent to
develop diverse synthetic strategies to improve the crystal-
structure, nano-structure, electronicstructure, and hetero-
structure of CN with enhanced solar energy harvesting,
high quantum yield, better charge carrier's separation and
transportation, high stability and excellent photocatalytic
efficiency. A variety of CN nanostructure materials have
been synthesized via soft and hard template methods that
exhibited excellent photocatlytic activityin comparison to the
bulk CN due to their surface rich properties, improved
charge carrier's separation, optimal electronic structure,
and promoted mass diffusion during photocatalytic
processes. Further, to enhance charge separation and the
visible-light photoactivities of CN, fabricating
heterojunctions  with  other semiconductors  having
energetically matched energy band structures or metals as
cocatalysts are more beneficial. In this review, we have
categorized CN-based heterojunction into several classes,
including Type-Il, Z-scheme, metal/CN Schottky junctions,
noble metal/CN, graphene/CN, carbon nanotubes
(CNTs)/CN, metal-organic frameworks (MOFs)/CN, layered
double hydroxides (LDH)/CN heterojunctions. Among the
aforementioned heterojunctions, CN-based Type-Il and Z-
scheme heterojunctions have been proved to have
excellent applications in photocatalysis for H,O splitting,
CO; conversion and pollutants degradation. Hence, the
applications of CN in photocatalysis could be extensively
enriched by rational design of the CN-based
heterostructures. Although, tremendous efforts have been
dedicated to modify the CN photocatalyst in order to
optimize its photocatalytic performance, but further
developments are notably required to utilize the CN in
efficient photocatalysis. Since, the CN-based materials
designed in those works still suffered from drawbacks such
as low stability and apparaent quantum efficiency, and are
faraway from industrial requirements. Until now, several
main challenges facing CN in efficient photocatalysis should
be resolved by making it practical for commercial scale use
in the future. (1) To develop new approaches for fabrication
of CN nanoarchitectures with exceptional specific surface
areas and more active sites, (2) to improve the solar energy
utilization capability of CN to mimic the natural
photosynthesis in plants, (3) to significantly enhance the
charge separation and photo-redox properties of CN to
attain high quantum efficiency by designing CN-based
rational heterostructures. Additionally, the photocatalytic
reaction mechanisms of CO, conversion, water splitting and
pollutant degradation for CN-based photocatalysts should
be clearly affirmed. There has been unlimited scope of
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opportunities and challenges facing the CN-based research
in the sustainable field of photocatalysis for solar fuel
generation and environmental purification in future, which
will  require huge efforts from worldwide scientific
researchers. We hope this review would serve as a
roadmap for the future challenges in the rational design of
CN-based photocatalysts.
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RECORDREVIEW

Metal-free polymeric graphitic carbon
nitride (g-CsN4) as a promising visible-
light-responsive  photocatalyst has
broad applications in solar energy
conversion and environmental
remediation owing to its low cost,
robust and environmental friendly
nature. In this critical review,we
highlight the recent development,
fundamentals, nanostructures design,
advantages and challenges of g-
CsNa.Further, we highlightthe latest
information on the improvement of
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