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Abstract:  Carbon materials, including carbon nanotubes/nanofibers, graphene, graphene oxide, reduced graphene oxide,
graphyne, graphdiyne, carbon quantum dots and fullerenes, have received considerable attention in recent years because of their
unique properties such as high conductivity, excellent stability and biocompatibility. The integration of these materials into Z-scheme
and S-scheme heterojunctions has emerged as a transformative strategy to increase their photocatalytic efficiency for energy conver-
sion applications. We first consider the fundamental principles of clean energy generation such as photocatalytic H, generation and
CO, reduction, elucidating their respective mechanisms and advantages. Various types of carbon materials, their synthesis and con-
struction of Z-scheme and S-scheme heterojunctions are then discussed, emphasizing their role in promoting charge separation, redu-
cing recombination losses and extending the spectral response range. With a focus on solar energy production, recent advances in
carbon-based Z-scheme and S-scheme heterojunctions are discussed and summarized for photocatalytic H, generation and CO, re-
duction. Lastly, the current problems in the field of carbon-based photocatalysts are discussed with insights for the future develop-

ment of this field.
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1 Introduction

One of the most pressing problems facing hu-
manity today is the worldwide shortage of energy. Be-
cause of the overuse and exploitation of readily avail-
able fossil fuels, non-renewable energy supplies like
coal and petroleum may eventually run out, raising
concerns about the use and exploitation of clean, vi-
able sources of energy. For near and foreseeable fu-
ture, solar energy remains the most plausible source of
renewable power''. One of the most promising ap-
proaches is the establishment of new energy systems
that transform sunlight into photoelectrical and chem-
ical energy. Examples of these systems include the
production of hydrogen (H,) through water splitting
and the photocatalytic reduction of carbon dioxide
(CO,) to chemical fuels™!. Under ambient settings,
converting atmospheric CO, and H,O into fuels like
methanol, methane and carbon monoxide has proven

to be a sustainable option without further harming the
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environment™. Photocatalysis is a green technique for
transforming solar energy into chemical energy,
which accelerate any chemical reaction by lowering
the activation energy required for the reaction to pro-
ceed by direct or catalytic photon illumination®. It is
an advanced oxidation process that uses photons’ act-
ive and passive involvement to split water and reduce
carbon dioxide amidst the UV-visible radiation to pro-
duce hydrogen and solar fuels respectively®. This
process is important because the process has low sec-
ondary pollution, gentle reaction conditions, excellent
efficiency, fast speed and no selectivity. Actually,
photocatalysis is seen to be among the best strategies
available to help solve the world’s energy and envir-
onmental problems. Through the application of this
technology, we can lessen our reliance on non-renew-
able energy sources and enhance the environment for
coming generations'”.

A rapidly developing class of materials, known

as carbon materials, can be found in zero-dimensional
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to three-dimensional arrangements. Examples of these
materials include carbon nanotubes (CNTs), carbon
nanofibers (CNFs), carbon quantum dots (CQDs),
graphene, graphene oxide (GO), reduced graphene ox-
ide (rGO), graphyne (GY), graphdiyne (GDY),

B Besides

fullerenes and carbon sponge/aerogel
these materials, carbon nitride is also a reliable and
versatile photocatalyst for a number of photocatalytic
applications!">"*). Their remarkable electrical, thermal,
mechanical and optical qualities have drawn a lot of
interest. These structures have excellent physicochem-
ical stability, strong mechanical strength, excellent
electrical conductivity, better charge transport path-
ways, enormous surface area and capability for the
carbon atoms to exist in sp, sp’ and sp’ hybridization
states!'*"*). Carbon-based materials exhibit numerous
benefits including affordability, abundance of re-
sources, minimal environmental toxicity, extended
durability and resistance to acid/base corrosion'®. As
a result, carbon materials of this kind have found
many important uses, especially in photocatalysis.
This clean, eco-friendly, viable, economical and re-
newable process uses light as its source to ignite cata-

71 The photocatalytic

lysts for chemical processes
carbon materials’ framework, surface area, atomic
layer density and band gap energy have a significant
influence on their capacity to capture light and the
paths by which charges migrate through them'®. The
doped porous carbon materials have also been used as
robust catalysts for CO, reduction'"”’. Carbon materi-
als are appealing for a variety of photocatalytic applic-
ations because of band gap’s flexibility. As such, ex-
cellent photocatalytic effectiveness of these materials
can be used for the clean energy generation*"),

As is well known, quick electron-hole recombin-
ation and poor light usage dramatically reduce overall
photocatalytic performance®". Special methodologies
are necessary to build optimal photocatalysts that de-
crease electron-hole recombination while retaining
their reducing and oxidizing abilities. Heterojunction
construction has emerged as one of the most prom-
ising techniques, offering advantages such as in-

creased light harvesting, delayed electron-hole recom-

bination and rapid charge transfer’””. The carbon ma-
terials can form various types of heterojunctions such
as type-1Il, p-n, Z-scheme and S-scheme, with other
materials and semiconductors for a number of energy
related applications™ !, In comparison to other noble
metals, their inexpensive cost of manufacture and ex-
cellent electron transfer capabilities make them a su-
perior candidate as electron mediators in semiconduct-

or heterojunctions®*”

. Among various heterojunction
types, the Z-scheme and S-scheme heterojunctions
have gathered much attention recently in the carbon-
aceous based photocatalysts for energy conversion
purposes®***.. Although the traditional heterojunc-
tions appears to improve charge transmission in space,
it diminishes the redox capability of the photocarriers
produced in photocatalytic heterojunction setup””.
The present review explores and summarizes the
recent advancements in the applications of carbon ma-
terials based Z-scheme and S-scheme heterojunction
photocatalysts for H, energy generation and CO, re-
duction. The photocatalytic H, evolution and CO, re-
duction mechanisms are briefly discussed and the
charge transfer mechanisms in Z-scheme and S-
scheme heterojunctions are also explored. Different
types of carbon materials, their synthetic routes and
their role and properties as a photocatalyst are com-
prehensively addressed. Finally, according to current
state of knowledge, the bottlenecks, challenges and

future perspectives are proposed.

2 Photocatalysis

2.1 Photocatalytic clean energy generation-fun-
damentals and mechanisms

Deemed as a “free” renewable energy source
with negligible environmental effects, solar radiation
is becoming more and more important in addressing
the fundamental issues related to energy and the envir-
onment™". Solar-powered photocatalysis is thought to
be a useful method for converting solar energy and of-
fers a possible remedy for the world’s energy and en-
vironmental problems””. Photocatalytic reactions can
reduce energy problems by conversion of solar en-

ergy into clean chemical energy that can be easily
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transported, stored and used™. Photocatalytic H, gen-
eration and CO, reduction are popular processes used
to transform renewable solar energy into chemical en-
ergy. The procedure is based on the ideas of charge
separation in which reactions include excited elec-

trons and holes®™,

2.1.1 H, generation

As an alternative form of energy, hydrogen is an
excellent replacement for different fossil fuels and can
assist address the growing challenges of energy
crisis®™. The production of hydrogen through pho-
tocatalysis is a thermodynamically ascending reaction,
possessing a Gibbs free energy of 1.23 eV or
237 kJ/mol. As a result, the semiconductor employed
for photocatalysis should have band gap energy of
1.23 to 3 eVP%. Moreover, the valence band (VB) and
conduction band (CB) locations should be suitable for
photocatalytic water splitting, with the CB edge being
more negative than E°(H,/H,0) = 0 V vs. NHE and
the VB edge being more positive than E°(O,/H,0) =
1.23 V vs. NHEP”, Generally, there are 3 easy steps to
understand the hydrogen evolution approach by water
splitting. (1) Photon absorption results in the forma-
tion of electron-hole pairs. (2) The separation and
movement of previously created electrons and holes
constitute. (3) Holes on the photocatalyst’s VB oxid-
ize water molecules to oxygen while protons on CB
are converted to hydrogen by electrons™. Electrons
flow from the VB into CB when the holes remain
there. Both these light-driven electrons and holes have
the ability to reduce H™ and oxidize H,0, respectively,
if the lower edge of the CB is positioned at a greater
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negative potential relative to the H" to H, reduction
potential (0 V vs. NHE). Additionally, a greater VB
peak is required in comparison to the H,O — O, oxid-
ation potential (1.23 V vs. NHE)™. The following
equations contain the redox processes that occur dur-
ing the photocatalytic generation of hydrogen™” and

schematic illustration of the mechanism is shown in

Fig. 1a.

Oxidation: 2H,0 — O, +4H* +4e” E°=1.23eV
Reduction: 2H* +2¢~ — H, E°=0.0eV
Overall: 2H,0 — O, +2H, E’=-123eV

2.1.2  CO, reduction

Since it uses no additional energy and has no
negative impacts on the environment, photocatalytic
CO, reduction is a very effective technique. A vast ar-
ray of compounds such as CO, CH,, HCOOH,
CH,0H, C,H,OH and HCHO are formed from CO, by
obtaining  different amounts of protons and
electrons”™. A redox reaction combining the pho-
tocatalytic reduction of CO, and the oxidation of wa-
ter produces solar fuel. The photocatalyst’s VB and
CB are commonly utilized to explain the principles of
CO, reduction mechanism. The possibility that solar
fuel will be produced is determined by the photocata-
lyst’s CB position*"*). The following steps should be
followed in general while performing the photocata-
lytic CO, reduction process. The electrons of the pho-
tocatalyst are activated and transferred from its VB to
CB so as to form light-driven particles. In order to ini-
tiate a photocatalytic reaction, the photo-induced

charges will either split and travel to the photocata-

lyst’s exterior or they can reunite to generate heat or
(b) co,
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Schematic illustration of (a) photocatalytic H, generation and (b) photocatalytic CO, reduction mechanism
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photons. There is also low-level CO, absorption by
the catalysts. The photo-induced electrons on the sur-
face of photocatalysts transform CO, into fuels™’. A
higher negative conductive potential than the required
standard potential and effective electron transporting
to the exterior of semiconductor, where CO, is ad-
sorbed, are indicators of the efficacy of CO, reduc-
tion. Thus, for highly-efficient photocatalytic CO, re-
duction, an ideal photocatalyst with appropriate band
configuration, increased visible light utilization and
improved CO, activation efficiency is required™.
Egs. below depict the overall framework of reactions
for photocatalytic reduction of CO, into different
fuels"*"! and Fig. 1b shows a graphical illustration of
this scheme.

CO, +2H* +2¢~ —» HCOOH
CO,+2H* +2¢~ —- CO+H,0
CO, +4H* +4¢~ —- HCHO + H,O
CO, +6H" +6¢- — CH;0H + H,0 E°=-0.38V
CO, +8H" + 8¢~ — CH, +2H,0 E°=-024V
2C0O,+12H* +12¢~ — C,H;OH + 3H,0 E°=-033V
2.2 Heterojunctions based photocatalysis-funda-

E’°=-061V
E’=-0.53V
E’=-048V

mentals and mechanisms

The result of the hybridization of two semicon-
ductors with different energy gaps and electrical con-
figurations is a heterojunction or a junction
interface™. When a sufficient light source is present,
electron-hole (e -h") pairs arise on the exteriors of 2
combining semiconductors. For photocatalysts, re-
combination of these e -h" pairs is a major problem.
However, two semiconductors work together to re-
duce recombination impacts in a heterojunction'*.
Consequently, the inherent shortcomings of single
photocatalysts are addressed by heterojunction pho-
tocatalysis. The main advantages of establishing the
heterojunctions are below: The capacity of heterojunc-
tions to raise the wavelength at which light is ab-
sorbed, greater distances separating electron-hole
pairs and an increase in catalytic efficiency brought
about by the substitution of another semiconductor. A
higher separation rate and appropriate association of
materials based on semiconductors cause charge carri-

ers to move within the heterojunctions'’*!. Hetero-

junctions in photocatalysis are classified into tradi-
tional and non-traditional types with the traditional
ones constituting type-I or straddling type, type-II or
staggered gap and type-III or broken gap heterojunc-
tions. On the other hand, non-traditional includes p-n,
Z-scheme, S-scheme and Schottky junction'*'. There
are different charge carrier separation procedures for
different systems. Here, in this review, we will dis-
cuss the Z-scheme and S-scheme heterojunctions
only.
2.2.1 Z-scheme

The separation of light-induced carriers can be
facilitated by conventional heterojunctions. However,
at the same time, the composites’ VB and CB poten-
tial for the light-induced holes and electrons, respect-
ively, are inexorably decreased, which is detrimental
to the production of active radicals. Researchers have
created the Z-scheme heterojunction photocatalytic
system to address this issue which was motivated by
the photochemical reaction of plant light collabora-
tion in nature. This heterojunction framework is
known as Z-scheme heterojunction because its elec-
tron transport mechanism is akin to the English letter
7ZP%. The Z-scheme heterojunctions can be divided in-
to 3 different types namely traditional Z-scheme het-
erojunction, all-solid-state Z-scheme heterojunction
and direct Z-scheme heterojunction®. A suitable
shuttle redox ion mediator is used to pair 2 distinct
photocatalysts for a conventional Z-scheme as shown
in Fig. 2a. The light-induced holes in the VB of pho-
tocatalyst (PC) 1 are devoured by the electron donor
species, whereas the light-induced electrons in the CB
of PC 2 are absorbed by the electron acceptor species
when the photocatalysts are subjected to light. The
electrons inPC 1’s CB having high redox power and
the light-driven holes in PC 2’s VB are both con-
served and can take part in reduction and oxidation re-
actions, respectively®”. This system has several draw-
backs such as side reactions and its compatibility in
solution phase only"*. In an all-solid-state Z-scheme
charge-transfer pathway, light-induced electrons in PC
2’s CB move to the robust conductor and then to PC

1’s VB following each photocatalyst’s activation un-
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Fig.2 Schematic illustration of (a) traditional Z-scheme, (b) all-solid-state Z-scheme and (c) direct Z-scheme heterojunction

der irradiation (Fig. 2b). This system works in both li-
quid and gas environments because it uses a solid con-
ductor rather than shuttle redox ion pairs. Moreover, it
has a much shorter charge-transfer length, which can
dramatically speed up charge transfer®. Due to their
reliance on conductors for charge transfer, all-solid-
state Z-scheme heterojunctions are not satisfying. In
direct Z-scheme heterojunction, charge transfer medi-
ator is not used”.. Recombination takes place in a dir-
ect Z-scheme system between the holes from the
semiconductor having less positive VB and the weak
electrons from the semiconductor having less negat-
ive CB as visible from Fig. 2¢**. Thus, the Z-scheme
system’s overall redox potential increases because the
holes having strong oxidation capability and the elec-
trons having excellent reduction capability cannot re-
combine and be constantly maintained for additional
photocatalytic processes. By eliminating unnecessary
electrons and holes and maintaining the system’s high
redox potential, Z-scheme heterojunction offers a nov-

el strategy for increasing photocatalyst activity™’.

2.2.2  S-scheme

Z-scheme heterojunctions have significant draw-
backs, so a novel idea was required to provide a vivid
and concise explanation of the photocatalytic opera-
tion™"). Step-scheme systems, which resemble type-II
heterojunction except for the significantly different
method of charge migration, are demonstrated
between two n-type semiconductors having staggered
band structures®”. The charge transfer pathway in the
S-scheme heterojunction can be explained as the com-
bination of three factors namely internal electric field,
band bending and columbic interaction”. These

factors mainly behave as the driving forces for recom-

bination of holes in VB of oxidation photocatalyst
(OP) and electrons in CB of reduction photocatalyst
(RP)™. As a result, the valuable light-induced elec-
trons in the CB of RP and the holes in the VB of OP
are retained to participate in photocatalytic processes,
while the worthless electrons and holes are removed
through recombination'®’. Along the interface of RP
and OP, there are electron depletion and aggregation
layers formed by the spontaneous diffusion of elec-
trons from RP to OP when these 2 semiconductors are
in close proximity to one other. Whereas the RP is
positively charged, the OP is negatively charged.
There is concurrent formation of an internal electric
field that directs from RP to OP. Light-driven elec-
trons move from OP to RP more quickly because of
this internal electric field. OP and RP should have
identical Fermi energies when they come into interac-
tion. As a result, the Fermi levels of RP and OP
change downward and upward, respectively. The band
bending forces the light-induced electrons in the OP’s
CB and the holes in the RP’s VB to recombine at the
point of contact. Due to the coulombic attraction
between holes and electrons, the light-driven elec-
trons in the OP’s CB and the holes in the RP’s VB are
likely to recombine at the junction®™ ", The schemat-

ic illustration of S-scheme is given in Fig. 3a-c.

3 Carbon materials

Carbon materials are substances that contain a
significant amount of carbon. Carbon is a versatile
element that can form a wide variety of compounds
with diverse properties. Carbon materials can be

found in various forms including organic and inorgan-
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(a)

Before contact

ic compounds. As also illustrated in Fig. 4, they in-
volve a set of materials such as carbon nanotubes/nan-
ofibers (CNTs/CNFs), fullerenes, carbon quantum
dots (CQDs), graphene, graphene oxide (GO), re-
duced graphene oxide (rGO), graphdiyne (GDY),
graphyne (GY), carbon sponge/aerogel etc'®>®”. Car-
bon’s microstructure geometries and underlying in-
tricate structures can vary across these various materi-
als'*,
3.1 Role of carbon materials in photocatalysis
Carbonaceous nanomaterials have sparked a lot
of interest in photocatalysis due to their fascinating
features and capacity to be tuned by varying their
structures and constituents'®”. These substances are an
ideal alternative for this application due to their struc-
tural variance, electrical and thermal conductivity,

huge surface area and organized

extremely

CNTs/CNFs

Graphdiyne/
Graphyne

Fig. 4 Various types of carbon materials

After contact

Light irradiation

Fig.3 Schematic illustration of S-scheme heterojunction (a) before contact, (b) after contact and (c) upon light irradiation

structure!®. They are often utilized in water treatment
processes due to their availability, affordability, excel-
lent selectivity and non-toxicity'®”. Carbon materials’
semiconducting properties may be advantageous in
photocatalysis. They have a smaller fermi level com-
pared to other semiconductors, making them suitable
as co-catalysts. Semiconductor and carbonaceous
compounds can link through the formation of solid
chemical bonds, increasing photocatalytic ability by
lowering the energy gap of semiconductor photocata-
lyst'®
light-driven charges'®. Their porous and highly struc-

while also decreasing the recombination rate of

tured arrangements allow for the inclusion of organic
or inorganic functional groups, which can dramatic-
ally increase their photocatalytic efficiency. Quick
electron transfer pathways and easier active site ex-
posure are possible with porous architecture!””. These
materials offer a wide range of applications including
the capacity to operate as a photosensitizer, semicon-
ductor, support material, co-catalyst, and to decrease
the band gap while accepting and transporting elec-
trons'’!. Carbon materials’ large surface area allows
them to increase the total quantity of absorption sites
for generating more H,"”, which serves as the hub for
adsorption and dissociation of water™®!. Furthermore,
these materials can ensure the stability of coated nano-
particles by preventing cluster formation. Semicon-
ductor nanoparticles may be implanted on the sur-
faces of carbon materials to improve their photocata-
lytic efficiency'”). Their characteristics can be modi-
fied via incorporating functional groups, generating

defects and integrating them with different semicon-
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ductor materials. They have better thermal conductiv-
ity and a greater work function compared to many
semiconductors, allowing them to grab electrons from
semiconductors’ conduction bands, decreasing recom-
bination rates”*.
3.2 Carbon nanotubes/nanofibers

With their vast surface area, fascinating electric-
al properties, distinct physicochemical features and el-
evated aspect ratio, CNTs and CNFs are promising
contenders for designing and fabrication of novel pho-
tocatalysts”"®. CNTs may attach and swap sp’ and
sp’ bonds for hybridization states under high pressure
and have remarkable thermal and electrical properties,
making them suitable for use in photocatalysis’”""®.
MWCNTs (multi-walled) have been shown to be far
more effective in hydrogen generation than SWCNTSs
(single wall) or DWCNTs (double wall) because of
their increased electrical conductivity, large aspect ra-
tios and optical characteristics””. CNFs are 1-D nano-
materials having intriguing properties such as high
electrical conductivity, low crystallinity, great mech-
anical strength, small surface area and low designing
costs™. Hollow CNFs have many electrochemically
active spots for redox reactions. Their porosity and
regulated pore structure facilitate faster electron and
ionic movement, resulting in improved rate capability
and therefore popularity as a great catalyst support™'.
Wang et al. demonstrated the use of carbon solid nan-
ofibers with Janus active sites as high performance
catalysts for CO, reduction™. CNTs are used as elec-
tron mediators in photocatalytic systems for the devel-
opment of g-C,N,/CNTs/CdZnS Z-scheme photocata-
lyst™!. CNTs were observed in the gaps on the sur-
face of photocatalyst through SEM image (Fig. 5a).
HRTEM image in Fig. Sbrevealed CdZnS nano-
particles of size 20 nm, and g-C,;N, and CNTs of dia-
meter 20 nm. g-C,N,/CNTs/CdZnS showed highest H,
evolution of 28.74 mmol g ' h™' (Fig. 5¢). g-C;N,/
CNTs/CdZnS has the lowest work function of 5.27 eV
(Fig. 5d), which means the energy needed for light-in-
duced electrons to escape is lowest and they can eas-
ily participate in photocatalytic reactions.
3.3 Carbon quantum dots (CQDs)

Carbon quantum dots have sparked significant

excitement in photocatalysis because of their abund-
ance, low toxicity, affordability and long lifespan'™.
The CQDs stand out from standard semiconductor
quantum dots due to their improved water solubility,

chemical and thermal stability™

, strong biocompatib-
ility and convenience of production and functionaliza-
tion™!. They have a strong resistance to photo-bleach-
ing which prevents photo-corrosion under light expos-
ure, making them highly photostable and robust com-
pared to metal-based alternatives®®*”. 0-D carbon dots
containing sp’ carbon inserted by sp’ carbon are ef-
fective electron transfer component for photo and
Fenton-like catalysts””"”". CQDs can increase the pho-
tocatalytic performance of composite photocatalysts
in a variety of ways. (1) CQDs operate as photosensit-
izers, increasing the absorption extent of UV and vis-
ible light. (2) CQDs operate as a donor/acceptor/accel-
erator for electron movement, preventing electron and
hole recombination. (3) When CQDs are coupled with
semiconductors, their expanded contact area boosts
photocatalytic activity'”?,

Xu et al. employed the carbon dots as co-catalyst
for dual roles of solid-state electron mediator and
electron acceptor for photocatalytic H, evolution us-
ing ZnIn,S,/carbon dots/g-C;N,*!. The SEM image
(Fig. 5e) revealed the stacked sheet-on-sheet structure
of ZIS/CDs/CN, and HRTEM image (Fig. 5f) gave
details about the heterojunction interfaces. The XRD
and FTIR analysis before and after photocatalysis
(Fig. 5g-h) demonstrated that the structural and func-
tional groups of photocatalyst were intact. After con-
tact, the directed propagation of electrons bends the
energy band, generating an internal electric field
(Fig. 51).

3.4 Graphene/GO/rGO

Graphene has an sp” hybridized honeycomb-like
framework with exceptional physical features such as
increased hardness, high resistivity, strong elasticity
and excellent flexibility, along with chemical qualit-
ies such as non-toxicity, good reactivity and so on").
Due to these features, graphene and its derivatives are
typically used as flexible supports to promote light

driven electron-hole separation®. GO has a signific-
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Fig. 5 (a) SEM and (b) HRTEM images of g-C;N,/CNTs/CdZnS. (c) Photocatalytic H, generation and (d) surface work function of prepared photocatalysts.
Reproduced with permission from Elsevier™™. (¢) SEM and (f) HRTEM images of ZIS/CDs/CN composite. (g) XRD and FTIR spectra of ZIS/CDs/CN before
and after photocatalysis. (i) S-scheme heterojunction mechanism between ZIS and CN before contact, after

contact in dark and light. Reproduced with permission from Elsevier®®!

ant number of oxygen functional groups including unique electrical properties, low density, wide surface
carbonyl, epoxy, hydroxyl and carboxyl. Therefore, area, ideal electron acceptor and transferring proper-
photocatalysts can bind strongly to these oxygen-rich ties, all of which contribute to superior absorptivity,
functional groups and freely disperse on the GO sur- spatial distinction of charges and improved photocata-
face, promoting its photocatalytic reduction”. GO lytic activity®*””). RGO exhibits more robust features

has exceptional mechanical strength, high band gap, than GO including enhanced optical properties, strong
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electron mobility, chemical stability, large surface

area®

, improved thermal conductivity, strong adsorp-
tion ability and outstanding flexibility””’. Because of
its high electrical mobility, it may efficiently divide
light-induced electrons, exceeding the electron-hole
recombination rate!' "),

Gebreegziabher et al. reported a one-step chem-
ical synthesis of GO and rGO straight from graphite
powder in a solution of KMnO, and strong H,SO, at
different temperatures, facilitated by ultrasonication
and without reduction step''®"’. The STEM image of
GO (Fig. 6a) revealed that it was thick, rough, dis-

ordered and had holes throughout its non-uniform

sheet. The STEM picture of GO revealed the exist-
ence of wrinkles and scrolls in its framework
(Fig. 6b), indicating the existence of few-layered
graphene sheets.
3.5 Graphdiyne/graphyne

Graphyne is novel carbon allotrope with 2D
planar arrangement composed of sp- and sp’-hybrid
benzene rings bound by acetylene bonds. A common
term graph-n-yne (where, n =1, 2, 3.....) is referred to
the total number of acetylenic chains between consec-

utive benzene rings''"”!

. The optimized geometrical
configuration of GY was studied by Perveen et al

(Fig. 6¢)'". The structures of GYs govern their

Pd(OAc), Cu(acac), PPh,

Ca?* & Br r
[:c-c:] &
Br Br
Calcium carbide = Hexabromobenzene

TBAF, DMSO, 65 °C, Ar

=

Hexakis|(trimethylsilyl)ethynyl| benzene

Hexaethynylbenzene

Graphdiyne (GDY)

Fig. 6 STEM images of (a) GO and (b) rGO. Reproduced with permission from Elsevier'"". (c) geometry of graphyne. Reproduced with permission from El-

sevier!'”?

Reproduced with permission from Elsevier

!, (d) reaction for synthesis of y-graphyne. Reproduced with permission from Elsevier'®., (¢) Synthetic route of GDY.

[104]
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physiochemical characteristics including non-uniform
electronic structure, tunable band gaps"*”, large carri-

er mobility!"”

, highly conjugated framework and
evenly dispersed pores. The one-pot Sonogashira
cross-linking technique reported by Barua et al
(Fig. 6d)"'™), generated large quantities of pure y-
graphyne under moderate circumstances. Graphynes
are effective transporters and enhancers in photocata-
lytic processes due to their unique 2D properties and
carbon-carbon bonding!'*!. Graphdiyne (GDY) has di-
acetylene linkage, triangular hole structure, simple
synthesis and adjustable band gap"'™. The C=C give
GDY a number of intriguing properties such as excel-
lent electronic conductivity, high stability and fa-
voured catalytic function''™. GDY has a customiz-
able band gap, porous structure and large surface area.
The experimental synthesis of diverse GDYs is in
high demand™*”. Fan et al. constructed a simple syn-
thetic route for GDY (Fig. 6e)!'*".
3.6 Fullerenes

Fullerenes are surrounded by cage-like construc-
tions of twelve pentagon rings and a larger number in
the form of 6-member rings joined by carbon atom
positions. Buckyball (C,) has 32 sides, 12 pentagons
and 20 hexagons, and the entirety of carbon atoms are
connected in a truncated icosahedron with 60
vertices!'""'"). In spherical C,, the angle between two
o bonds is 106° and the angle between ¢ and @ bonds
is 101.64°. The molecule’s radius is around 0.335 nm.
C¢o molecules in solids are thermodynamically chaot-
ic and anisotropic!''"'"*!, Fullerenes are electronegat-
ive molecules that allow for quick light-induced elec-
tron transport since the majority of their & orbitals are
located outside the cage. The electronic framework of
Cq 1s naturally centred on the surface of 30 =n-
orbitals!"*!. Cy, has numerous physical and chemical
features including solubility, superconductivity, non-
hazardous, limiting effects and so on. Its unique fea-
tures in photocatalysis constitutes distinct morpholo-
gical features, optical physical qualities when activ-
ated by light and derivatives generated by other func-
tional groups!''.

There have been a few studies where Cg, is used

to create hybrid photocatalysts having superior pho-
tocatalytic efficiency!''*'"”). A Z-scheme photocata-
lyst Cq/TpPa was produced by He et al. for CO, re-
duction using in-situ solvothermal technique!'.
TpPa-1, which has porous structure, efficient light ab-
sorption and large number of reaction sites, can be
used to create a variety of structures. The study found
that C,/TpPa has maximal CO production rates of
48.16 umol g ' h™" and 90.25 umol g”' h™" in pure CO,
and 10% CO, environments, respectively.
3.7 Carbon sponge/aerogel

This novel concept involves securing three-di-
mensional (3D) open-cell components such as aero-
gels and sponges onto carbonaceous substrates with
3D open-cell structures. The following are the advant-
ages of such systems: (1) Highly porous and strong
pore connectivity can guarantee quick reactant move-
ment. (2) Open-cell 3D structures can offer a more vi-
able surface for photocatalyst loading. (3) 3D mono-
lithic photocatalysts can be easily gathered and isol-
ated from the reaction system'''”), Carbon aerogels of-
ten have 3D interlinked structures joined by main nan-
oparticles. Their microporous structural characterist-
ics are linked to the intra-particle arrangement, while
interparticle morphology controls the formation of
mesopores and macropores' ¥, Carbon aerogel micro-
pore and mesopore development may be regulated
separately, which is a significant advantage for fabric-

ating porous materials'''”

. Carbon aerogels possess
unique physical characteristics such as low density,
vast surface area, porous structure, excellent electric-
al conductivity, chemical stability and ecological suit-
ability!"*!. Their enormous specific surface areas and
macroscopic morphologies allow for homogeneous
immobilization of active compounds on substrates!'*'.
3.8 Synthesis routes of carbon based Z-scheme
and S-scheme heterojunctions

The carbon materials can be incorporated with
other semiconductors to form Z-scheme and S-scheme
heterojunctions through various routes such as hydro-

[124]

122,123 . : .
thermal or solvothermal'**'*! calcination'*", sonica-

tion!"*), co-precipitation!'*, self-assembly etc!'*”. The

specific synthesis route depends on the type of car-
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bonaceous material, other semiconductor, desired

properties of heterojunctions and control over synthes-

is conditions!*®

. Influenced by the varied benefits,
tremendous attention has been directed towards the
fabrication of carbon materials based Z-scheme and S-
scheme heterojunctions to achieve good photocatalyt-
ic outputs. The hydrothermal or solvothermal process
refers to the chemical reaction of substances in a
sealed solution comprising water or organic solvent,
respectively, cooked beyond room temperature and
pressure. Because of its environmental friendliness
and low cost, this approach is commonly used to make
carbonaceous-based heterojunctions'*”. Liu et al. re-
ported a simple hydrothermal approach to synthesize
the direct Z-scheme Cd Zn, S-Fe,0,/fGO nanocom-
posite as multi-functional photocatalyst (Fig. 7a)'**.
The Fe,O, quantum dots (QDs) are bound to Cd,Zn,
S when —COO groups and Cd Zn, S-Fe,O; QDs
heterojunctions occur rapidly on the surface of rGO
due to van der Waals forces. The energy gap of
CdZn, S is changed by varying the molar ratio of
Zn*" to Cd”" ions. The high-efficiency transit and divi-

1
(@ e b
Fe,0; QDs _ #£OH
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COOH

't\h f COCH
COOH
COOH
Hydrolhermal

Cd,Zn,,S-COOH NWs

Cd,Zn,,S NWs

Hummers method
_

CdiZn,.,S-FG

eductlo
hermal

sion of light-induced electron-hole pairs, as well as
the presence of more catalytic active sites and an
enormous specific surface area, all contribute to ex-
ceptional photocatalytic performance.

The self-assembly technique is affordable, easy
to use and does not necessitate harsh conditions or
supplementary chemical reagents, making it a green
synthetic process that is commensurate with the ecolo-
gical benefits of carbonaceous photocatalysts'**. Liu
et al. combined RGO with HCI protonation of g-C,N,
(H—CN) using an electrostatic self-assembly ap-
proach to create distinct X% RGO/H—CN 2-D nano-
composites as demonstrated (Fig. 7b)!"*”. RGO, as a
conductive substrate, immobilizes H—CN, resulting
in powerful interfacial contact that improves carrier
division and promotes greater light-driven electron
abundance on the surface. RGO-5 (GO processed at
120 °C for 5 h) had the greatest defect density and
C—OH/C—0O—C content, resulting in the best pho-
tocatalytic and thermal-assisted photocatalytic effi-
ciencies.

Sonication procedure involves exposing metallic
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Fig. 7 (a) Hydrothermal synthetic route of Cd Zn, S-FG. Reproduced with permission from Elsevier''*”., (b) Self-assembly synthesis of X% RGO/H-CN. Re-

produced with permission from Elsevier!*”). (c) Ultrasonication synthetic route of NiFe-LFD, NiFe-P and NPG-X. Reproduced with permission from

Elsevier'™. (d) Calcination synthesis of CO,SnO, and C0,Sn0O,/GDY-x. Reproduced with permission from Elsevier'"*"
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salt solutions to vigorous ultrasonic vibrations which
disintegrate the materials’ chemical bonds. These vi-
brations generate acoustic cavitation which is the de-
velopment, growth and implosive burst of bubbles in
solution, resulting in extraordinarily elevated pres-

33 A low cost S-scheme

sures and temperatures
NiFe-P/GDY photocatalyst was developed by Fan et
al. through ultrasonication and stirring method by
phosphorylation of NiFe-P and then its combination
with GDY as illustrated in (Fig. 7c)!'*". The flowery
layered double hydroxide of NiFe serves as an anchor-
ing skeleton for Ni,P and GDY. The outstanding con-
ductivity of GDY and S-scheme heterojunction could
efficiently transport light-induced electrons from CB
of NiFe-P to VB of GDY, inhibiting electron-hole re-
combination and attaining spatial division of carriers,
thus enabling the progression of catalytic reactions.
Calcination is a thermal treatment or annealing
procedure used to decompose solid minerals or ores in
the absence of oxygen or air. This strategy has vari-
ous advantages including a straightforward produc-
tion method and high crystallinity of the resulting nan-
oparticles!**'**.. A Co,SnO,/graphdiyne photocatalyst
was formed by Guo et al. through the calcination of
graphdiyne and CoSn(OH), together after grinding
and mixing them (Fig. 7d). The high-temperature cal-
cination architecture strongly coupled Co,SnO, along-
side graphdiyne, resulting in larger contact area, great-
er number of active sites and quicker light-induced
electron transport!”'. The catalyst synthesis process
used in this study is novel, providing a generic and
high-efficiency approach for utilizing the graphdiyne-
based S-scheme heterojunction to solar energy con-

version application.

4  Applications of carbon materials
based Z-scheme and S-scheme hetero-
junctions

With their excellent electron-hole separation
ability and substantial solar energy utilization, carbon
materials based photocatalysts provide exceptional

performance for applications such as H, production

and CO, reduction. Thus, some earlier reported such
works of carbonaceous based Z-scheme and S-scheme
heterojunctions with remarkable photocatalytic per-
formance are summarized in this part.

4.1 Photocatalytic H, generation

In a frantic attempt to avert another energy crisis,
hydrogen (H,), which emits no pollutants, is not de-
pendent on non-renewable fossil fuels. Water split-
ting used in photocatalytic H, generation is an effect-
ive way to address the energy dilemma'"*®. Solar wa-
ter splitting is gaining a lot of attention since it can
transform solar radiation into chemical energy that
can be stored as carbon-free H, fuel. As a result of the
redox reaction caused by light exposure on the pho-
tocatalytic surface, water is divided into hydrogen and
oxygen'"”",

A well-organized Z-scheme ZnIn,S,-S/CNTs/RP
(ZIS-S/CNTs/RP) photocatalyst was created by Lui et
al. using an energy band alignment steering technique
to achieve excellent photocatalytic H, production™.
ZIS-S/CNTs/RP has much better photocatalytic H,
generation of 1 639.9 umol g ' h™', compared to pure
red phosphorus (RP), CNTs/RP and ZIS-S/RP com-
posites (Fig. 8b-c). The PL and EIS spectra of ZIS-
S/CNTs/RP, ZIS-S/CNTs/BRP and ZIS/CNTs/
RP (Fig. 8d-e), demonstrated lower electron-hole re-
combination rate of ZIS-S/CNTs/RP and charge trans-
fer resistance which may be attributed to interfacial
charge segregation and movement in the heterojunc-
tion. The ESR signal (Fig. 8a), gave direct informa-
tion about the sulphur vacancies as ZIS-S exhibited
strong signal at 324 mT. The alteration of nano-sized
RP and the emergence of sulfur vacancies in ZnIn,S,
resulted in a customized energy band alignment of the
heterojunction featuring greater reduction potential
and bigger Fermi level potential difference. The Z-
scheme reaction mechanism of ZIS-S/CNTs/RP het-
erojunction is shown in Fig. &f.

Jin et al. also developed an S-scheme heterojunc-
tion between the contact interfaces of WO, nanorods
comprising surface defects and GDY-Cu sample for
H, generation activity!”®. GDY-Cu/WO, sample ex-
hibits the highest H, production of 2 072 umol g ' h™',
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reaching 12.2 times that of GDY-Cu (Fig. 8g). The
catalyst has even greater H, production capability in
TEOA solution over pH 11, reaching 4 008 umol g™ h™'
(Fig. 8h). The AQE value of GCW35 reached 0.76%

at 475 nm in Fig. 8i. The addition of GDY-Cu ohmic
junction creates more active sites and thereby more
electrons for photocatalytic processes. The H, genera-
tion activity of GCW35 composite has been signific-
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antly increased by the synergistic impact of S-scheme
heterojunction and ohmic junctions. Fig. 8] depicts the
electron movement of the GDY/WO, S-scheme het-
erojunction in photocatalytic processes. The recent ad-
vances in carbon based Z-scheme and S-scheme het-
erojunctions for photocatalytic H, generation are sum-
marized in Table 1.
4.2 Photocatalytic CO, reduction

Given that global warming poses a major hazard
to life, excessive CO, emissions are a major contribut-
ing factor to it. Various methods have been devised to
reduce the atmospheric concentration of CO, such as
absorption, bioconversion and photocatalytic reduc-
tion!". It is advantageous to use photocatalysis to
transform atmospheric CO, into different hydrocar-
bon fuels for lowering its concentration. The gener-
ated species reveal a connection between the targeted
CO, product’s reduction potential and semiconduct-
ors’ CB edge potential. The fundamental steps in such
reactions are the adsorption of carbon dioxide on the
active sites of photocatalysts and the transformation of
photon energy through photocatalysis to form charge
carriers'?”. Deng et al. created a CDs-modulated S-
scheme heterojunction of CDs/NiAl-LDH@In,0, (C-
DH@IN) using a simple in-situ hydrothermal tech-
nique for selective photo-reduction of CO, into
CH,"®. C-DH@IN’s multi-shell nanotube

work results in greater CH, formation rate of

frame-

10.67 pmol h™' g' and greater CH, selectivity
(85.70%) in In,0; and NiAl-
LDH@In,0, binary catalysts (Fig. 9a-b). The EIS
Nyquist plots in Fig. 9¢ displayed smallest arc radius

comparison to

of 3% C-DH@IN revealing its low resistance and good
charge transfer capabilities. The DMPO— -O, and
DMPO- -OH signals were clearly observed in ESR
spectra in Fig. 9d which verified the strong redox abil-
ity of C-DH@IN. The proposed S-scheme heterojunc-
tion for photocatalytic CO, reduction reaction over C-
DH@IN is shown in Fig. 9e.

Li et al. also constructed an S-scheme 2D-1D-2D
sandwich photocatalyst for CO, photo-reduction
where g-C;N, nanosheets were primary photocatalyst
and rod-like CeO, (R-CeO,) with exceptional

Ce*'—Ce’ conversion property and rGO were loaded
on the g-C,N, surface!"*. Using rGO/R-CeO,/g-C;N,
as a catalyst resulted in CO and CH, production of
63.18 and 32.67 pmol g ' after 4 h, which were ap-
proximately 4 and 6 times greater than bare CN, re-
spectively (Fig. 9f). Cyclic testing demonstrated that
the composite was highly photocatalytic and material
stable (Fig. 9g). The smaller arc radius of 3RCCN in
the EIS spectra (Fig. 9h), demonstrated its greater
electron transfer ability. The band gap structure and
CO, photo-reduction mechanism of 3RCCN multi-in-
terface contact heterojunction is shown in Fig. 9i. The
recent advances in carbon based Z-scheme and S-
scheme heterojunctions for photocatalytic CO, reduc-

tion are summarized in Table 2.

5 Bottlenecks, economic viability and
environmental implications

The environmental impact of utilizing carbon-
aceous photocatalysts may be both positive and negat-
ive, depending on the application and the possibility
of unexpected repercussions. Various carbonaceous
photocatalysts have shown enhanced photocatalytic
performances, making them promising for environ-
mental remediation and sustainable energy produc-
tion with safety and low synthesis costs!'™. The car-
bon nanotubes have less purity, develop defects dur-
ing functionalization and expensive fabrication tech-
niques. In addition, the multi-walled CNTs do not dis-
play good electrical property as single-walled CNTs.
Also, their
dispersibility”". The production and disposal of car-

agglomeration leads to  poor

bonaceous photocatalysts can have a carbon footprint,
which may contribute to greenhouse gas emissions.
However, the use of renewable energy sources for the
synthesis of these materials can help mitigate this im-
pact. Some carbon-based nanomaterials, such as
graphene and carbon quantum dots, may have toxic
effects on living organisms. This is a concern that
needs to be addressed through careful material selec-
tion and proper disposal methods. In some cases, the
degradation of organic pollutants by photocatalysts

may not completely eliminate them but rather convert
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Table 1 Recent advances in carbon based Z-scheme and S-scheme heterojunctions for photocatalytic H, generation

Photocatalyst (dosage) Synthesis method Sa:g;(ilal Light source/ Intensity AQE Performance Refs.
ZnIn,S,-S/CNTs/RP (30 mg) Directed assembly 11:112226& Xe lamp, 300 W - 1639.9 umol/g/h  [25]
2 3
g-C,N,/CNTs/CdZnS (50 mg) Hydrothermal EZ%(‘)& Xe lamp, 300 W - 28.74 mmol/g/h  [83]
2 3
Zn,V,04/MWCNT (50 mg) Hydrothermal Glycerol Xe lamp - 99.55 umol/g/h  [139]
ZnlIn,S,/carbon dots/g-C;N, (25 mg)  Calcination and water bath TEOA Xe lamp, 300 W 12.73% at 420 nm  17.58 mmol/g/h  [84]
g-C,N,/NCDS/MoS, (0.05 g) Thermai (f’l‘izr}?eerrg;‘l“o“ and  ppo Xe lamp, 300 W - 212.41 ymol/g/h  [140]
C dots decorated g-C;N,/TiO, (50 mg) Solvothermal and calcination =~ TEOA LED lamps, 12 W - 580 umol/g/h  [141]
2-C,N,/NCDs (50 mg) Calcination TEOA Xe lamp, 300 W 29.8% at 420 nm  3319.3 umol/g/h  [142]
¢-C;N,/NCDs/WO, (20 mg) In-situ growth TEOA Xe lamp, 300 W 7.58% at 420 nm 3.27 mmol/g/h  [143]
C;N, nanotube/NCDs/Ni,P (50 mg) Hydrothermal and calcination ~ TEOA Xe lamp, 300 W - 627.2 umol/g/h  [144]
SnO,/NPCDs/CNNT (10 mg) Sonication TEOA Monochromatic light 18.91% at 420 nm  10.73 mmol/g/h  [145]
N-CDs/S-C;N, (50 mg) n-m conjugate self-assembly TEOA Xe lamp 4.67% at420 nm  483.76 umol/g/h  [146]
Cd,Zn, S-Fe,0,/rGO (50 mg) Hydrothermal Ezzggz Xe lamp, 300 W - 26.8 mmol/g/h  [122]
2 3
Na,S &
Cd, sZn, sS/RGO/g-C;N, (30 mg) Solvothermal Na,SO, Xe lamp, 300 W 37.88% at420 nm  39.24 mmol/g/h  [147]
LaFeO,/g-C,N,-graphene (50 mg) Calcination TEOA Xe lamp, 300 W - 1326.5 umol/g/h  [124]
AglO,/ZnO/graphene Ultrasonication Methanol Xe lamp, 300 W - 16.4 mmol/g/h  [148]
TiO,/RGO/LaFeO; (10 mg) Hydrothermal Methanol Xe lamp, 300 W 7.19% at 380 nm 0.893 mmol/g/h  [149]
Na,
ZnIn,S,/rGO/Ce0, (15 mg) Hydrothermal NZ“ggL Xe lamp, 150 W - 2855 umol/g/h  [150]
2 3
WO,/TiO,/rGO (50 mg) Hydrothermal Methanol Xe lamp, 350 W - 245.8 umol/g/h [58]
rGO supported TiO,/In, sWO, . . 15.6% at 365 309.98+11.4
(0.1 mg/mL) Wet impregnation Glycerol Xe lamp .6% ai nm umol/g/h [151]
In-situ micro-cell growth & ~ Na,S &
Rh-ZnO/rGO/ZnS (30 mg) Kinetic ion-cxchange Na,S0, Xe lamp, 300 W 11.02% at 365nm 2686 pmol/g/h  [152]
Na,
Mn,,Cd, ;S/CoFe,0,/rGO (50 mg) Electrostatic interaction NZ‘ggL Xe lamp, 300 W - 133.5 umol/g/h  [153]
2 3
LaFeO,/RGO (0.5 g/L) Hydrothermal Methanol Xe lamp, 250 W - 82 mmol/g/h [154]
TiO,/rGO/g-C;N, (5 mg) Pulsed laser ablation in liquids ~ Glycerol Xe lamp, 300 W 10.95% at 450 nm 3241 mmol/g/h  [155]
. Na,
n-ZnS/rGO/p-Bi,S; (0.01 g) Hydrothermal NZ‘SSL Xe lamp, 100 W - 2523.4 umol/g/h  [156]
2 3
CdS-rGO-WO; (13 mg) Hydrothermal Methanol ~ Solar simulator, 100 W 2.49% at420 nm  11.69 mmol/g/h  [157]
v-GY/CuMoO, (10 mg) Hot solvent TEOA Xe lamp, 300 W - 197 umolin5h  [158]
Co,Sn0,/graphdiyne (10 mg) Calcination TEOA LED light, 5 W - 8.79 mmol/g/h  [131]
GDY/MoP (10 mg) Physical mixing TEOA Xe lamp, 300 W - 8876.4 umol/g/h  [159]
GDY-Cw/WO, (10 mg) Stirring e;gclivzze:poratmg TEOA LED light, 5 W 0.76% at475nm 4008 pmol/g/h  [138]
CoS,/GDY (10 mg) Low-temperature water bath ~ TEOA LED, 5 W 1.52% at 475 nm 1835 pmol/g/h  [160]
Cul-GDY/ZnAl LDH (10 mg) Self-assembly TEOA Xe lamp, 300 W 0.15% at 420 nm  28.60 umolin 5h [161]
GDY/g-C;N,-Vy, (6 mg) Sonication TEOA LED lamp, 5 W - 17.87 pmol/h [125]
GDY/CoTiO, (10 mg) In-situ calcination TEOA LED, 5 W 5.45% at 420 nm 716 pmol/g/h  [162]
NiFe LDH/GDY (20 mg) Ultrasonic and stirring - Xe lamp, 300 W - 928 umol/g/h [104]
CdS-g-C;N,-GA (50 mg) Ultrasound TEOA Xe lamp, 300 W - 86.38 umol/g/h  [29]
g-C3N4/T102/Z?11365;;1 ggr)aphene aerogel Isoeleczlglc‘: i}:](;ltril(t) rellssmted Methanol Xe lamp, 300 W _ 6531.9 pmol/g  [163]

them into other forms that may still pose environment-

al risks!"®”!

. While carbon materials offer promising
environmental benefits, it is essential to consider their
potential impacts and work towards minimizing the
negative effects.

In terms of economic viability, research on pho-
tocatalytic CO, reduction is expanding, with an em-
phasis on tackling global environmental issues and

meeting future energy demands''®. While there are

still limitations, the introduction of carbonaceous pho-
tocatalysts has opened up possibilities for investigat-
ing ecologically friendly and energy-efficient synthes-
is processes. The use of carbon materials in photocata-
lysis holds promise for the development and produc-

tion of efficient and cost-effective photocatalysts'™*.

6 Conclusion, challenges and outlook

In conclusion, it has been demonstrated that car-
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bon materials are crucial for the preparation and
design of sophisticated photocatalysts and a large
number of carbonaceous based photocatalysts have

been created. The remarkable progress made by car-

bonaceous photocatalysts provides a means of invest-
igating the use of carbon in photocatalysis. The excel-
lent qualities of different carbon materials and their

variable characteristics present many opportunities for
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Table 2 Recent advances in carbon based Z-scheme and S-scheme heterojunctions for photocatalytic CO, reduction

Photocatalyst (Dosage) Synthesis method Light source/ Intensity Performance Refs.
2-C;N,/CDs/WO; (20 mg) Confined co-assembly Xe lamp, 300 W CO =31.04 umol/g/h [167]
CPDs/Bi,0O;Br, (30 mg) Co-precipitation Xe lamp, 300 W CO = 132.42 umol/g/h [126]
CQDs/Bi,,0,,Cl,/NiAl-LDH (50 mg) One-pot hydrothermal Xe lamp, 300 W CO = 16.4 umol/g/h [168]
CDs/NiAI-LDH@In,0, (5 mg) In-situ hydrothermal Xe lamp, 300 W & ;ﬂ%ﬁ‘)‘f}; eh [165]
CPDs/Bi,,0,,Cl, (30 mg) Mechanical stirring Xe lamp, 300 W CO =3.21 pmol/g/h [169]
Ag,CrO,/g-C;N,/GO (100 mg) Self-assembly Xe lamp, 300 W CH,OH+CH, = 1.03 pmol/gin 3 h [170]
0-ZnOAGO/UIO-66-NH, (0.1 g) Solvothermal Xe lamp, 300 W O 348 L‘ﬁg};g{l‘ [123]
CO = 13 pumol/g/h
a-Fe,0,/graphene/Bi,0,S (50 mg) Impregnation-hydrothermal Xe lamp, 300 W CH, =4.27 umol/g/h [171]
C,H, =2.88 pmol/g/h
2-C;N,/ZnO/GA (10 mg) Self-assembly with co-precipitation Xe lamp, 300 W CO =33.87 umol/g/h [172]
RGO/H-CN (5 mg) Self-assembly Xe lamp, 300 W %?1;12_'526] L‘:n“;’ll//gg [130]
g-C,N,/BiOI/RGO on Ni foam Reduction Xe lamp, 300 W CO=21.85 umol/gin 8 h [173]
a-Fe,0;/amine-RGO/CsPbBr; Solvent evaporation-deposition Xe lamp, 150 W CH,+CO+H, =469.16 ymol/gin40h  [174]
MoS,/SnS,/rGO (20 mg) Solvothermal Mercury lamp, 8 W 8194165%5535 ":1 1:111(;11/ é//}}ll [175]
ZnV,04/rGO/g-C;N, (100 mg) One-pot solvothermal Hg lamp, 200 W CO =2802.9 pmol/g/h [176]
CsPbBr,/USGO/a-Fe,0, (4 mg) Ultrasonication Xe lamp, 300 W CO = 73.8 pmol/g/h [177]
ZnV,04/RGO/g-C;N, (100 mg) Solvothermal Xe lamp, 35 W CH,OH = 3438 pumol/g [178]
rGO/InVO,/Fe,0O; (100 mg) Deposition-precipitation LED light, 20 W CH,O0H = 16.9 mmol/g [179]
g-C;N,-RGO-NH,-MIL-125(Ti) (100 mg) Hydrothermal HID Xe lamp, 35 W CCOH?%?H‘;’EE}L, 5 [180]
Bi,WO¢/RGO/g-C;N, (50 mg) Hydrothermal Xe lamp, 300 W CO =15.96 umol/g/h [181]
CoAl-LDH/RGO/InVO, (50 mg) Hydrothermal Xe lamp, 300 W CO =204.86 pmol/g/h [182]
2-C;N,/rGO/ZnV,0 (0.1 g) One-pot solvothermal HID Xe lamp, 35 W CH,OH = 6246.1 pmol/g [127]
-C;N,/R-Ce0,/rGO (100 mg) Hydrothermal Xe lamp, 300 W g& ::63321687 f;‘;ll//gg ii‘r‘l 11}11 [166]
CoZnAIl-LDH/RGO/g-C;N, (50 mg) Hydrothermal Xe lamp, 300 W CO=10.11 pmol/g/h [183]
g-C;N,/Ag,VO,/rGO (0.05 g) Hydrothermal UV-vis light CO =7.03 umol/g/h [184]
MXene/GO/PDI (10 mg) Impregnation Xe lamp, 350 W CH,O0H = 771.1 pmol/g/h [185]
Cq/TpPa In-situ solvothermal LED lamp, 40 W CO =90.25 umol/g/h [116]

the fabrication of new carbonaceous photocatalysts
with fascinating specific functions as well as excel-
lent practical accomplishment in both scientific and
commercial communities. Carbonaceous photocata-
lyst development has advanced significantly, but there
are still a number of significant obstacles that must be
removed to encourage their widespread use. The fol-
lowing points can be used to summarize our quick
overview of the current challenges with different car-
bon materials and our reasonable perspectives for the
future for the advancement of carbonaceous pho-
tocatalysts.

Most of the time, semiconductors are deposited
onto the surface of carbon matrix. Consequently, the
interface connection between the semiconductor and

carbon phase is not very intimate which limits the

bonding force and electron transfer capacity. Thus, by
maximizing the compatibility of carbon phase and
semiconductors, the fundamental characteristics of
carbon materials based photocatalysts such as energy
gap, charge separation effectiveness and light absorp-
tion ability of photocatalysts might be enhanced fur-
ther.

Despite being a plentiful element on Earth, car-
bon materials only serve as co-catalysts and sub-
strates in composite systems because of their low pho-
tocatalytic ability and the majority of commanding
role semiconductors are insufficient. As a result, it is
crucial to identify the carbon-based process that im-
proves photocatalytic performance—a mechanism that
is currently unclear. A better knowledge of enhancing

mechanism would enable more effective use of semi-
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conductors which would lower the price of composite
photocatalysts—a cost that is essential for real-world
applications.

Many studies have been conducted to challenge
the current manufacturing procedures for carbon-
aceous nanomaterials which are deemed to be highly

1 The production of

challenging and unproductive
carbonaceous photocatalytic compounds should study
energy-efficient and ecologically friendly methods
while also taking into the materials’ applications and
potential commercial advantages.

The photocatalytic efficiency of composite ma-
terials is effectively increased by nanostructured car-
bons which include carbon dots, graphene and CNT.
However, because of their powdered macroscale ana-
tomy, these catalysts are hard to recover after the reac-
tion and can accidentally leak, causing secondary pol-
lution. Consequently, 3D carbon-based photocatalysts
have been produced and 3D monolithic photocata-
lysts are the chosen type.
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