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1 Introduction

The consumption of fossil fuels (coal, natural gas and oil) has increased as the anoma-
lous growth of industries, power plants and automobiles, resulting in a scarcity of
fossil energy resources and triggers a serious problem such as energy crisis and global
warming. As a result of this, environmental pollution and energy depletion have
drawn attention to the urgent need for alternative forms of clean energy production.
So, the researchers are paying considerably attention to utilize hydrogen as renew-
able energy source and making possibilities via photocatalytic hydrogen generation
[1,2].
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Hydrogen (H,) is a clean, eco-friendly and non-hazardous resource because while
it combusts only water is produced during the combustion process [3, 4]. The genera-
tion of H, using a semiconductor photocatalytic technique is a promising solution for
generating energy by converting solar energy to fuel [4, 5]. At first, the photocatalysis
method of hydrogen production was reported by Fujishima and Honda in 1972 using
Titanium dioxide (TiO;) [6]. TiO, is among the most stable semiconducting material
for photocatalytic hydrogen production because of its good stability and nontoxicity
[7]. It has the bandgap (Eg) of 3.2 eV which offers to absorb the solar spectrum in
the range of ultraviolet region [3]. In addition, the photocatalytic efficiency of TiO,
is quietly low as of the rapid recombination occurred in the photogenerated hole pair,
which hinders the practical application. Therefore, it is important to limit the charge
carrier’s recombination rate occurs in semiconductor photocatalyst [8]. However,
the researchers are trying to improve the properties of photocatalyst through various
combinations of catalyst.

On the other hand, various carbon-based nanomaterials are attracted for its high
stability, wide photo-absorbance property and high conductivity. Moreover, the
discoveries of carbon nanotubes (CNTs), graphene, carbon nanofibres (CNF) and
other carbon materials emerge as a building block in the arena of nanotechnology
[9]. Carbon can exist in the various forms like CNT, CNFs [10], horns [11], flasks [12],
carbon spheres [13, 14] and calabashes [15]. Carbon-based material has a tenable
combination of sp, sp?, sp® hybridization [14]. Carbonaceous materials have been
classified with their dimension which includes carbon dots, fullerenes, graphene, and
graphite material as zero-dimensional (OD), one-dimensional (1D), two-dimensional
(2D) and three-dimensional (3D) structures, respectively (Fig. 1). Along with that
graphene is a marvel material with 2D structure of regular lattice arrangement with
hexagonal pattern in sp? hybridized form of carbon atoms [16, 17]. Therefore, the
carbon-based nanomaterials have great attention in the field of semiconductor-based
photocatalytic method of hydrogen production.

In this chapter, we discussed the recent advancements in carbon-based nanomate-
rials for photocatalytic H, generation. We specifically discussed the different carbon
materials based on their dimensions as well as the role of interface engineering
between carbonaceous structures and other semiconductor nanomaterials.

2 Fundamentals of Hydrogen Evolution

2.1 Basic Principle

Three basic steps are involved in the photocatalytic process, namely (1) absorption of
light and generation of photoexcited electron and holes in the valance band (VB) and
conduction band (CB), respectively, and (2) separation and migration of photoexcited
electron and holes to the surface of the photocatalytic materials; these two steps are
deciding the efficiency of the process because the recombination of photoexcited
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Fig. 1 Different types of carbonaceous nanostructures “Reprinted with permission from Jun et al.
[18]. Copy right 2018 Elsevier”

charge carries could occur in the femtosecond in the bulk. Many semiconductor
photocatalyst have been developed to enhance the charge separation efficiency which
could enhance the photocatalytic activity.

For instance, noble metals such as Au, Ag and Pt [19], CdS/CdSe/Pt heterostruc-
ture, [20], Zn—Ag-In-S/Co304 [21], Cu/TiO, [22], (Au/AgAu)@CdS [23] are
greatly mitigates the recombination rate of photoexcited charge carriers. The
Schottky junction between the metal and semiconductor interface increases charge
transfer and reduces recombination [19]. In addition to that, introduction of carbon-
based materials such as fullerene [24] g-C3N4 [25] and RGO [26] to semiconductor
materials predominantly increases the charge mobility and greatly reduces their
recombination. The effective utilization of electron—hole pair creates for surface
redox reaction. For effective reduction of proton, the conduction band potential of
photocatalyst should be negative and very close to the reduction potential of proton
versus normal hydrogen electrode (NHE). On the other hand, in case of oxidation
of water the valance band potential of semiconductor material should be greater
than the 1.23 eV versus normal hydrogen electrode. The basic process involved in
photocatalyst is illustrated in Fig. 2.

The apparent quantum yield (AQY) of photocatalytic H, evolution is calculated
based on the below formula:

Number of reacted electrons
AQY (%) = 100% 1
QY (%) Number of incident photons x ’ 0
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Fig. 2 Graphic representation of photocatalytic water split reaction

Number of evolved H, molecules x 2
AQY (%) = 100% 2
QY (%) Number of incident photons x ’ @

2.2 Use of Sacrificial Agents

Efficiency of photocatalysis reaction was greatly decreased by recombinations of
charge carriers. Sacrificial agents such as CH3OH, triethylenetetramine, aqueous
solution of sodium sulphide and sodium sulphate could use to hinder the recom-
bination of electron and hole. Sacrificial agents can be utilized to scavenge indeed
an electron or hole for the evolution of hydrogen or oxygen. Sacrificial agents that
scavenge hole, like methanol, esoteric the hole and oxidize it to CO,. Because of this
approach, electrons excited to CB have a longer lifetime and are effectively imple-
mented for reduction. In this context, the electron scavenging reagent like silver
nitrate plays a vital role which is exactly opposite to the previously mentioned hole
scavenger, as the oxidation takes place of holes. Because hole scavengers have a
lower oxidation potential compared to water molecules, the thermodynamical and
kinetic limitations are massively diminished. It is to be understood that water split-
ting is an arduous process involving a change in free energy (AG = 237 kJ/mol).
Because of the large reductions in AG, it eliminates the four-electron process of
molecular oxygen production. The nature of the sacrificial agents, as well as their
oxidation/reduction potential, influences the decrease in AG. With environmental
concerns in mind, it is also implied that methanol be replaced by eco-friendly alco-
hols such as glycerol and carbohydrates. The use of glycerol is highly beneficial due
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to its superior hydrogen content per molecule; however, carbon to hydrogen ratio is
lower than that of methanol. Nevertheless, H, generation via water splitting reaction
through a sacrificial agent, including such glycerol or methanol, could be regarded as
a simple objective as it less challenging compared to overall water splitting reaction
(OWSR) without the use of a sacrificial agent [27]. Considering the OWSR’s rate of
advancement over the past three decades, we believe it has the potential to be a big
energy-conservation solution.

2.3 Band Alignment

Another interesting technique for promoting separation of photogenerated electron—
hole pairs is heterojunctions fabrication. Heterojunctions are formed by joining two
photocatalysts (PC-1 and PC-2) together via mechanical or electrostatic forces, as
well as chemical bonds. The interface plays a major role to ensure fast transfer of
charge carriers. The semiconductor heterojunctions are classified into three types:
(1) Type-I (ii) Type-II and Z-scheme heterojunctions are shown in Fig. 3. In Type-I
heterojunction (Fig. 3b), the two photocatalyst are activated by incident light and
then the electrons from PC-2 with higher conduction band (CB) transfers to PC-1
with lower CB position beneath the force of electrostatic field. Meanwhile, photogen-
erated holes are transferred from lower VB to higher VB positions. As a result, the
photogenerated and holes are gathered on PC-1. In Type-II heterojunction (Fig. 3c),
the transfer of electron is similar to Type-1 from PC-2 to PC-1 [28]. Moreover, the
holes transfer is reverse to Type-1 from PC-1 to PC-2. For this event, the reduction
reaction is occurred for PC-1 when photogenerated electrons are collected on PC-1
and the holes on PC-2 for oxidation reaction. The development of a heterojunction
could result in enhance of charge separation by guiding the flow of electrons and
holes at the interface. And also, the charge recombination is suppressed, thus can
substantially improves photocatalytic activity [29, 30].

2.4 Surface Functionalization

Carbon nanomaterials have a propensity to agglomerate due to their high surface
energy and high Van der Waals force between them. Weak dispersibility in solvents
is a cause of these aggregation phenomena, which limits their application. So, carbon
materials must be functionalized to modify their physiochemical properties to over-
come this constraint [31]. The surface functionalization is a process of modifying
the chemistry of the material surface to achieve a desire property. Depending on the
types of interactions between active molecules and carbon atoms, functionalization
techniques are broadly classified into physical functionalization and chemical func-
tionalization (Fig. 4) [32]. The physical functionalization (non-covalent) techniques
include high impact mixing, rubbing, high shear mixing, ultrasonication, etc. These
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Fig. 3 Schematic diagram of semiconductor material heterojunction formation for photocatalytic
hydrogen production

procedures can keep them from aggregating, but they may break apart throughout
the process and lowering the aspect ratio. As a result, it is a time-consuming and
ineffective approach. Chemical functionalization (covalent) is a method of attaching
functional groups using covalent bonds by means of chemical treatment. This method
can improve their dispersion stability and wetting or adhesion property so covalent
factualization is the most preferred technique for changing the surface energy of the
carbon materials without distressing its electrical, optical or mechanical properties.
In this scenario, functionalizing the carbon nanomaterials using different chemical
treatments is considered to be an effective strategy for improving the efficiency in
the field of hydrogen generation via solar-mediated water splitting [33].
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Fig. 4 Functionalization methods of carbon nanotubes “Reprinted with permission from Jun et al.
[18]. Copyright 2018 Elsevier”

3 Carbon Material Nanostructure

3.1 0D Carbonaceous Materials

For the past two decades, chalcogenides quantum dots were appreciated for its opto-
electrical properties and application in various fields ranging from biology to tech-
nology. However, the prominent toxicity is associated with such limits their industrial
applications. Highest market cost of such toxic dots leads the new entrant carbon-
based dots to be a promising alternative. The King of the element, namely carbon
and their derivatives, can satisfy the profound quality in emerging economies [34,
35] The history of carbon materials revealing the chemistry of the quantum effects in
0D carbon material can solve the puzzle of their excellent properties (Fig. 5a) [36].
As a consequence of the quantum effect of matter at smaller atomic levels, discrete
bandgap systems and edge effects are created with remarkable properties [37, 38].

3.1.1 Carbon Dots

Since, after the discovery by Xu et al. carbon dot research fired up its perfor-
mance in photocatalysis and sensor applications [39, 40]. These sp?> hybridized
carbon materials are known for superior stability, low toxicity, and tunable optical,
conducting properties, etc., [41]. Functionalizations of C-dots make them as good
photon absorber and excellent electron acceptor and donor [42-44].

A blend of mixed crystal TiO, with carbon dots (CQDs) was synthesized, charac-
terized and revealed outstanding performance for H, production by Tang et al. [45,
46]. The yield of H, was 280 | mol h™!, which was higher than that using pure TiO,
alone. CQDg act as an electron storage medium which may enhance charge transfer
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Fig. 5 aEvolution in carbon materials from the year 1859 to 2012 was “Reprinted with permission
from Tian et al. [47]. Copyright 2018 Elsevier,” b pictorial illustration of photocatalytic mechanism
for water splitting by GQDs and CQDs, ¢ GQDs different synthesis approaches reproduced with
permission from “Reprinted with permission from Shen et al. [48]. Copyright 2012 Royal Society
of Chemistry”, d S-doped GQDs hydrogen splitting mechanism in 80% of ethanol/aqueous medium
at pH 8 reproduced with permission from reference “Reprinted with permission from Gliniak et al.
[49]. Copyright 2017 Wiley”

and inhibit e~ -h* pair recombination. The incorporation CQDys into TiO; shifted the
absorption and emission to visible region showing that electrons can be transferred
from CQDs to TiO,. The inhibition of e~-h* recombination was proved by weaker
PL spectra of CQDg —TiO; system. The hydrogen treatment of CQDs-TiO, exhibited
a better H, generation activity than pure TiO, due to improved optical activity of
CQDs-TiOs.

The CQDs-TiO, samples showed prompt photocurrent response, while hydrogen-
treated CQDs-TiO; indicated and enhanced photocurrent response. Such an observa-
tion clearly brings out the influence of CQDs in TiO, on H; yield improvement. Siu
and co-workers investigated on photocatalytic hydrogen production of CQDs/TiO,
nanosheets with major (001) plane. Furthermore, many previous reports on carbon
quantum dots composites showed superior hydrogen gas (116.1 mol g~' h™!) produc-
tion [50, 51]. C-dots can also show high performance as co-catalyst in water splitting
reaction. Wang et al. [44] reported that CQDs/g-C3N4 composite are well suited for
enhanced hydrogen production of 2.34 mmol g~' h~! but g-C3N, alone showed only
0.51 mmol g~! h~!. The catalytic efficiency is four times that of pure material. The
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interaction of CDs and g/C3;Ny4 hybrid improves charge transport capabilities as well
as inhibits electron—hole recombination at the interface [52, 53].

Nitrogen-doped CQDs nanocomposite serves as an excellent material for photo-
catalytic H, production. In addition to the early research, the superior photocat-
alytic activity was illuminated under visible and NIR irradiation using N-CDs/CdS
nanocomposites, where lattice acid as a sacrificial reagent (consume the photogener-
ated holes by providing electron). The low visible light photocatalytic H, evolution
rate (14.8 mmol h~! g‘l) was achieved due to their rapid electrons (CB) and holes
(VB) recombination for pure CdS. Shi et al. proved that the incorporation of N-CDs
could successfully separate the charge carriers of cadmium sulphide, consequently
enhancing the photocatalytic performance of N-CDs/CdS. The highest photocatalytic
activity was found when 5 wt% N-CDs were loaded, with an optimum H; evolution
rate of 58.9 mmol h™! g~!, which is approximately 5 times greater than cadmium
sulphide alone. The H, production rate decreased after the addition of N-CDs, which
could be attributable to an excess of N-CDs covering the surface of CdS, resulting in
lesser active sites for H, production [54]. Additionally, these heterostructure carbon
dots composite materials have high durability for hydrogen production.

3.1.2 Graphene Dots (GQDs)

Graphene dots with its incredibly smaller size, less than 30 nm, behave dually as
graphene and quantum dots. GQDs derived from a 2D graphene exist mostly in ellip-
tical or circular shapes, and even some GQDs are triangular and hexagonal [55, 56].
These ultra-small GQDs with its interesting quantum confinement and edge effect
properties usually emit green or blue fluorescence (quantum yields of GQDs are
mostly at a range between 2 and 22.9%). These dots have superior biocompatibility,
low toxicity, good chemical stability and enhanced luminescence compared to that
of inorganic semiconductor dots. GQDs possess bandgaps between 2.2 and 3.1 eV
[57, 58]. Figure 5c shows the traditional Nano synthesis approach for GQDs. Eco-
friendly, cheapest earth-abundant carbon materials were predominantly utilized for
synthesizing GQDs [59]. Since 2008, after the discovery of GQDs, many researchers
have consistently made progress in systematic tailoring and functionalization. After
purification and chromatographic separation, these materials can be characterized
by using material science techniques. Furthermore, the resulting GQDs function as
a promising catalyst for hydrogen production and opens new prospects for carbon-
based materials research Fig. 5b [60]. Figure 5d illustrates the implication of graphene
dots as a photocatalytic material to split water for large-scale hydrogen genera-
tion in the near future. For example, graphene oxide (GO) has better lifetime for
200 days with photocatalytically water efficient of 575 wmol h=! g=! [61-63]. The
contibution of graphene is more to improve the Water Splitting under light driven
conditions [64]. N-doped graphene dots can be efficiently synthesized from carbon
nano-onions using laser ablation method. Calabro et al. proved that the heteroatom-
doped graphene resulted in an efficient catalytic property [65]. Theoretical work
also suggested that tailoring the bond environment of carbon atoms in graphene by
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heteroatom (boron, nitrogen and sulphur) can enrich the mobility of hole and elec-
tron, respectively, henceforth enhancing the water splitting reaction [66, 67]. Table 1
illustrates hydrogen production efficiency of graphene materials. Yeh et al. employed
nitrogen-graphene oxide quantum dots for water splitting application under visible
light [68—70]. The rate of hydrogen generation efficiency of sulphur-doped graphene
in the presence of different sacrificial electron donors was investigated by Tung
et al. The results revealed that the highest performance up to 80% was detected
in ethanol/aqueous medium at pH 8. Subsequently, a plausible mechanism for the
improved water splitting (30,519 wmol h~! g~!) and prolonged lifetime of the catalyst
was justified by conducting the experiments in the presence of H,O, [68, 71, 72]. In
order to achieve enhanced photocatalytic performance, it is necessary to combine the
graphene dots with TiO,. Figure 6a, b illustrates the reaction mechanism of the dual
role of graphene dots as a sensitizer (for efficient light absorption) or as a co-catalyst
(for enhanced charge separation) on biphasic TiO,. Compared to single-phase TiO,,
the anatase/rutile nature of P-25 TiO; resulted in efficient charge transfer which in
turn, promotes hydrogen production rate up to 29,548 jumol g~' h™!. This heterojunc-
tion provides systematic separation of electron—hole pairs, in addition dots amplify
the photocatalytic behaviour of TiO; [62, 64]. Similar to this work, many researchers
investigated the graphene dots modified TiO, nanotubes, titania nanosheet [57, 73,
74] for enhancing the photocatalytic efficiency under UV light irradiation. Many
worthwhile efforts have been made on the functioning of nitrogen-doped GQDs with
TiO, by Yeh et al. Also, Sudhagar et al. reported the sensitizing effect of GQDs on
TiO, nanowire and various TiO, nanostructure [75].

To conclude, GQDs has played an eminent role in enriching the photocatalytic
H; evolution. Graphene dots’ co-catalyst can also function as an efficient photo-
harvester and facilitates the improving electron transfer property. As an alternative
material for TiO,, composites of ZnO nanowire and graphene dots were replaced by
many scientists and the water splitting was illustrated under solar irradiation [76].
In this system, graphene dot function as aid in harnessing the visible light as well
as enhance the separation of charge carriers of metal oxide by trapping the electrons
and thereby delaying the recombination of charge carrier present in TiO, which
results in better photocatalytic performance. Fabrication of graphene dots onto the
surface of metal sulphide nanoparticles was clearly explored by Tian et al. and Lei
et al. [62, 76, 77]. Also, Dinda et al. reported on covalent linking of rhodamine dye
with graphene dots to produce hydrogen efficiently under visible light without any
co-catalyst [78]. Henceforth, the graphene dots can play a dual role as co catalyst as
well as photosensitizer in H, evolution. Still the reason regarding the exact role of the
graphene quantum dots system in hydrogen production mechanism is unclear. With
current efforts to better study the behaviour of GQDs and develop new nanomaterial
functionalities, it is expected that novel applications will prosper in the near future.
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Fig. 6 a and b the enhanced hydrogen generation by decoration of graphene QDs onto the bi-
phase TiO; nanostructures “Reprinted with permission from Raghavan et al. [64]. Copyright 2020
American Chemical Society”

Carbon Nanotubes (CNTs)

The carbon nanotubes (CNTs) were discovered in 1991 by Sumio lijima; it offers
large surface area, excellent thermal conductivity, high electron emission, high
thermal and chemical stability [86—89]. In the recent past decade, CNTs employed
in photocatalytic applications have both metallic and semiconducting capabilities
due to the chiral indices of the CNTs [90, 91]. CNTs have the potential to solve the
challenges that semiconductors have in photocatalysis.

CNTs are a one-dimensional structure of carbon allotropes; it is like tubular
containing graphite. Also, CNTs are hollow cylinder, while rolling it formed single
or multilayered graphene. The carbon nanotubes were classified into two types,
(i) single-walled carbon nanotubes (SWCNTs) and (ii) multiwall carbon nanotubes
(MWCNTS). The difference between SWCNTs and MWCNTSs is listed in Table 2. A
single-walled carbon nanotubes (SWCNTSs) can be thought of as a single molecule
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Table 2 Comparative of SWCNTs and MWCNTs properties

SWCNTs MWCNTs
Graphene arranged in single layer Graphene arranged in multi-layer
For synthesis catalyst is required It is possible to produce without catalyst

Difficult to do bulky synthesis required suitable | Easy to synthesis in bulk
growth control and environment condition

During functionalization defect should be more | When using the arc-discharged technique, the
chances of defect is reduced

SWCNTs can be easily twisted MWCNTs cannot be easily twisted

It is easy for evaluation and characterization It has very complex structure

armchalr xigrag

Fig. 7 aand b the formation of single-walled carbon nanotubes by rolling a graphene sheet along
lattice vectors results in armchair, zigzag, and chiral tubes which are the three types of carbon
nanotubes; ¢ Proposed mechanism diagram of photocatalytic hydrogen production of Z-scheme
g-C3N4/CNTs/CdZnS. “Reprinted with permission from Feng et al. [104]. Copyright 2021 Elsevier”

with a wide range of structural characteristics such as diameter, length, and chirality.
The pure SWCNTs are visualized as tubular shell rolled of graphene sheet layered
by benzene kind hexagonal rings of carbon atoms [92-94]

From these two different structures, it is possible for three different types of CNTs.
They are armchair, zig-zag and chiral-type CNTs which are represented by indices of
n and m. Therefore, when n = m represents armchair, when m = 0 represents zig-zag
and other configurations represent chiral nanotubes [95-99]. Figure 7a, b represents
the types of SWCNTs. The diameter and chirality are calculated by the following
equation [100]

D = a(n2 + nm +m2)1/2/7r
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0 = tan™'[3'2m/(m + 2n)]

The circumference of SWCNTs has 10 atoms usually and tube thickness is one-
atom-thick only, this nanotube have an aspect ratio of length- diameter was about
1000, so it can be nearly considered as one-dimensional structures [95]. SWCNTs
have a diameter of ~1 nm consisting of only one atomic sheet which can be visu-
alized by rolled graphene (i.e. honeycomb structure sp?> of carbon atom) sheet.
The sp?>-bonded carbon materials give better mechanical properties [98]. The one-
dimensional SWCNTs are attracted researcher to explore 1D physics in the quantum
regimes and new optoelectronic devices. Moreover, the most prominent property
in SWCNTs is charity-dependent metallicity. CNTs have high thermal conduc-
tivity (3000 W/m/K, comparable to diamond), good chemical and environmental
stability. Along with these properties, the lightweight of carbon nanotubes makes
them extremely promising for use in industries such as aerospace [101]. MWCNTs
are sp> carbon made of elongated cylindrical nano-objects, and their diameter ranges
from 3 to 30 nm, and they can grow to be several centimeters long, and therefore, their
aspect ratio can range between ten and ten million. These MWCNTs can be distin-
guished from SWCNTs and double-wall carbon nanotubes. In MWCNTs, the wall
thickness is constant along the axis; therefore, the inner channel is straight. A multi-
walled carbon nanotube is made up of as many large molecules as the number of walls,
and each molecule is as long as the nanotube itself. Carbon materials are mostly used
as supporting materials for semiconductor photocatalysts. In addition, photocatalyst
hydrogen (H,) production was achieved by hybrid photocatalyst of semiconductor—
carbon photocatalysts. The surface chemistry of carbon materials influences the
interaction between semiconductor nanoparticles and carbon materials [102]. In this
aspect, Wang et al. fabricated the MWCNTs as a supporting material of Zn,Cd;_,S
nanoparticles by the solvothermal process, where Zn(AC),-2H,0, CdCl,-2/5H,0O
and thiourea were used as the precursor material to prepare Zn,Cd,_,S. The average
diameter of Zn0.83Cd0.17S nanoparticle was found ~100 nm which was assembled
on the surface of CNTs. Moreover, the combined Zngg3Cdg 17S/CNTs nanocom-
posites give better dispersion and interfacial area. The excited photoelectron will
move from the conduction band (CB) of Znyg3Cdg 7S to the surface of CNTs,
resulting in the separation of photogenerated charge carriers at the interface between
Zn g3Cdy 17S and CNTs. Under wavelength illumination ranging from 300 to 800 nm,
the photocatalytic H, production rate of Zngg3Cdg 17S/CNTs nanocomposite was
6.03 mmol h~! g~!, which was 1.5 times than that pure Zn( g3Cdg ;7S [103].

The MWCNTSs/Pd-TiO, photocatalyst was tested for H, production under UV
light which shows the production of H, as 25 mmol g‘1 h~'; this can be achieved
due to electronic junction supporting the charge transfer between the MWCNTs-
TiO,, Moreover, the CNTS acts as a co-catalyst and excellently transfers the elec-
tron between Pd and TiO; [105]. Umer et al. investigated the montmorillonite (Mt)
dispersed in single-wall carbon nanotubes (SWCNTs)/TiO, composite to produce
photocatalytic H, evolution under visible light conditions. The SWCNTs-Mt (2—
10 wt%)-doped TiO, produces H, volume of ca. 9780 ppm h~! g~!. To enhance the
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separation efficiency of better absorption of visible light and photogenerated charge
carriers are originated through synergic effect between Mt and SWCNTSs. The co-
doping between Mt and TiO, enhances the separation efficiency of electron/hole pairs
[106]. As well as, CNT-Pt/TiO, photocatalysts prepared via hydrothermal and one-
pot oxidation for production of photocatalytic hydrogen from glycerol and methanol
from aqueous solutions. The H, production is increased by varying CNTs wt% in
the range of 1-10 wt% loading with TiO, reported by Naffati et al. [107]. Moreover,
this synergic effect enhances the separation of charge carriers and mobility in hybrid
materials promoted by CNTs. The 1 wt% of CNTs with Pt/TiO, shows the highest
photocatalytic H, production under UV-LED of (384 nm) irradiation. Although using
methanol with this reaction produce H; of 2327 and 2091 wmol g~! was obtained
using glycerol. In this aspect, Peng et al. [108] synthesized MWCNTSs/CdS (cadmium
sulfide) by hydrothermal method. The 10 wt% of MWCNT with CdS derived from
at 160 °C shows high photocatalytic hydrogen production efficiency due to its fastest
carrier separation. In MWCNTs, the presence of carboxyl leads to good chemical
bonding between MWCNTs and CdS nanoparticles which result in the synergic
effect of CNTs and CdS. The binary MWCNTSs/CdS nanocomposite is efficient
under visible light-driven photocatalysts which shows better durability due to their
good chemical bonding between composites of MWCNTSs/CdS, which enhanced the
separation efficiency and charge separation and its potential for the developing of
efficient photocatalysts for H, production. Feng et al. [104] performed the photocat-
alysts hydrogen production on g-C3N4/CNTs/CdZnS which is shown in Fig. 7c. The
CdZnS nanoparticles are compounded uniformly on the surface of g-C3N4/CNTs
to form the heterojunctions which improve the photocatalytic H, production. More-
over, the mass ratio of 1:8 (g-C3N4/CNTs to CdZnS) displayed better performance
on photocatalytic H, production of 28.74 mmol g~! h~!. Z-scheme heterojunctions
improves the system separation efficiency and photogenerated carrier lifetime on
these ternary nanocomposites, which can make better and continue to produce H,
efficiently and stably.

3.2 2D Materials

The material’s properties are impacted not only by its chemical bonding but also by
its dimensions and shape at the mesoscopic scale. This is especially true in the case of
carbon-based materials. Carbon possesses four valence electrons in its ground state,
two in the 2s subshell and two in the 2p subshell. While establishing bonds between
neighboring atoms of carbon, the transfers of one 2s electrons into the unoccupied 2p
orbital take place and then create bonds with additional atoms through the orbit of sp
hybridization. Depends on the number of p orbitals (one to three) mashing up with the
s orbital the sp hybridization is categorized by three types which are sp, sp?, and sp®
hybridization. The hybridized carbon atoms in the form of sp? and sp? establish bonds
with three and four carbon atoms, respectively. These carbon-based building blocks
are known as two-dimensional (2D) materials which include graphene, graphitic
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carbon nitride and graphdiyne. The arrangement of carbon atoms on a honeycomb
lattice brought outstanding properties includes exceptional electronic, mechanical,
and optical properties. Owing to its outstanding characteristics, two-dimensional
(2D) materials have fascinated a lot of interdisciplinary research consideration in the
field of energy and environmental applications. In that perspective, utilization of 2D
materials for the generation of H, from the process of photocatalytic water splitting
is the most idealistic method for gaining carbon-free fuel [109].

3.2.1 Graphene

The wonder material “graphene” was discovered in 2004 by Geim and Novoselov
[110]. The discovery of graphene ushered in a new era of the materials world and
is much recognized for its exceptional properties such as large surface area
(2630 m? g~ 1), outstanding electronic mobility (200,000 cm? V! s=1), high thermal
conductivity (3000 W m~! K~!) and robust mechanical strength (1060 GPa). Various
physical methods have been tried to isolate a single-layer defect-free graphene sheet.
Chemical vapour deposition (CVD), thermal exfoliation, solvent assisted exfoliation
and ultrasonication are a few examples [111]. However, commercial implementation
is hampered by expensive and time-consuming methods as well as the inability to
produce big quantities. So chemical oxidation method is adopted to oxidize graphite
by involving strong oxidizing agents for the formation of graphite oxide, and from
this procedure, graphene oxide (GO) can be obtained easily through the repulsive
forces acting between negatively charged sheets [112, 113]. The GO sheets can be
partially diminished via hydrothermal, chemical, or thermal exfoliation methods to
obtain reduced graphene oxide (rGO) [114]. Despite the fact that these techniques
generate graphene sheets with few defects, their properties are identical to graphene.
When graphite is oxidized to graphene oxide (GO), it becomes a semiconductor. The
addition of various oxygen-carrying functions to graphene via oxidation converts
some of the sp® carbons into sp® carbons, owing to the breaking of the p-conjugated
system [115]. The carbon skeleton of GO turns positive due to the higher elec-
tronegativity of oxygen, and GO behaves as a p-type material [116]. The presence
of both sp? (conducting) and sp> (non-conducting) carbons results in the formation
of bandgap which exclusively depends on the degree of oxidation. The bandgap of
GO can be controlled by adjusting the oxidation level. At first, the splitting of water
into hydrogen and oxygen using GO was reported by Yeh et al. [69]. Depending
on the oxidation level, the bandgap of GO was found to be 2.4-4.3 eV, and this
bandgap was capable of meeting the water splitting threshold that is 1.23 V. After
6 h of visible light irradiation, the negative conduction band produced a hydrogen
(Hy) yield of 280 pmol and then the yield of hydrogen increased to 17,000 pmol
when methanol was used as a sacrificial donor. Furthermore, to improve the hydrogen
evaluation rate, graphene oxide (GO) can be composited with other inorganic semi-
conducting materials. Owing to the negatively charged surface of GO, the inorganic
nanomaterials were immobilized by attractive force acts between them. Additionally,
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GO offers seamless nucleation sites for the growth of metal oxide semiconducting
nanoparticles and also prevents them from agglomeration.

Graphene-Based Composites

TiO; is widely utilized in photocatalytic hydrogen generation from water splitting
because of its inexpensiveness, lack of toxicity and great stability [117]. Zhang
et al. [118] explored photocatalytic H, evolution of TiO,/graphene sheets (GS).
The results indicate the increase in H, production with increase in GS content
(4.5 pmol h™'-5.4 pmol h™"), respectively. Shen et al. [119] demonstrated the
superiority of TiO,/rGO synthesized via one-step hydrothermal method, and the
composite displayed a Hy yield of 4.0 wmol h~! under irradiation of UV-visible
light. The increased activity of the composite may be due to interfacial transfer
of electrons from TiO, to graphene which is assisted by the energy-level variations.
Xiang et al. [120] prepared graphene-modified TiO, nanosheets through microwave-
hydrothermal method and exhibits a H, yield of 736 umol h™' g~! by an AQY of
3.1%. The high H;, production may be ascribed to the composite material (TiO, modi-
fied graphene sheets) which acts as an electron acceptor and efficiently restricts the
recombination rate of electron—hole pair. Lv et al. [121] demonstrated the fabrication
of photocatalysts containing CdS or TiO, graphene composite by one-pot synthesis
method, and hydrogen-generating ability of the photocatalysts was examined using
sacrificial electron (SA) donors (Na,S and NaySO3). Min et al. [122] investigated
the MoS, confined on RGO sheets attached with Eosin Y as SA in photocatalytic
systems for H, evolution, and it exhibits a AQY of 24% under visible light irradiation
(=420 nm). Tran et al. [123] studied Cu,O/rGO composite for hydrogen genera-
tion, and they tried to overcome the rapid deactivation of Cu,O via photocorrosion
phenomenon, which causes due to the redox reaction of Cu,O to CuO and Cu. Khan
et al. [124] investigated the significance of Al,O3/CdS/GO and ZnO/CdS/GO in H,
evolution with SA (Na,SO3 and Na,S) which displays an AQY of 14% and 30%.
Mou et al. [125] prepared RuO,/TiSi,/graphene as photocatalyst for H, generation
via water splitting. However, increasing the amount of RuO; on the surface of TiSi,
resulted in charge recombination centres. Furthermore, similar action was found with
addition of RGO, where 1% loading amount of RGO works as an enhanced charge
transport and further increasing the loading, resulting in a decrease in H, evolution.
Based on the discussion, graphene and graphene-based composites clearly act as an
effective support for semiconducting photocatalysts, particularly for generating H,
via water splitting. The importance of graphene and graphene-based composites in
suppressing the recombination rate in single and dual semiconducting photocata-
lysts has received a lot of attention. Even though the performance of graphene-based
photocatalysts in water splitting is critical, graphene’s high production cost delays
the commercialization process.



274 E. Nandhakumar et al.
3.2.2 Graphitic Carbon Nitride

As another type of layered 2D material is graphitic-phase carbon nitride (g-C3Ny)
which sparked lot of curiosity among scientists because of its unique structure and
interesting characteristics. Since it discovered in 1834, carbon nitride (C3Ny4) has
been considered as ace of the earliest organic conjugated polymers which has five
phase classifications together with «, B, cubic, pseudocubic and graphitic phase.
Specifically, g-C3N4 is made up of layers of 2D conjugated structures with s-
triazine or tri-s-triazine subunits linked by tertiary amines. Thermal polyconden-
sation (Fig. 8a) is used to make g-C3;N,4 from low-cost carbon-based precursors
which contains nitrogen urea, cyanamide, thiourea, melamine and dicyanamide.
Initially, Biureate is formed when it dimerizes and then it cyclizes to cynauric acid,
which combines with the ammonia gas to produce ammelide and melamine during
pyrolysis. The graphite-like planer architecture with p-conjugated systems allows
charge carriers to be transported, whereas the bandgap of 2.7 eV allows it to work
in the visible region of the solar spectrum at approximately 460 nm. The benefits
of g-C3Ny consist of visible light responsive, better thermal stability in ambient
conditions, good chemical resistivity and eco-friendly. Furthermore, the electronic
band position of the negative conduction band (CB) is higher than H*/H; and the
positive valence band (VB) superior than H,O/O; drives the g-C3N4 specifically in
the H, production from the solar-driven water splitting process [126, 127]. Hong
et al. [128] prepared g-C;N4 nanosheets by directly thermal calcination method
using an optimized hydrothermally treated melamine as precursor. The resulting
nanosheets had outstanding visible light-driven photocatalytic water splitting capa-
bility of 503 mol h~! g~! hydrogen evolution (Fig. 8b). One of the initial efforts
by Wang et al. [129] reveals the usage of g-C3Ny4 to yield H, by water splitting
process in the presence of triethanolamine which generated 0.1-4.0 pwmoles/h under
the irradiation source of visible light. Upon the addition of co-catalyst (3% Pt), the
yield of H, was increased by further 10-15%. However, its photocatalytic activity
is limited by its lower electrical conductivity, higher recombination rate, and poor
light absorption. Several approaches were indeed made to enhance the photocatalytic
activity g-C3Ny which are doping, tailoring the nanoarchitecture, incorporation of
noble metal, development of heterojunctions with other photoactive materials.

The g-C3N4 catalyst based on heterojunctions has received a lot of attention
because of its synergistic behaviour. So, using the impregnation and chemical reduc-
tion method, the nanocomposites of g-C3N4 and graphene oxide (GO) were synthe-
sized by thermally treating melamine and GO at 550 °C in inert environment [130].
In this context, graphene served as conductive pathways, allowing the charge carriers
to be effectively separated. So, the graphene/g-C3N,4 nanocomposite displays a Hy
production of 451 wmol h™!, which the pure g-C3Ny possess 3.07 times lesser. Song
et al. reported that their prepared rGO/g-C3Ny via a simple hydrothermal reduc-
tion method yields a H, production rate of around 55.8 pmol h! g’l [131] To
increase the photoactivity of g-C3Ny, Zou et al. [132] created a nanocomposite of N-
GQDs/g-C3Ny4 using a simple method. Because of the various functions served by the
N-GQDs, this nanocomposite demonstrated enhanced activity in photocatalytic H,
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Fig. 8 a The synthesis of g-C3N4 by thermal polymerization of various precursors is depicted
schematically. “Reprinted with permission from Ong et al. [138]. Copyright 2016 American
Chemical Society.” b Stability test of hydrogen production over the g-C3N4 nanosheets. g-C3Ny.
“Reprinted with permission from Hong et al. [128]. Copyright 2017 Elsevier.” ¢ Mechanism for H
evolution by using N-GQDs/CN-U. “Reprinted with permission from Zou et al. [132]. Copyright
2016 Elsevier.” d The synthesis of Cdg 5ZngsS@C3N4 and visible light-driven Hy production are
depicted schematically. “Reprinted with permission from Yao et al. [135]. Copyright 2016 Elsevier”

evolution of around 43.6 mol h™! that would have been 2.16 times larger compared
to pure g-C3Ny. Figure 8c illustrates the photocatalytic H, evolution pathway in
N-GQDs/g-C3Ny4. As per the suggested mechanism, g-C3;N, absorbs in the region
(420470 nm) and results in production of charge carriers. On the contrary, absorbed
light at 600-800 nm by g-C3;N,4 generates electron and hole. As a result, electrons
from the conduction band of g-C3N4 migrated to the edge of N-GQDs and those elec-
trons are having ample time to convert H,O to H, because of its effective separation
of charge carrier. Another approach has been reported by utilizing ZIF-8/g-C3;Ny
prepared by simple thermal condensation method which exhibits a H, evolution
32.6 jumol h~! that was 36.2 times higher compared to bare g-C3Ny [133]. Wang
et al. [134] reported the integration of silicon carbide (SiC) with g-C3Ny4 for the
first time. The composite had a high photoactivity and a rate of H? generation of
182 mol h™! that was 3.4 times higher than the pure g-C3N4. The band edges of SiC
and g-C;N,4 matched appropriately to generate a heterojunction photocatalyst with
better electron—hole separation.

Yao et al. proposed a Type-II photocatalyst with excellent efficiency composed
of 2D g-C3N4 micronanoribbons and CdysZngsS quantum dots Fig. 8d [135]. The
authors integrated the virtues of nanostructure engineering based on the benefits
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of Type-II structures. The composite displays the maximum H, generation rate of
33.41 mmol h™! g‘1 and an AQY of 46.65% at visible light irradiation (450 nm).
In g-C3Ny4-based Z-scheme systems, the narrow bandgap oxides have fascinating
potentials throughout the evolution of O, in water splitting process. She et al. [136]
demonstrated that a 2D hybrid made up of g-C3N4 nanosheets and Fe, O3 nanosheets
coupled with a tight interface may be used to build a direct Z-scheme all-solid-state
system for photocatalytic water splitting process. The composite showed an excellent
hydrogen evolution rate of 30 mmol g~! h~! and an AQY of 44.35% under the irra-
diation of visible light (420 nm). Similarly, in order to achieve optimal performance,
the main factors that have a substantial impact on water splitting efficiency must be
optimized are: type and concentration of redox mediator, the pH value of the reaction
medium and the weight per cent between two photocatalysts. Tang et al. prepared
the combination of BiVO4 and WO;3; with g-C3Ny to form a Z-scheme system with
taking the above factors into account. Under ideal condition, g-C3N4/WO3 (I/10; as
a redox mediator) exhibits a H, and O, evolution of 36 and 18 mol g~! h™!, while
for g-C3N4/BiVO, the corresponding evolutions are 21.2 and 11.0 pmol g~' h™! by
using Fe?*3* as a redox mediator [137].

Moreover, the intriguing metal-free structure and high physicochemical stability
of g-C3N,4 materials offer both technical potential and mechanistic vision into the
water splitting mechanism. By modifying the exterior construction of g-C3Ny built
on strategies like Type-I and Z-scheme deliberately improves the efficiency and
durability in mutual of hydrogen evolution half reaction and overall water splitting
process.

4 Conclusion

The advantages of carbonaceous based (0D, 1D and 2D) nanostructures composites
in photocatalytic water splitting were emphasized in this chapter. These carbona-
ceous nanostructure materials revealed to have strong carrier transport and elec-
tron accepting capabilities, which are the most important qualities for increasing
hydrogen generation efficiency by increasing the visible light absorption. In addi-
tion, the carbonaceous nanostructured-based semiconductor photocatalytic materials
enhance the hydrogen evolution efficiency and displayed outstanding stability, where
the integration of semiconducting materials established the effective transfer of an
electron between the heterostructures and efficient separation of charge carriers.
Also, the photocatalytic semiconductors act as an efficient light adsorber and elec-
tron acceptor which enhance the overall efficiency of water splitting. In conclusion,
carbon-based nanostructures have a great potential in water splitting application as
photocatalytic hydrogen generation.
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