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ABSTRACT

Here, a novel synthesis of Mxene/a-Fe2O3/CdS step-scheme (S-scheme) hybrid heterojunction
with cascade 2D coupling interfaces was purposefully fabricated using hydrothermal techniques.
Through in-situ irradiation XPS, or UV- Visible Spectroscopy investigations, the building of S-
scheme was discovered, which may significantly increase the photocatalytic H> evolution reaction
(HER) rate and stability. In comparison to pure CdS nanosheets (NSs), the H» evolution rates of
Mxene/a-FeoO3/CdS were, respectively higher. The maximum HER activity measured in the
optimized ternary composite is 51.04 mmol ¢! h'! at 450 nm. The ternary photocatalyst, however,
continued to show substantially higher stability. Without a doubt, the strong S-scheme interfacial
electric fields could efficiently promote spatial charge separation between CdS nanosheets and a-
Fe>Os3 nanosheets, while 2D Mxene nanosheets, as Hz-evolution co-catalyst, could offer more
electron transfer pathways and a significant number of active sites for photocatalytic HER. This
work is anticipated to provide some fresh ideas or inspirations for the rational design of extremely

effective S-scheme heterojunction photocatalysts for more practical applications



1. Introduction:

The current era necessitates the expeditious advancement of renewable energy sources to cater to
the demand for enduring and copious energy, given the exhaustion of non-renewable fossil fuels
such as coal, natural gas, and petroleum oil[1]. The exploration of novel methodologies and
advanced technologies for the acquisition of renewable energy has gained significant importance
in recent times[2]. One of the more promising methods entails the transformation of solar energy
into chemical energy, sometimes known as "solar fuels." Solar fuels include hydrogen (H»),

methanol, methane, and other energy-storing and -releasing substances[3].

The development of a low-carbon emission economy is usually seen as benefiting greatly from the
availability of hydrogen as an energy source. To start, it's crucial to remember that hydrogen has a
substantially higher calorific value per unit of mass than natural gas or gasoline, by a factor of four
and three, respectively. Due of its ability to burn without producing greenhouse gases, hydrogen
demonstrates environmental friendliness. Solar energy storage using hydrogen is usually regarded
as the best strategy for creating sustainable and environmentally friendly energy
systems[4].Furthermore, hydrogen exhibits a ubiquitous presence in a diverse range of chemical
compounds and holds the distinction of being the most abundant element in the cosmos. Due to its
high accessibility and versatile nature, hydrogen exhibits significant potential as a flexible and
convenient energy resource[5]. Thirdly, hydrogen serves as a crucial chemical reagent employed
in diverse industrial operations. Extensive research has been conducted on the subject of
photocatalytic or photoelectrochemical (PEC) water splitting, a process that harnesses solar energy
to facilitate the separation of water molecules into hydrogen and oxygen components. The
significance of fostering a hydrogen-based economy stems from its pivotal role in the realm of

technological advancement. A significant milestone in this domain was the seminal research



conducted by Fujishima and Honda on the photoelectrochemical water splitting reaction
employing a titanium dioxide (TiO>) electrode[6].Since that point in time, a group of scientists and
researchers have been actively engaged in conducting thorough investigations on different
photocatalytic and PEC (photoelectrochemical) systems. These investigations involve the
examination of a wide array of materials and methodologies with the aim of enhancing the
efficiency of water splitting and the subsequent production of hydrogen. The objective is to devise
cost-effective and ecologically sustainable methodologies for large-scale hydrogen production

utilizing renewable energy sources, such as solar power[7].

In summary, the conversion of solar energy into chemical energy, specifically hydrogen, has
emerged as a highly auspicious approach for addressing the forthcoming energy and environmental
challenges. The progress of clean and sustainable energy solutions is contingent upon the ongoing
research and development efforts in the fields of photocatalytic and photoelectrochemical water
splitting[8].In order to solve water, air, and soil contamination, researchers and scientists have
invested enormous effort in inventing environmentally friendly products and practices. All life
forms depend on water, so it needs to be carefully managed and purified[9]. Wastewaters from
factories, businesses, and research facilities are important sources of pollution because they
include a variety of poisonous compounds that are bad for both people and the environment,

including organic poisons, dyes, heavy metals, pesticides, and herbicides[10].



Figure 1:H;, Production from different photocatalysts[11]

An issue that affects the entire world is water contamination. Significant water pollution has been
caused by human activities and industrial development, endangering human health. It is essential
for societal and economic well-being in all sectors to have access to clean water and sanitary
facilities[12]. Unfortunately, the amount of biological, chemical, and microbiological pollutants in
water is rising as a result of human activity. Agriculture, unintentional oil spills, poor domestic and
industrial waste disposal, as well as numerous chemical-intensive industrial processes, are all

sources of contamination[13].

Chemicals such as dyes and heavy metals represent significant environmental risks and can have
negative health effects. With the objective of discovering efficient and long-lasting solutions to
lessen the negative effects on ecosystems, human health, and general well-being, efforts to reduce
water pollution are still being made. Due to a lack of automatic cleaning systems, inadequate
industrial waste treatment, and the manufacture of dangerous chemicals, water contamination has
escalated into a serious problem. Therefore, there is a critical need for pollution prevention and
management measures that are practical, cheap, and have no negative influence on the environment

or human health[14].



Through the splitting of water molecules, photocatalytic water splitting is a method for
transforming solar energy into hydrogen fuel[15]. Since hydrogen is a clean energy source and
produces only water as a byproduct when utilized in fuel cells, this technology is regarded as being
environmentally benign[16]. This substance takes in photons of light energy and uses them to fuel
the water splitting reaction, which would otherwise be thermodynamically unfavorable. Different
photoactive materials that satisfy specified requirements for effective solar energy conversion

through water splitting are being actively researched by researchers[17].

The majority of single photocatalyst compounds, however, have drawbacks. They either exhibit
photo corrosion to a large degree or are only active in the ultraviolet (UV) band of light.
Recombination of photoexcited charges is another difficulty because it lowers the overall
effectiveness of water splitting[19].Researchers have been investigating the idea of creating
heterostructures to overcome these restrictions. In order to do this, many functional elements must
be combined inside of a single photocatalyst. Because it enables the combination of desirable
features from each contributing chemical. The effectiveness of splitting of water can be increased
by expanding range to encompass light, decreasing the recombination of photoexcited e-h pairs,

boosting photo corrosion stability, and creating heterostructures[20].

Diverse photoactive materials are being actively researched, and the creation of heterostructures
has the potential to go beyond the constraints of single photocatalyst materials and increase the

effectiveness of the water splitting process[21].

1.1 Heterojunctions photocatalysis
The ability of single photocatalyst materials to split water has been extensively explored, however
these materials frequently have drawbacks such being active only under ultraviolet (UV) light or

having a lot of photo corrosion. Recombination of photoexcited charges is another issue that lowers
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the overall effectiveness of water splitting[22].Researchers have turned to the idea of creating
heterostructures by fusing various functional materials inside of a single photocatalyst to get
around these limits. This strategy has a tremendous deal of potential for solving the problems with
single photocatalyst materials[23].The advantageous characteristics of each involved component
can be synergistically combined by forming heterostructures. This enables the visible spectrum to
be included in the absorption range, increasing the efficiency of solar energy usage beyond merely
UV radiation. A greater solar spectrum can be captured by the heterostructures with a wider range

of absorption, enhanced efficiency.[24].

Additionally, the rejoining of photoexcited e-h pairs is decreased via development of
heterojunctions. Recombination wastes energy and reduces the effectiveness process, hence
preventing it is essential. These can increase the separation and use of charge transporters by
minimizing recombination, which boosts overall performance[25].Additionally, adding various
materials to heterostructures can improve the photocatalyst's resilience against photo corrosion.
The degradation or loss of catalytic activity brought on by extended exposure to light is referred
to as photo corrosion. The stability and longevity of the photocatalyst can be increased, assuring
its long-term efficacy in water splitting, by selecting materials with better photo corrosive
resistivity[26].A viable method of overcoming the drawbacks of single photocatalyst materials is
the development of heterostructures by fusing many functional elements within a single
photocatalyst. The absorption range can be expanded, charge carrier recombination can be
reduced, photo corrosive stability can be improved, and this all contributes to higher water splitting

efficiency[27].

To obtain the necessary qualities for a water splitting photocatalyst, there are significant challenges

in developing and producing heterostructures employing a variety of functional materials. When



creating a heterojunction, it is crucial to ensure that the levels of energy of the coupled materials

are closely related and have matching of band structure[28].

1.2 Types of heterojunctions

1.2.1 Type-I Heterojunction

In a type I heterojunction, h transfer to the less positively charged V-B of the material, whilst
electrons migrate to the less negatively charged band for conduction. It also lowers the redox
capacity of the photoexcited charges after they have gone through the heterojunction[29]. In a Type
I heterojunction, a heterostructure combining an (OEC) and a hydrogen evolution photocatalyst
(HEC) is used to split water. Electrons and holes that have been photoexcited can move across the

heterojunction contact because the two materials' band boundaries overlap[30].

When lighted by photons, the HEC material's V-B offers upper positive energy level compared to
the OEC material's V-B, and the OEC material's C-B is positioned more negatively than the HEC
material's conduction band. Due to this energy band alignment, photoexcited e* move from the
HEC material to the OEC material and holes move in the other manner. The effective charge
separation and improved redox reactions brought about by the transfer of photoexcited e and holes
through this heterojunction. In the reduction and oxidation reactions, which result in the formation

of hydrogen and oxygen, respectively, the transported electrons and holes can take part[31].

The band offset, Type I heterojunctions offer benefits such improved charge separation and
decreased charge recombination. The ability to expand light absorption to a wider region of the
solar spectrum and to reduce charge recombination may be restricted in Type I heterojunctions as

compared to Type II heterojunctions[32].



1.2.2 Type-II Heterojunction

In the context of water splitting for photocatalysis, a Type II heterojunction is a particular
configuration of a heterojunction structure. The V-B and C-B of the involved materials are aligned
at staggered energies in a Type II heterojunction. For applications involving water splitting, this

design permits effective charge separation and transfer[33].

A Type II heterojunction typically comprises of two different semiconducting materials, each with
a unique band gap energy, in the context of water splitting. The oxygen evolution photocatalyst
(OEC) facilitates the oxidation reaction that results in oxygen (O2), whereas the hydrogen
evolution photocatalyst (HEC) facilitates the reduction reaction that results in hydrogen (H2). In a
Type II heterojunction, the staggered energy band alignment results in spatially separated charge

carriers, with electrons building up in one material and holes building up in the other[34].

Type | Type ll- Type lly
E CB,
- N e'H B
CB, CB, E2
1 { E! ¢
E £ Ezg Elg EZ g
E
VB,
[ vs, 1 —

VB, VB, L. | VB,

VB,

Figure 2: Type I and Type II heterojunctions[35]

Compared to a single photocatalyst material, the Type II heterojunction absorbs light energy over
when photons are present. In both materials, the photons electrons excited to move from the V-B
to C-B. The photoexcited electrons tend to migrate from the sample with a higher C-B position to

the material with a lower C-B position as a result of the staggered band alignment, whereas the
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holes migrate in the other direction. By efficiently suppressing charge recombination, this charge

separation raises the overall effectiveness of water splitting[36].

For water splitting, the Type II heterojunction architecture offers a number of benefits. It
maximizes the use of solar energy by extending light absorption to a wider range, including visible
light. The reduction in recombination spatial makes the charge transfer for the corresponding
reduction and oxidation reactions involved in water splitting more effective. Overall, Type II
heterojunctions present a sustainable strategy for improving the performance of hydrogen and
oxygen synthesis by boosting, which will increase the efficiency of water splitting
photocatalysis[37].Carefully planning and constructing heterostructures, scientists are aiming to
enhance charge separation and transfer, maximize the usage of visible light, and raise the efficiency

of water splitting reactions[38].

1.3 Types of materials

1.3.1 0D materials (nanoparticles or quantum dots)

Materials that are zero-dimensional (0D) and one-dimensional (1D) have a lot of interest because
of their potential uses in water splitting, notably as photocatalysts. These substances have special
structural and physical qualities that can improve the effectiveness of the water splitting process.
0D materials, sometimes referred to as nanoparticles or quantum dots, are nanoscale objects with
dimensions typically between a few and a few tens of nanometers. A high surface-to-volume ratio
in these materials improves the exposure of active areas for catalytic processes[39].0D materials
can function as effective photocatalysts in this process because of their tunable band gaps, which
permit the absorption of a wide range of photons, including visible light. Researchers can precisely
tune the optical characteristics and energy band topologies of 0D nanoparticles for effective charge
separation and increased catalytic activity[40].Applications for water splitting have been

8



investigated using a variety of 0D materials, including metal oxides (such as titanium dioxide
nanoparticles), metal sulphides, and C based nanomaterials (such as graphene quantum dots).
These materials provide effective solar energy utilization for water splitting reactions thanks to

their high surface area, superior stability, and tunable surface chemistry[41].

£ oD

Zero Dimension

Gold Nanoparticles Quantum Dots  Fullerenes

Figure 3: Zero Dimensional materials[42]

1.3.2 One-dimensional (1D) materials

One-dimensional (1D) materials have an extended structure along one axis while retaining
nanoscale dimensions in the other two axes. Nanowires, nanorods, nanotubes, and nanofibers are
a few types of 1D materials[43].Due to their high aspect ratio and constrained geometries, 1D
materials have special features. These characteristics, which are all essential for photocatalytic
water splitting, include better charge transport, and effective charge separation. Researchers can
boost the photocatalytic efficiency of 1D materials by optimizing their crystal structures, surface
characteristics, and doping. By improve the use of water splitting, semiconducting metal oxide
nanowires like CdS,TiO2, ZnO, or hematite (a-FeoO3) nanowires have been studied for their

effective charge transfer and enhanced light absorption[44].



1D
One Dimension

Polymeric nanofibers, self
Péletal l‘;anorottils ﬁf&%?ﬂ :‘,:{',3&‘.2:2' as!mbled structures, Gold
eramiccrystle oo ribbons nanowires

Figure 4. One Dimensional materials

1.3.3 2D- dimensional materials

Due to their remarkable characteristics and atomic-scale thickness, two-dimensional (2D)
materials have suited intriguing candidates for the creation of hydrogen (Hz). These substances,
which are made of one or more layers of atoms, have special electrical, optical, and catalytic

properties that make them promising for the synthesis of H>[45].

Nanoindentation
Elastic modulus

Figure 5: 2D materials and their properties[46]
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1.3.4 Types of 2D Materials

1.3.4.1 Graphene

It is a sheet of hexagonally structured carbon atoms that exhibits exceptional electrical
conductivity. Graphene oxide (GO) and nitrogen-doped graphene, two derivatives and
modifications of pure graphene, have demonstrated potential as co-catalysts for accelerating H»
evolution processes (HER), despite pristine graphene's ineffectiveness as a catalyst for H»
synthesis. To increase the overall effectiveness of H» production, these graphene-based materials

can be coupled with additional catalysts[47].

Hydrogen

Figure 6: Graphene A 2D material for H, Production[48]
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1.3.4.2 Transition Metal Dichalcogenides (TMDs):

Layered compounds with distinct electrical characteristics include tungsten Di selenide (WSe;)
and molybdenum disulfide (MoS;). Both the HER and the (OER) are catalyzed by them. TMDs
have synergistic effects that increase the overall effectiveness of water splitting and can be utilized

as standalone catalysts or combined with other substances to generate heterostructures[49].

E(V vs. NHE, pH 0)

A
-2.0- (-
CB oy
-].0- ! ‘Q' H>
CB
o -=-=--- b oo 2 )
hv
1.0-
g - R (0720 0))
LSO
' VB
2o Onim  EE
SO @ MoS:

CdS
Figure 7 :Proposed mechanism for MoS,/CdS[50]
1.3.4.3 Black Phosphorus:
Also known as phosphorene, (BP) is a 2D substance with a puckered structure. BP's favorable
bandgap for visible light absorption has made it a promising photocatalyst for the synthesis of Ho.
BP's distinctive electronic structure makes it possible for effective charge separation and transfer,

which boosts its catalytic activity for splitting water[51].

1.3.4.4 Hexagonal Boron Nitride (h-BN):
Outstanding in both thermal and chemical stability, is a 2D insulating material. Even though h-
BN alone lacks catalytic activity for water splitting, it can support or act as a shield for other

catalyst materials. The total efficiency of H» production is increased by coating metal or

12



semiconductor catalysts with h-BN to assist avoid corrosion and degradation and extend their

catalytic effectiveness[52].

These are just a handful of the 2D materials that are being investigated for H, generation. High
surface area, customizable electronic structure, and catalytic activity are just a few of the
distinctive qualities that make 2D materials fascinating candidates for boosting the effectiveness
of H> evolution reactions in water splitting processes. In order to fully realize these materials'
promise for sustainable H> production, research is still being done to further optimize them and

create new production methods.

Certainly! Combinations of 1D-1D and 2D-2D materials have been studied for the creation of
hydrogen (H:), taking advantage of each material's special characteristics to improve catalytic

performance. Examples of these combinations are as follows:

1.4 1D-1D Materials:

Metal oxide nanowires and carbon nanotubes (CNTs) Metal oxide nanowires can be supported or
scaffolded by CNTs, which offer strong electrical conductivity and a sizable surface area.
Combining the two improves charge transfer and makes H> evolution reactions more productive.
For instance, CNTs with tungsten trioxide (WO3) or titanium dioxide (TiO2) nanowires have

demonstrated increased catalytic activity for the generation of H»[53].

1.4.1 Semiconducting nanowires and metal nanowires:
Synergistic effects can be attained by mixing semiconducting nanowires (like silicon, germanium,
or III-V compound semiconductors) with metal nanowires (like platinum, palladium, or nickel).

While the metal nanowires serve as effective catalysts for H> evolution, the semiconducting

13



nanowires absorb light and produce charge carriers. The combination improves charge separation

and catalytic activity, which increases the effectiveness of H» synthesis[54].

1.5 2D-2D Materials

1.5.1 Transition metal dichalcogenides (TMDs) and graphene

are examples of two-dimensional materials Heterostructures can be created using graphene and
TMDs like tungsten Di selenide (WSez) or molybdenum disulfide (MoSz). These materials'
distinctive band topologies make efficient charge transfer possible and boost catalytic activity.
Charge separation and H> evolution reactions are facilitated and supported by the interfaces
between graphene and TMDs. In comparison to individual materials, these heterostructures have

demonstrated better performance in the generation of H[55].

Vv RHE H. Vacuum! eV
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Figure 8 :Doped Graphene for efficient water splitting[56]

1.5.2 Hexagonal boron nitride (h-BN) and graphene:

Graphene's stability is improved and its corrosion is stopped by the protective layering effect of h-
BN. Improved H»> generation efficiency results from the combination of graphene with h-BN,
which maintains the outstanding electrical conductivity and catalytic activity of graphene while

providing chemical stability and protection[57].
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1.5.3 2D-2D CdS and Mxene

For effective water splitting, the combination of 2D cadmium sulphide (CdS) with MXene as a

photocatalyst for hydrogen (H») production has shown excellent properties.

CdS is a viable choice for photocatalytic applications because it is a semiconductor material with

a bandgap that is appropriate for absorbing visible light[58]. On the other hand, it is a class of

layered 2D transition metal carbides, nitrides, or carbonitrides. The combination of CdS and

MXene results in the formation of a heterostructure, which capitalizes on the distinctive properties

of both materials for process of water splitting. The utilization of a CdS/MXene heterostructure

for the synthesis of H» offers several advantageous features[59].
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Figure 9: Conduction and Valence band structure of CdS[60]

1.5.3.1 Advantages of CdS/Mxene photocatalyst for water splitting

1.5.3.1.1 Increased Light Absorption:

MXene can help to broaden the range of visible light that CdS can absorb because of its wider

bandgap. This broader light absorption range increases the efficiency of H» generation and the use

of solar energy[61].
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1.5.3.1.2 Effective Charge Separation and Transfer:

In response to illumination, CdS produces photoexcited electrons, while MXene offers channels
for effective charge separation and transfer. Increased catalytic activity results from the spatial
separation of charge carriers because it reduces recombination and lengthens the lifespan of

separated charges[62].

1.5.3.1.3 Cocatalytic Effects:
Materials made of MXene can also act as cocatalysts, accelerating surface reactions and
streamlining the entire water splitting procedure. The activity and durability of the heterostructure

can be improved by MXenes' high electrical conductivity and variable surface chemistry[63].

Optimizing the interfacial characteristics and improving the overall photocatalytic performance
for H, production are the goals of the careful synthesis and integration of the components. While
the heterostructure formed by CdS and MXene shows promise for the production of Hz, more
investigation and optimization of composition, structure, and interface engineering methodologies
are still being pursued. Through photocatalytic water splitting, these initiatives seek to enhance
charge separation, boost catalytic effectiveness, and produce H» in an efficient and sustainable

manner[64].

1.5.4 0-Fe:03 and Mxene

The a-Fe2O3; compound is a semiconductor photocatalyst that has garnered significant attention in
academic research. It exhibits characteristics of an extrinsic semiconductor, with a relatively
narrow Eg of approximately 2.1 electron volts (eV). Notably, it demonstrates exceptional
responsiveness to visible light, making it highly desirable for photocatalytic applications[65].
Additionally, a-Fe>O3 possesses a range of appealing properties, including various morphologies,

favorable thermodynamic stability, affordability, abundant availability in nature, and
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environmental compatibility. Nevertheless, the catalytic performance of o-Fe203 is deemed
unsatisfactory, prompting the exploration of this photocatalytic system as a potent approach to
enhance its activity. Schottky junctions rely significantly on the utilization of precious metal
materials[66]. In theory, if the work function of a metal is greater than that of iron oxide, it is
possible to establish a Schottky junction at their contact interfaces. This junction effectively
hinders the backward movement of photogenerated electrons that have been trapped by the metal.
Nevertheless, the exorbitant expense associated with precious metals necessitates the exploration

of viable alternatives for the fabrication of Schottky-scheme systems[67].
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Figure 10 : Band structure of Fe,O3[68]

The two-dimensional MXene Ti3C2 is undeniably a viable option due to its exceptional
conductivity, substantial SA, robust absorption properties, and appropriate Fermi level. In contrast
to the conventional accordion-shaped Ti3C2, the single-layer MXene exhibits a multitude of
advantages. There are several factors that contribute to the enhanced performance of the material
under consideration. Firstly, the ultra-thin thickness of the material decreases the distance that
carriers need to travel, thereby shortening the carrier migration path. Secondly, the material
possesses a unique electronic structure that facilitates efficient electron transfer. Lastly, the

material exhibits a large and uniform crystal structure, which exposes numerous active sites that
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are nearly identical in nature. Significantly, the appeal of 2D/2D heterojunctions lies in their
comparatively area, minimal, and extensively distributed active sites. In light of these factors, the
combination of 2D a-Fe203 hexagonal nanosheets and 2D monolayer MXene Ti3C2 nanosheets
represents a commendable endeavor in the development of a prospective 2D/2D photocatalyst for

hydrogen (H2) production[69].
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Figure 11 : Mxene for photocatalysis water splitting[70]
1.6 Ternary Heterojunction Photocatalyst:
1.6.1 Design of the Ternary Heterojunction Photocatalyst:
The Ternary Heterojunction Photocatalyst is a three-material system that typically consists of two
semiconductors, a cocatalyst, and an electron mediator. The cocatalyst promotes surface reactions
and boosts catalytic activity, while the semiconductors absorb light and produce charge

carriers[71].

1.6.2 Effects:
The ternary heterojunction makes use of each material's special characteristics to provide

synergistic effects that improve the total photocatalytic performance. Higher H2 generation
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efficiency is made possible by the combination's improved charge separation, expanded light

absorption range, increased catalytic activity, and decreased charge carrier recombination[72].

Water splitting ternary heterojunction photocatalysts typically combine three different materials,
each with unique characteristics and functions. Examples of ternary heterojunction photocatalysts

for water splitting include the following:

1.6.3 Examples of ternary heterojunctions:

1.6.3.1 TiO2/WO3/BiVO4:

This ternary heterojunction consists of bismuth vanadate (BiVO4), titanium dioxide (TiO2), and
tungsten trioxide (WO3). TiO2 functions as a photocatalyst with strong stability and a bandgap
appropriate for absorbing visible light. Cocatalyst WO3 enhances surface reactions and charge
transfer. The semiconductor BiVO4 improves light absorption and electron-hole separation. It is a
visible light-absorbing material. These components work synergistically together to improve the

effectiveness of water splitting[73].

1.6.3.2 CdS/CdSe/TiO2:

Cadmium sulphide (CdS), cadmium selenide (CdSe), and titanium dioxide (TiO2) make up this
ternary heterojunction. Both the semiconductors CdS and CdSe have adequate bandgaps for
absorbing visible light. They produce electron-hole pairs by acting as light absorbers. TiO2 serves
as a cocatalyst to promote surface reactions and charge transfer. Improved catalytic activity and
effective charge separation are made possible by the ternary heterojunction structure, which

increases the effectiveness of water splitting[74].
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1.6.3.3 MoS2/g-C3N4/CdS

Molybdenum disulfide (Mo0S2), graphitic carbon nitride (g-C3N4), and cadmium sulphide (CdS)
are all present in this ternary heterojunction. Layered 2D materials with favorable electrical
characteristics for charge separation and transfer include MoS2 and g-C3N4. As a light absorber,
CdS is used. These components work together to provide an advantageous band alignment and an

effective charge transfer, which enhances the efficiency of water splitting[75].

1.6.3.4 Bi2WO0O6/WO03/CdS:

The ternary heterojunction in question is composed of tungsten trioxide (WO3), bismuth tungstate
(Bi2WO06), and cadmium sulphide (CdS). Visible light and charge separation capabilities are
provided by Bi2WO6 and WO3. In order to improve charge transfer and surface reactions, CdS
works as a cocatalyst. The charge separation, and catalytic activity of the ternary heterojunction

structure lead to increased water splitting efficiency[76].

These examples show how ternary heterojunction photocatalysts can be used to divide water
because the three different materials they combine have synergistic effects and enhance overall
performance. These photocatalysts have the potential to produce hydrogen efficiently and
sustainably through water splitting reactions using solar energy. The performance of ternary
heterojunction photocatalysts is currently being improved by the investigation of new material

combinations, morphologies, and interface engineering techniques.

1.6.4 CdS/Fe:03;/Mxene:

A promising photocatalytic system for producing hydrogen (H2) through water splitting is the
CdS/Fe;O3/MXene ternary heterojunction. Cadmium sulphide (CdS), iron (III) oxide (Fe20O3), and
MXene materials are used in this ternary heterojunction to provide synergistic effects and improve

the overall photocatalytic performance.
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For H2 production through water splitting, the combination of these elements in the

CdS/Fe,O3/MXene ternary heterojunction offers a number of benefits:

1.6.4.1 Extended Light Absorption Range:
Due to their unique bandgaps, CdS and Fe;O3 both absorb visible light. Improved solar energy
utilization is made possible by the addition of MXene, which increases the range of light

absorption.

1.6.4.2 Effective Charge Separation and Transfer:
MXene's presence in the ternary heterojunction promotes separation. As a result, there is less
charge recombination, the lifespan of isolated charge carriers is increased, and photoexcited

electrons and holes are used more effectively.

1.7 Mechanism of photocatalytic water splitting

The process of water splitting is characterized by a thermodynamically unfavorable reaction,
which necessitates an input of energy greater than 1.23 electron volts (eV) in order to proceed.
Due to the requirement of four binding sites for each oxygen molecule, the process of water
oxidation is comparatively more challenging than the reduction of H2 in an artificial context.
Moreover, it proceeds at a rate that is five times slower than the hydrogen evolution process. The
photocatalytic water splitting process encompasses several pivotal stages.[77].

1.7.1 Photon Absorption:

The initial stage of the process involves the absorption of photons emitted by a light source.

Photocatalyst materials, such as a-Fe,Os or CdS, have the ability to absorb photons that possess

energies that are equal to or exceed their respective bandgaps. The process of absorption facilitates
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the transition of electrons from the V-B to the C-B, resulting in the generation of electron-hole

pairs[78].

Eg=1.9-2.2 eV
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Figure 12 :Fe203 and CdS Band structure[79]

1.7.2 Photogenerated Charge Separation:

Following the absorption of photons, the electrons and holes undergo a process of charge
separation. The phenomenon of separation is a result of either the inherent electric field present in
the photocatalyst material or the existence of a heterojunction that exhibits appropriate energy
band alignment. The electrons that have been excited by the photo migrate towards the conduction
band, whereas the holes either remain in the valence band or are transferred to other materials

present in the heterojunction[80].

1.7.3 Charge diffusion and transport

These are crucial processes in following charge separation in photocatalysis. Once the electrons
and holes are photoexcited, it is imperative that they are effectively transported to the active sites
of the catalyst. This particular step encompasses the phenomenon of charge diffusion occurring

within the material of the photocatalyst, or alternatively, the transport of charges across interfaces
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in the context of heterojunctions. The optimization of charge diffusion and transport is of utmost
importance in order to minimize recombination events and enhance the likelihood of reaching the

catalytic sites[81].

1.7.4 Catalytic Reactions surface:

Upon reaching the active sites of the catalyst, the photoexcited electrons and holes engage in
reactions. In the process of water splitting, the photoexcited electrons are engaged in the removal
of water molecules (H>O) to generate H», while the holes are involved in the oxidation of water
molecules to liberate oxygen (O2). The catalytic reaction takes place at distinct active sites located

on the catalyst surface [82].

1.7.5 Mass Transfer:

The final phase entails the transportation of reaction byproducts, specifically hydrogen gas and
oxygen gas, from the catalyst's active sites. The optimization of mass transfer is crucial in order to
mitigate the accumulation of gases and facilitate the uninterrupted progression of catalytic
reactions. The implementation of this procedural measure ensures the effective separation of the
produced H—2 and O2 gases, thereby facilitating their subsequent recovery for utilization as an

eco-friendly and sustainable energy source[81].

Every individual step in the process plays a crucial and indispensable role in attaining optimal and
environmentally friendly water splitting for the purpose of hydrogen generation. The optimization
of these steps is a primary area of interest for researchers, who aim to enhance the overall
performance of the system through the design of appropriate photocatalyst materials,

heterojunctions, and reactor configurations.
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Figure 13:Mechanism of photocatalytic water splitting[83]

2 Literature Survey:

In their study, Yu et al. (2014) documented that the tetraethylenepentamine (TEPA) solvent was
utilized to synthesize CdS nanowires, which demonstrated the most substantial visible-light
photocatalytic H2 production rate. This rate reached an impressive 803 umol h—1. The determined
value was discovered to be roughly 2.2 times higher than the observed rate for CdS nanoparticles
synthesized in dodecyl amine (DDA) solvent. The enhanced migratory properties of
photogenerated electrons and holes towards the surface-active sites can be ascribed to the reduced

dimensions of the nanowire structure[84].

Simon et al. utilized anion radicals to facilitate the transfer of holes from Ni/CdS to the scavenger.

They achieved arate of 64 mmol h™! g ™! and an AQE of 52.9% under laser at 447 nm. The enhanced
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activity can be attributed to the rapid channeling of holes, which contributes to the of CdS and
ultimately enhances the overall process of water splitting. In a separate investigation, Peng et al.
synthesized Ni@C/CdS and evaluated its efficacy as a photocatalyst for the generation of H, from
water in an aqueous solution, utilizing Na>SO3 and NaxS as hole scavengers. They observed a rate
of 3.23 mmol h—1 g—1 when employing a 320 W Xe-lamp with an irradiation intensity above 430
nm. The better execution can be ascribed to the presence of Ni deposited on the surface of CdS,

which is supported by the presence of g-C acting as an electron acceptor[85].

The findings of Wang et al. imply that the inclusion of metallic cadmium significantly influences
the photocatalytic activity. The hydrogen production rate through photocatalysis in pure CdS is
comparatively low, as expected, due to the swift reintegration of electrons in the (CB) and holes
in (VB). The observed activity of the Cd/CdS sample with a ratio (R) of 5 is found to be slightly
enhanced, reaching a value of 740 pmol h” (-1), when metallic cadmium is present. At the point
where R equals 7, the average rate of H2-production reaches its peak value of 1753 pmol h—1,
representing an approximate increase of 7.5 times compared to the H2-production rate of pure
CdS. Furthermore, it is worth noting that the rate of H2 production is significantly higher compared

to the majority of semiconductor photocatalysts[86].

The researchers Zeng et al. made a significant finding regarding the synthesized graphene-CdS
nanocomposite. They observed that this nanocomposite demonstrated promising performance in
the process of hydrogen production through photocatalysis, achieving a rate of 420 pumol h-1.
Furthermore, the nanocomposite exhibited an observed quantum efficiency (AEQ) of

approximately 10.4% under irradiation at a wavelength of 420 nm[87].

In their study, Lang et al. conducted the synthesis of CdS—-MoS2 and CdS-MoS2-graphene

nanocomposites using a two-step solvothermal process. This method allowed for accurate
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manipulation of the morphologies of CdS and MoS2. The synthesized binary CdS-MoS2
nanocomposite exhibits enhanced visible-light photocatalytic efficiency for hydrogen (H2)
generation in an aqueous solution containing lactic acid, when compared to both a CdS-graphene
nanocomposite and a conventional platinized CdS photocatalyst. Furthermore, it is important to
highlight that the ternary CdS—MoS2-graphene nanocomposite exhibits the highest degree of
activity in relation to the production of H2 through visible-light photocatalysis. This is evidenced
by a rate of 621.3 pumol h—1 and an apparent quantum efficiency of 54.4 % at a wavelength of 420

nm [88].

The determination of the (AQE) for hydrogen (H2) production was led under identical
photocatalytic reaction states, except for the utilization of a 30 W 420 nm-LED lamp as the source
of monochromatic light. The measured area of irradiation was determined to be 4 cm”2, while the
average intensity of light irradiation was recorded as 30.5 mW/cm”2. Upon exposure to the
aforementioned light irradiation, the catalyst 2.0 wt % Pt/CdS/ Fe>O3 exhibited H2 production
rates of 158.04 pmol h-1 and 252.86 umol h—1 in benzylamine substrate solutions with

concentrations of 3 mmol and 10 mmol, respectively[82].

The evaluation of the photocatalytic performance of composites comprising ZnO, Fe>O3, and g-
C3N4 was conducted by N. Mao et al. This evaluation involved assessing the production of H2
through the process of water splitting. The experimental results suggest that the ZnO/Fe>Os/g-
C3N4 composite demonstrates improved hydrogen (H2) production efficiency in comparison to
pure g-C3N4 under visible-light irradiation. The rate of hydrogen (H2) production was determined
to be 25 pmol-h—1 using the 3-ZnO/ Fe,03/g-C3N4 composite. The observed rate of H2 production
when using a combination of g-C3N4 and another substance is four times higher than the rate

observed when using pure g-C3N4 alone. The findings of this study indicate a significant
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improvement in the photocatalytic performance of the nanocomposite material that was

synthesized[89].

The deficiency of photocatalysts exhibiting both high efficiency and stability upon activation by
solar light has been a major obstacle in the advancement of this technology, as investigated by G.
Carraro et al. This study aims to conduct an examination of two iron (III) oxide polymorphs,
specifically B- Fe.O3; and e- Fe,Os, which have been subject to limited investigation in prior
scholarly studies. The observed polymorphs demonstrate a remarkable ability to produce hydrogen
(H2) when exposed to sunlight in the presence of aqueous solutions containing sustainable
oxygenates like ethanol, glycerol, and glucose. The hydrogen production rates for f-Fe,O3 and e-
Fe;O3 are observed to reach maximum values respectively. These findings indicate a notable

enhancement in performance when compared to the extensively investigated a- Fe>O3[90].

Yujie Li, Lei Ding et-al contributed that while photocatalytic activity of pure TiO> nanosheets
(NSs) is observed, however, the rate of hydrogen (H»2) evolution is relatively low, measuring at
54.3 ymol g 'h™!. This can be attributed to the rapid recombination of electrons and holes. As
anticipated, the rate of photocatalytic hydrogen (Hz) evolution for the MoS>@TiO2@TizC»
composites at a temperature of 180°C exhibits a substantial enhancement, measuring at 2128.3
umol g ' h™!. This value is nearly 39 times higher than that of pure TiO, nanosheets (NSs). The
utilization of the Ti3C> MXene and MoS; as co-catalysts is essential for effectively capturing
photo-generated electrons, a critical factor in enhancing the photocatalytic activity of the
heterostructure for Hz production. Significantly enhanced photocatalytic performance is observed
following the introduction of molybdenum vacancies. The MoxS@TiO>@Ti3C> composites

(160 °C) exhibit the highest photocatalytic H» evolution rate of 10505.8 pmol g ' h™!, which is
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approximately 193 and 6 times greater than the rates observed for pure TiO> NSs and

MoS:@TiO>@Ti3Ca composites (160 °C), respectively[91].

In their study, Yin et al. (2020) successfully synthesized a ternary nanocomposite, denoted as
MXene@Au@CdS, which exhibits promising characteristics for utilization in the realm of capable
and high-performance photocatalytic hydrogen production. The composite material consisting of
MXene@Au@CdS demonstrates a H, rate of 17.07 mmol h''g"'during a 2-hour testing duration.
The observed rate for this particular material is 1.85 times greater than the rate observed for pure
CdS nanomaterials. The increased efficiency of hydrogen production in the MXene@Au@CdS
composite can be ascribed to two primary factors. The inclusion of MXene enhances the
availability of active adsorption sites and reaction centers for the Au and CdS nanoparticles. This
mechanism enhances the synergy among various constituents and fosters optimal hydrogen
generation. Furthermore, the robust surface plasmon resonance displayed by gold (Au) has a
mutually beneficial impact on the optical response spectrum of cadmium sulfide (CdS), resulting
in an extended range of wavelengths that can be absorbed and harnessed for the purpose of

hydrogen production[92].

The authors, Yuying Wang et al., provided an explanation regarding the application of a composite
system that combines 2D Ti3C2 MXene and 3D CdS nanoflowers. This composite system has
been observed to effectively enhance the transfer and separation of carriers, resulting in improved
performance of CdS. In comparison to pure CdS nanoflowers, the Ti3C2@CdS composite
demonstrates a decrease in photoluminescence intensity, an extension of fluorescence lifetime, an
increase in photocurrent density, and a decrease in electrochemical impedance. The photocatalytic
activity for hydrogen evolution is significantly enhanced in the composite material composed of

Ti3C2@CdS, wherein the titanium carbide (Ti3C2) content is 15 wt%. The measured rate of
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hydrogen evolution is recorded as 88.162 umol g—1 h—1, exhibiting an approximate increase of

91.57 times compared to the rate observed for pure CdS [93].

3 Synthesis:

3.1 Synthesis of 2D CdS:

CdS nanosheets were synthesized by using standard solvothermal method. Cadmium acetate
Dihydrate [Cd (Ac)2.2H20], thiourea [SC(NH2)2] were used as precursor for the preparation of
CdS nanosheets. 2mmol of cadmium acetate and 6mmol of thiourea were dissolved in 60ml of
Ethylene diamine and stirred for 10 mins. The reaction was carried out in 100ml Teflon- lined
stainless-steel autoclave at 105°C for 8h. After the reaction was finished, autoclave was cooled to
room temperature. Centrifugation at 8000rpm for 10 minutes resulted in the collection of solid
products. It was repeatedly cleaned in ethanol and distilled water before being dried in a vacuum

oven at 60°%. So pale yellow CdS powder was extracted.
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Cadmium Acetate Synthesis of CdS by Solvothermal
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Figure 14:Synthesis of 2D CdS

3.2 Synthesis of Fe2O3 Nanosheets:

A common method for synthesizing a-Fe>Os nanosheets involved dissolving 1 mmol of iron
chloride hexahydrate [FeClz 6H>O] and 0.25 mmol of aluminum sulfate [ Alx(SO4)3] in 10 ml
deionized water with magnetic stirring. Light brown solution was given a dropwise addition of
3ml triethylamine which was then stirred for another 20 minutes After that, this mixture was made
into a 50 ml Teflon-lined stainless-steel autoclave, sealed and heated at 160°C for 24 h. As soon as
reaction was completed autoclave was left to cool down on its own. After the hydrothermal
treatment the liquid was allowed to separate from the solid product by centrifugation.
Centrifugation at 8000rpm for 20 minutes was used to gather the red precipitates. After being

cleaned the red product was dried in vacuum oven at 60°C.
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Iron chloride hexahydrate - Synthesis of a-Fe,O;by Solvothermal
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Figure 15: Synthesis of Fe;O3 BY SOLVOTHERMAL METHOD

3.3 Synthesis of Nickel nanoparticles:

Synthesis of nickel nanoparticles was performed by using reflux set up. The chemical precursors
used in the synthesis of nickel nanoparticles were nickel nitrate hexahydrate [Ni (NO3)2.6 H>O],
Polyvinylpyrrolidone PVP, Sodium hydroxide (NaOH) and hydrazine monohydrate [N2H4.H>O].
In this reaction, 0.872g of Nickel nitrate hexahydrate was dissolved in 100 ml of Ethylene glycol
then 1g of PVP was added in the solution. A clear green solution was turned blue by addition of 3
ml of hydrazine monohydrate. After the addition of 0.8 g of sodium hydroxide pellets the solution
was poured into 250 ml of round bottom flask and condenser is attached at the top. A stir bar was
added in the round bottom flask and temperature was maintained 80°C for 12 h. As soon as the
sodium hydroxide pellets were dissolved the solution turned black. After the completion of

reaction black precipitates were separated from liquid phase. The solid product was washed thrice
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with ethanol to remove contaminants. After washing with ethanol, the product was dried in vacuum

oven at 60°C for 5h.

3.4 Synthesis of Mxene:

1.6g of LiF powder was gradually added into 22mL of 9.1 M HCI solution. It was magnetically
agitated for approximately 20 minutes until opaque solution changed into clear solution. Then, 1
g of MAX powder (Ti3AlCx) was gradually dissolved into the etching solution mentioned above
while being constantly stirred, and was then stirred for the following 24 hours at RT.The obtained
solution was washed several times with Deionized water by centrifugation at 8000rpm and the
time for each cycle was kept 10 minutes until the ph of the solution become neutral. Final
homogeneous dark green product was collected by centrifugation at 3500rpm for 1h. Final product

obtained was 20-30mg/ml.

Synthesis of Mxene by Etching
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Figure 16 :Synthesis of Mxene by etching
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3.5 Formation of a-Fe;O3; /CdS Heterojunctions:

Synthesis of a-Fe2O3 /CdS heterojunction involves the following steps:

First precursor solution of CdS was prepared and shifted to Teflon line stainless steel autoclave.
Then a-Fe,O3; was added in the above solution in different ratios (5%, 15%,25%, 35%, 45% etc.).
After the addition of a-Fe,Os; heterojunction is developed between CdS and a-Fe;Os.Then
autoclave was placed in oven at 105°C for 8h. Orange brown precipitates of 0-Fe,O3/CdS were

collected after centrifugation and dried in vacuum oven at 700C.

3.6 Synthesis of a-Fe;O3/Mxene /CdS:

Synthesis of ternary heterojunction was performed by solvothermal treatment. Different ratios of
a-Fex03 (25%, 35% etc.) and Mxene (7%, 12%) were added in 60 ml of Ethylene diamine and
sonicated for 30 minutes. Then the precursors of CdS were added in the above solution. Stir bar
was added and solution was stirred for 20 minutes. Solution was transferred in Teflon line stainless
steel autoclave and placed in oven at 105°C for 8h. Solid product was washed and dried in oven at
60°C for 6h. For better performance of catalyst these parameters should be considered i.e., ratio

of a-Fe;O3 and Mxene to CdS, morphology of composite and synthesis conditions.
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Figure 17 :Fabrication of Ternary Heterojunction

4 Characterization:

4.1 XRD:

4.1.1 XRD of CdS/a-Fe:0s.

Crystal structure can be determined by performing XRD analysis. The six CdS diffraction peaks
can be attributed, according to the XRD patterns, to the hexagonal wurtzite crystal planes (100),
(002), (101), (102), (110), (103), and (112). The two thetas of 24.8°, 26.5°, 28.2°, 36.6°, 43.7°,

47.8°and 51.8° correspond to these peaks.

Based on the provided information, it can be concluded that the observed X-ray diffraction (XRD)
pattern corresponds to the characteristic pattern of hematite (a-Fe>Os3) as indicated by ICDD card

no. 33-0664.The lattice constants of the rhombohedral (hexagonal) structure of a-Fe.Os are
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reported to be a = 0.5034 nm and ¢ = 1.375 nm. This means that the unit cell of hematite has a
rhombohedral shape with these specific dimensions. The peaks observed at specific 20 angles,
namely 24.16°, 33.12°, 35.63°, 40.64°, 49.47°, 54.08°, and 57.42°, can be assigned to specific
crystalline structures within the a-Fe>O3 nanoparticles. Specifically, these peaks correspond to the
(012), (104), (110), (113), (024), (116), and (018) crystallographic planes of hematite.The narrow
and sharp peaks in the XRD pattern indicate that the hematite nanosheets are highly crystalline.
This suggests that the synthesized hematite particles have a high level of purity, which is achieved
through the described synthesis method. Additionally, the information suggests that increasing the
precursor concentration of FeCl3-6H20 leads to certain changes in the XRD pattern. Specifically,
the intensity of the (104) diffraction peak gradually decreases, and its half height width is reduced.
These changes in the peak characteristics indicate an increase in particle size as the precursor

concentration increases.

4.1.2 XRD of MAX and Mxene :

The XRD pattern of MAX shows (002), (104), (105), (110), and (118) crystal planes that are
represented by the five distinct peaks that emerged at 9.52, 39.04, 41.82, 60.26, and 74.11°.The
(002) peak of TizAlCz, which is initially at 9.5°, is clearly widened and displaced to a lower angle
(7.53°) after exfoliation with LiF and HCI . Mxene is the owner of this peak. The most prominent
diffraction peak at 39.04° nearly vanished, indicating a shift from Ti3AlC; to Ti3C, Mxene in the
crystal structure. A good LiF and HCI etching action is shown by the elimination of the preferred
orientation along the (104) plane and the shifting of the (002) peak of TizAlC,.According to
calculations, the lattice parameter ¢ of Ti3AIC; is 18.6 while that of as-Ti3CoTx is 23.4. The rise in
the c-lattice parameter, which is related to the layered structure of Mxene, may be the cause of this

shift. These modifications attest to the Mxene flakes' effective production. A minor amount of TiO»
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was created during the MAX phase etching procedure and could be seen in the XRD pattern in the

range 40—45°.

Mxene

Max

Intensity(a.u)

Figure 18: Xrd of CdS, a-Fe>03;, Max and Mxene
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4.1.3 XRD of binary and ternay heterojunction:

Ternary

Intensity(a.u)

10 20 30 40 50 60 70 80
208

Figure 19: XRD of Binary and Ternary heterojunctions

In XRD pattern of CdS/Fe203 black flower shows CdS which is well matched with XRD pattern
of CdS (JCPDS-41-1049) While black heart indicates a-Fe203 which matches well with XRD

pattern of a-Fe203 (JCPDS-03-0664).

4.2 X-ray Photoelectron Spectroscopy:

A potent tool for determining the chemical make-up and element valence of the a-Fe,O3/CdS
composite is the X-ray photoelectron spectroscopy (XPS) investigation.XPS survey spectrum
corresponds to the signals of Ti2p, Cls, Fe2p, O1s,Cd3d,S2p. XPS spectrum of Fe2p exhibited
two peaks at 710.4 and 724.2 eV corresponds to Fe2ps» and Fe2pi, while satellite peaks are
present at 719.2 and 732.9 Ev. Ols shows three peaks at binding energy of 530, 531 and 532 ev

making Fe-O, Fe-O-C, Fe-OH bonds.
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Ti2p1s2, Ti2ps. exhibit peaks at 459.1 and 457.8 eV after deconvolution doublet appear which

confirm the formation of ternary composite by showing the bond between titanium and carbon,

titanium and oxygen. Cls spectra shows C-C bond and C-O bond at binding energy of 284.8 and

287 Ev.

Intensity(a.u)

XPS Survey Cd3d®

O1ls

600 400 200

1200 1000 800
Binding energy(eV)
Ti2p
457.1
Ti2pg,
E)
S
> Ti2p,), )
= T.i'o TI—C
% o T'?Ps/z
E Ti2pgy, :
454.9

470 468 466 464 462 460 458 456 454 452

Binding energy (eV)

Intensity(a.u)

Fe2p

Satellite peaks

740 730 720 710 700
Binding energy (eV)
Ols
£)
8
>
7
[
)
=
534 532 530 528 526

Binding energy(eV)

Figure 20 : a) XPS survey b) Fe2p c¢) Ti2p d) Ols
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The a-Fe;O3; /CdS composite's Cd3d XPS spectrum exhibited two distinct peaks that were
associated with Cd atoms in Cd-S bonds and had binding energies of 404.63 and 411.3 eV. This
information shows that CdS is present in the substance, which has significant effects on its optical

and electrical properties.

The S2p spectra was split into two distinct peaks, the first of which was attributed to S species
from CdS with binding energy of 161.5 and 162.3 eV correspond to the S2p3,» and S2p12. This
knowledge gives a thorough understanding of the material's sulfur component, which is essential
for comprehending its chemical and physical behavior. In conclusion, the XPS analysis of the
Mzxene/a-Fe203/CdS composite provides valuable information about its chemical composition
and element valence, including the presence of various carbon, titanium, iron, oxygen sulfur, and
cadmium species. This information can be used to guide future studies and applications of the

material, including the optimization of its properties and performance.
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Figure 21: XPS of e) Cls f) Cd3d g) S2p

4.3 Scanning Electron Microscopy:

The semiconducting materials cadmium sulfide (CdS) and a-Fe,O3 have different morphologies.
Due to its crystal lattice's extremely flexible and thin sheets, CdS is known to generate 2D flower-
like formations. The hexagonal wurtzite crystal structure of CdS, which causes the creation of thin,
flexible sheets along specific crystallographic planes, is related to the formation of such structures
a-Fe>O3 's flexible and ultrathin sheet-like structure is plainly visible. Rhombohedral structure of

o-Fe>Os causes the formation of 2D ultrathin sheets.
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Figure 22: SEM images of a-b) a-Fe>Os , c-¢) CdS , f-g) a-Fe,O3 /CdS

Both of these materials' physical and chemical characteristics, such as surface area, electronic
structure, and catalytic activity, can be influenced by their shape. Designing and maximizing these
materials' applicability in a variety of sectors, such as photocatalysis and energy conversion,

therefore requires an understanding of their morphology.

4.4 Transmission Electron Microscopy:

The strong and distinctive method of transmission electron microscopy (TEM) is used to
characterize structures. The most significant use of TEM is for the real-time, atomic-resolution
imaging of nanoparticles. TEM of Mxene shows sheet-like structure with inter-spacing of 0.98nm

at (002) plane.
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Figure 23: TEM images of Mxene

4.5 Elemental Mapping:
This is another characterization technique by which the atomic composition of my composite was
confirmed as shown below; in which there is clearly seen that the formation of CdS and a-Fe;O3

are successfully formed via hydrothermal.
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Figure 24: EDS spectra of CdS and a-Fe>Os
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Figure 25: EDS spectra of Binary composite

4.6 UYV- visible spectroscopy
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UV- visible spectroscopy is a method for examining a material's electrical characteristics. UV-

visible analysis can be used to determine the band gap of Mxene, a-Fe,O3; and CdS composite

material. The curve generated by graphing (ahv)? versus Energy is extrapolated using a tauc plot.

This makes it possible to calculate the composite material's band gap.
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Figure 26: UV-Vis Spectroscopy

The calculated band gap values i.e., 2.42 eV, 1.94 eV,1.85 eV, 1.76 eV for CdS, a-Fe;0s, o-
Fe>03/CdS and Mxene/a-FeoO3/CdS. This reduction in band gap suggests that the composite
material will be better able to use visible light, which is advantageous for prospective uses in
photocatalysis or solar cells. The technique employed for the investigation has a solid foundation

in the academic literature and is frequently applied to find band gaps in a variety of materials.
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Figure 27: Band-Gaps from Tauc plots

4.7 Photoluminesence Spectroscopy:

To investigate the charge transport and separation effectiveness of Mxene/a-Fe,O3/CdS
heterojunctions in this situation, photoluminescence spectroscopy (PL) is a potent tool. To examine
the light emission from the material, a 470nm excitation wavelength was used in the PL
investigation. Information on the process of charge recombination in the material can be gleaned

from the intensity of the PL spectra.

According to the findings, CdS, which has a somewhat highest intensity peak indicating the highest
charges recombination rate, is followed by Mxene and a-Fe;Os.The a-Fe>O3/CdS composite
exhibits lower intensity peak, which shows that there is less charge recombination there than in
the original material. Electron hole recombination is further reduced by making ternary

heterojunction Mxene/a-Fe,O3/CdS The presence of trap centres, flaws at the grain boundaries,
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band structure, and carrier mobility in the composite material are some of the causes of this

decrease in emission intensity.

Intensity (a.u.)
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510 ' 540 ) 570 ) 600
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Figure 28: PL spectra

5 Applications

5.1 Photocatalytic hydrogen generation:

Photocatalytic water splitting process was executed in 100ml one side flat round bottom flask by
using Xenon lamp of 300W. More specifically, 80 mL of aqueous solution containing 20 ml ethanol
and 10ml of 1 M solution of NaOH were added to 10 mg of the catalyst as-prepared. This solution
was sonicated for 30 minutes. The other gas was then removed from one side flat round bottom
flask by evacuation with N> for 10 minutes. Flask was sealed tightly with rubber septum. The
reactor was placed under Xenon lamp for continuous illumination for 1 h with cutoff filter of

420nm. Detection of hydrogen was done by using GC- chromatogram.
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Figure 29: H> Evolution rate of different binary heterojunction ratio

a-Fe,O3/CdS demonstrated a greater efficiency for hydrogen generation than bare CdS and a-
Fe>Os. We have seen that the stability of CdS is enhanced when a-Fe;O3 and cocatalysts are used.
The hydrogen production activities of the catalysts a-Fe>O3(10/CdS0), a-Fe20330/CdS70), -
Fe203(50/CdS(s0), 0-Fe203(70/CdS 0y were 15.02 mmol gt ht, 17.44 mmol g* h*1,18.08 mmol g*

h™ and 15.31 mmol g h'! respectively.

5.2 H2 Production of Mxene/a-Fe;O3/CdS:
The most effective catalysts were discovered to be the composites (Mxene/a-Fe203/CdS) that

were manufactured with an overall 12% loading of mxene on CdS. The H: production activity was

51.04 mmol g* h'! respectively.
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5.3 H: Production of ternary heterojunction with Different Sacrificial reagents:

It could be clearly seen that H2 Production was maximum by using ethanol and NaOH as sacrificial

reagent because CdS shows photocorrosion in acidic medium so it works well in basic media.
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5.4 Chronoamperometry:

A potent method for examining the charge recombination and light response of materials is
chronoamperometric chopping (CA). In the instance of the Mxene, a-Fe>O3 and CdS composite,
the photocurrent response of the Mxene/a-Fe,O3/CdS heterostructure in a 0.5 M NasS solution
under chopping irradiation at 0.5 V was examined using the CA technique. It was decided to chop
every 100 seconds at a mild off-on pace. The results demonstrate that the composite material had
a substantially higher photocurrent density of 55mA/cm2 than its pristine materials, Mxene,o-

Fe>Os and CdS.

This increase in photocurrent density suggests that Mxene/a-Fe>O3/CdS the heterojunction

system's photogenerated charge transport and separation processes are extremely effective.
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The composite material additionally had an improved current density in the dark, further
demonstrating improved charge transport and separation. The CA analysis supports Mxene/a-
Fe>03/CdS heterojunction system's ability to efficiently promote charge separation and transport,

which is crucial for applications in photovoltaic devices and photocatalysis.
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Figure 32 : CA at 0.5V DC supply
5.5 Proposed Mechanism:
The heterojunction contains a built-in electric field that makes it easier for photoinduced electrons

and holes to be separated and transported, which is required for photocatalytic reactions such as

reduction of O3 to *O and the oxidation of H>O to «OH. The electric field is produced as a result
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of the passage of electrons from a-Fe;O3 to CdS, which forms a reduction layer on the CdS side

and an electron-rich zone on the a-Fe;Os3 side

The transport of holes on the VB of CdS and the transport of electrons on the CB of a-Fe O3
towards the interface may be facilitated by the polarization of the electrical double layer and the
concentration of charge carriers at the interface, which may result in a bending up/down of VB
maximum and CB minimum. By conserving the holes on the VB of a-Fe;O3 and the electrons on
the CB of CdS, this enables the effective recombination of photoinduced electrons and holes.
Additionally, the release of oxidative holes on the VB of CdS during recombination may lessen
the oxidation of S ions within the structure, stabilizing the substance. Moreover Mxene is used
as coctalyst. The Schottky barrier is created at the Mxene and CdS interfaces by the presence of
mxene cocatalysts over CdS surfaces. The Schottky barrier prevents electron backflow and
decreases the H ions to form H> .Hz production is increased by this efficient synergism between
cocatalysts with a-FeoO3 and Mxene (Schottky junctions) across the CdS surfaces without charge

recombination or quasi-Fermi level splitting.
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Figure 33: Mechanism of photocatalytic water splitting showing C-B, V-B and Fermi level.

6 Conclusions

A significant advance in the production of hydrogen has been made possible by the effective
synthesis of Mxene/a-Fe2O3/CdS the photocatalyst. The exceptional efficiency of this newly
created photocatalyst is attested to by the impressive rate of 51 mmol g! h'!. The thorough
examination using SEM, TEM, EDX, HAADF and chronoamperometry not only supports the
significant hydrogen production but also the compositional and structural integrity of the created
material. These results represent an important step towards efficient and long-lasting hydrogen
generation. Mxene, o-Fe2Os, and CdS together demonstrate the potential for developing
photocatalytic materials for improved energy conversion applications. This accomplishment paves
the path for additional innovation and research in the field of renewable energy, helping to create

a more energy-efficient and sustainable future.
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