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Synopsis

Over the past few decades, two-dimensional (2D) materials have captured immense research
interest owing to their exceptional physical, chemical, and electronic properties. Since the
revolutionary discovery of graphene, a new landscape of research opportunities has emerged.
However, despite its many advantages, graphene's lack of an intrinsic bandgap poses
limitations for its use in nanoelectronics applications. This challenge has prompted researchers
to investigate other 2D materials with tuneable properties, such as transition metal
dichalcogenides, perovskites, black phosphorus, hexagonal boron nitride, andMXenes. Among
these, MXenes have gained significant attention due to their unique combination of physical,
chemical, and electronic properties, making them highly promising candidates for applications
in fields like catalysis, energy storage, electromagnetic interference (EMI) shielding, and
electronics. More than 40 types of MXenes have been successfully synthesized experimentally
so far, with theoretical studies predicting the existence of many more. These advances
underscore the vast potential of MXenes to drive innovations in next-generation technologies
across various fields.

MXenes are typically derived from a parent MAX phase, represented by the general formula
Mn+1AXn, where M represents a transition metal, A is an element from group IIIA or IVA, X
denotes carbon (C) and/or nitrogen (N), and n can have a value between 1-3. The layered
structure of MXenes is obtained by selectively etching out the "A" element layer from the
MAX phase. Additionally, the suffix "ene" in their name signifies their layered nature, which
is similar to that of graphene.

Titanium carbide (Ti3C2Tx) MXene stands out among the various MXene materials due to its
exceptional properties, including a large surface area, hydrophilic and negatively charged
surface, high metallic conductivity (~104 S.cm-1), and a tuneable work function. These
characteristics make Ti3C2Tx highly versatile for applications in energy storage, catalysis,
electromagnetic interference (EMI) shielding, and optoelectronics. In addition to these
outstanding properties, Ti3C2Tx MXene nanosheets face an inherent restacking issue caused
by interlayer van derWaal interactions, which significantly diminishes their catalytically active
surface area and hinders their performance in various catalytic applications. Addressing this
restacking problem remains a significant challenge in Ti3C2TxMXene materials. Furthermore,
previous research on Ti3C2Tx has concentrated on its use in composite materials, where it acts
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as a supportive matrix to enhance overall performance. Recent studies have been directed
towards functionalized Ti3C2Tx to improve their chemical, physical, and electronic properties.
These advancements in Ti3C2Tx aim to improve its performance in diverse areas such as
wastewater remediation, electrochemical hydrogen production, and optoelectronic device
applications, where the functionalized surface and high conductivity offer significant benefits.
However, more comprehensive and systematic studies are necessary to bridge the gap between
fundamental research and commercial applications. This includes advancement in material
functionalization and deepening our understanding of their physical and chemical properties
to optimize them for practical use.

In practical applications, Ti3C2Tx MXene is commonly synthesized by etching the Al layers
followed by exfoliation, using methods such as hydrofluoric (HF) etching, acid/fluoride salt
etching, electrochemical etching, and molten salt etching. Among the etching methods,
acid/fluoride salt (HCl/LiF) etching is commonly used due to its single-step process. In this
method, the in-situ formation of HF selectively etches away the Al layers, while Li ions act as
intercalants to produce single-layer or few-layer Ti3C2Tx flakes. However, harsh HF etching
not only selectively removes Al layers but also creates various defect sites in the Ti3C2Tx
lattice. Understanding and controlling these intrinsic defects during synthesis is essential for
optimizing various catalytic performances. Additionally, to reduce restacking of Ti3C2Tx layers
due to the strong van der Waals forces between the layers, functionalization strategies, such as
heteroatom doping, can offer a potential solution by increasing interlayer spacing and altering
surface chemistry. Furthermore, constructing suitable heterostructures with cost-effective
metal sulfides, like bismuth sulfide (Bi2S3), can provide beneficial band alignment and enhance
electronic properties through interfacial charge transfer at the atomically thin heterojunction,
supporting high-performance catalytic and optoelectronic device applications. Additionally,
transforming Ti3C2Tx into 1D nanoribbons significantly increases the exposed surface area and
introduces defective edges, which provide numerous active sites for improved catalytic
performance. Moreover, nitrogen (N)-doped Ti3C2Tx nanoribbons combined with noble metal
atomic clusters can further boost photoelectrochemical hydrogen production by enhancing the
photothermal effect. Therefore, optimizing the defects/doping in 1D Ti3C2Tx can be an
effective approach to enhance the optical absorption and catalytic activity for advancing the
efficiency of solar light-driven photocatalysts.

This thesis presents a systematic investigation into the synthesis of Ti3C2Tx in its multilayer,
monolayer, and nanoribbon forms, along with an in-depth analysis of its structural, optical, and
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electronic properties. It explores the tunability of intrinsic defects in multilayer Ti3C2Tx and
addresses the self-stacking tendency in Ti3C2Tx nanosheets through heteroatom doping.
Additionally, it examines the formation of suitable heterostructures to enhance photochemical
and photophysical properties. Finally, the study highlights N-doped Ti3C2Tx nanoribbons with
exposed defective edges, coupled with Ru atomic clusters, to improve photoelectrochemical
performance through the photothermal effect. We believe these studies provide valuable
insights into the fundamental properties of Ti3C2Tx MXene and their potential applications in
multifunctional fields, such as industrial wastewater remediation, photoelectrochemical
hydrogen production, and optoelectronic devices. This thesis is organized into seven chapters,
which are outlined below:

Chapter 1 presents an overview of the structural, electronic, and optical properties of Ti3C2Tx
MXene, as well as the synthesis procedures used to obtain them. It discusses their promising
applications across various fields, including catalysis and optoelectronics. This chapter also
addresses the fundamental challenges faced by pristine Ti3C2Tx, highlighting its limitations in
becoming a next-generation material for real-world applications. Additionally, the recent
advancements in functionalized Ti3C2Tx nanostructures and Ti3C2Tx-based hybrids in catalytic
wastewater treatment, photoelectrochemical hydrogen production, and broadband
photodetection are discussed. This chapter concludes by outlining the motivation for the current
work, setting the platform for further exploration and development of Ti3C2Tx MXene for
catalytic and optoelectronic applications.

Chapter 2 presents the synthesis of accordion-like, multi-layered Ti3C2Tx (m-Ti3C2Tx) MXene
and the optimization of low valent Ti states (Ti2+, Ti3+) or oxygen vacancy states (OVs) by
controlling the concentration of HF etchant. Morphological and structural analysis confirmed
the successful removal of Al layers. Moreover, XPS analysis showed an abundant presence of
surface groups (-F, -O, and -OH) on m-Ti3C2Tx, along with lower-valent Ti states (Ti2+ and
Ti3+), which can enhance the catalytic degradation of organic pollutants through advanced
oxidation processes (AOPs). The catalytic performance of m-Ti3C2Tx in the degradation of
methylene blue (MB), a cationic dye, was evaluated using a small amount of hydrogen peroxide
(H2O2) as an oxidizer. MB was used as a model pollutant to evaluate degradation efficiency,
with multiple factors influencing the process. The results revealed that m-Ti3C2Tx is highly
efficient in degrading MB via the Fenton reaction. Furthermore, post-annealing studies
highlighted the essential roles of Ti2+ and Ti3+ species in the degradation process, and their
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involvement was explored in detail. These findings indicate that m-Ti3C2Tx could be an
effective Fenton catalyst for eliminating cationic dyes from industrial wastewater.

Chapter 3 explores the impact of phosphorus (P) doping in Ti3C2Tx MXene nanosheets,
anchored onto a flexible, porous polyvinyl alcohol (PVA) -coated melamine sponge
(PVA@MS) for enhanced performance in wastewater treatment via an advanced oxidation
process. The P doping significantly improves the surface area of Ti3C2Tx by increasing
interlayer spacing and preventing layer restacking. When anchored to the MS, the P-Ti3C2Tx
forms a robust, flexible 3D architecture of P-Ti3C2Tx@PVA@MS aerogel that resolves the
recollection issues associated with thin nanosheets during repeated cycles. The study delves
into how P doping enhances the catalytic degradation rate of organic pollutants, such as the
ciprofloxacin (CIP) antibiotic and methylene blue (MB) dye, examining the degradation
mechanisms in detail. Density Functional Theory (DFT) simulations provide insight into the
electronic density of states in P-Ti3C2Tx and elucidate the role of phosphorus atoms in
facilitating the improved degradation performance. This chapter highlights the advantages of
P-doped-Ti3C2Tx/PVA@MS based aerogel in the degradation of organic pollutants for
wastewater treatment through an advanced oxidation process.

Chapter 4 presents the synergistic effects and the interfacial charge transfer dynamics in
Bi2S3@Ti3C2Tx composite, which exhibits outstanding catalytic activity for the reduction of 4-
nitrophenol and organic pollutants in the presence of NaBH4, as well as for
photoelectrochemical hydrogen production in alkaline media. In this composite, Ti3C2Tx
nanosheet reduces the agglomeration of Bi2S3 nanorods by immobilizing the Bi3+ ions on the
negatively charged surface groups (-F, -O and -OH). Interestingly, fewer Bi3+ are reduced to
metallic Bi nanoparticles, attributed to the self-reduction capability of Ti3C2TxMXene, which
is also supported by DFT calculation. We investigate the catalytic reduction capability of the
composite over various organic pollutants such as 4-nitrophenol (4-NP), Methylene blue (MB),
Methyl orange (MO), and Rhodamine B (RhB) in the presence of NaBH4, which demonstrates
an outstanding reduction rate (up to 1.1 min-1) of 4-NP with long cyclic stability. The reduction
mechanism, role of Bi nanoparticles, and effective charge transfer were further supported by
DFT analysis. Moreover, excellent light-harvesting capacity, reduced recombination of
photogenerated charge carriers, and photothermal effects contribute to an enhanced rate of
photoelectrochemical hydrogen production, achieving an overpotential of 73 mV and a Tafel
slope of 85 mV/dec under visible light irradiation. This study provides valuable insights into
the self-reduction capability of Ti3C2Tx MXene and highlights the potential of the
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Bi2S3@Ti3C2Tx composite as a highly effective catalyst for wastewater treatment and
sustainable hydrogen production.

Chapter 5 presents the development of N-doped, ultra-small Ru nano cluster (NC) -anchored
onto 1D Ti3C2TxMXene nanoribbons for efficient photoelectrochemical hydrogen production
in an alkaline medium. The high aspect ratio exposed oxygen vacancy (OV) sites of the N-
doped Ti3C2Tx MXene nanoribbons significantly reduce the aggregation of Ru NCs and
provide strong electron-metal interaction for efficient electrochemical hydrogen production.
The OV states and in-situ formation of TiO2 nanoparticles (TiO2 NPs) during 1D nano
structuring and N doping enhances UV-Vis light absorption, improving photocatalytic
efficiency. Electrochemical studies demonstrate the exceptional hydrogen evolution reaction
(HER) performance of 5% Ru@N-MXNR under both dark and illuminated conditions, with
low overpotentials of 22 mV and 12 mV and Tafel slopes of 50 mV/dec and 34 mV/dec,
respectively, which is superior than commercial 20% Pt/C catalyst, which exhibits an
overpotential of ~23 mV and a Tafel slope of 42 mV/dec. Furthermore, under Vis-NIR
illumination, enhanced charge carrier generation by TiO2 and photothermal effects improve
electron mobility, further boosting HER efficiency. Additionally, these catalysts offer
prolonged operational stability by maintaining a consistent current density, which is beneficial
for stable hydrogen production. This study highlights the progress of Ti3C2Tx MXene
nanoribbon-based composite for sustainable hydrogen production.

Chapter 6 highlights the role of Ti3C2Tx MXenes in optoelectronic device applications,
focusing on the Bi2S3@Ti3C2Tx composite due to their excellent broadband light absorption
(UV-Vis-NIR), efficient photogenerated charge carrier separation. We fabricated a Schottky
junction photodetector by spin-casting the Bi2S3@Ti3C2Tx (BSMX4) composite onto an Au
interdigitated electrode (IDE) pattern with an alumina base. This low-cost photodetector
demonstrated impressive broadband responsivity across the ultraviolet to near-infrared range
(300-1550 nm), achieving peak responsivities of 36.7 A/W at 300 nm and 26.2 A/W at 780
nm. Additionally, the device achieved an external quantum efficiency of approximately 3.9 ×
103 % and a fast response time of around 300 μs under a 3 V bias in ambient conditions. The
mechanism behind this high performance and the formation of the local Schottky junction was
investigated using DFT calculations and verified through various microscopic and
spectroscopic techniques. This work provides valuable insights into superior charge transport
and ultra-broadband photodetection in MXene-based composites, advancing their potential for
high-performance optoelectronic applications.
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Chapter 7 provides a summary of the research conducted, highlighting the key contributions
to the study of Ti3C2Tx MXene, its properties, and its potential applications in catalysis and
optoelectronics. It concludes by discussing the future directions for research on functionalized
Ti3C2Tx, along with other MXene materials, focusing on their applications in environmental
remediation, energy solutions, and broadband optoelectronics.
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3D Three-dimensional
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Chapter 1 

Introduction 

Two-dimensional (2D) materials have garnered significant attention in recent years as a unique 

class of functional materials owing to their extraordinary physical and chemical properties, 

which are fundamentally distinct from those of their bulk counterparts1-3. Graphene, a single 

layer of carbon atoms arranged in a honeycomb lattice, has been extensively studied due to its 

exceptional properties, including high electrical conductivity, outstanding mechanical strength, 

and remarkable optical properties4-6. These distinctive characteristics make graphene a highly 

promising material for diverse applications, such as catalysis, energy storage, and 

optoelectronic devices. The remarkable success of graphene has consequently driven extensive 

research into other 2D materials with tuneable properties, such as transition metal 

dichalcogenides (TMDs), perovskites, black phosphorus, hexagonal boron nitride, and 

MXenes. Notably, MXenes7-9 have emerged as a particularly intriguing class of 2D materials 

due to their unique combination of electronic, chemical, and mechanical properties, making 

them attractive for a wide range of applications. 

Since their discovery in 2011, MXenes have rapidly gained attention as a growing field of 

research, with applications spanning energy storage10-12, catalysis13, 14, electromagnetic 

interference (EMI) shielding15, 16, electronics17, 18, biomedicine19, 20, etc. Their rising 

significance can be attributed to their distinctive properties, including high electrical 

conductivity, hydrophilicity, large surface-to-volume ratio, tuneable work function, 

biocompatibility, and excellent mechanical strength. MXenes belong to the family of 2D 

transition metal carbides, nitrides, and/or carbonitrides, which are synthesized primarily 

through the selective etching of MAX phase ceramics. The MAX phases are layered hexagonal 

materials with the general formula Mn+1AXn, where n ranges from 1 to 4. In this structure, M 

represents an early transition metal, A corresponds to an element from groups IIIA to VA, and 

X denotes carbon and/or nitrogen. The M-A bonds in MAX phases exhibit greater chemical 

reactivity and are more prone to selective cleavage than the mixed covalent or ionic M-X bonds. 

Through appropriate etching methods, the M-A bonds are selectively broken, resulting in the 

formation of loosely stacked MXene layers. The final composition of MXenes is commonly 

represented as Mn+1XnTx, where Tx indicates surface functional groups such as -F, -OH, and -

O, introduced based on the choice of etching agents and synthesis conditions. To date, more 
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than 40 MXene structures have been successfully synthesized, while theoretical predictions 

suggest the possibility of over 100 different MXene compositions21, 22. 

Among the diverse members of the MXene family, Ti3C2Tx is one of the earliest discovered 

and most extensively investigated materials. Its structure consists of alternating Ti and C layers. 

After exfoliation from its MAX phase precursor, the surface of Ti3C2Tx becomes functionalized 

with termination groups such as -OH, -O, and -F. With advancements in both experimental and 

theoretical studies, Ti3C2Tx MXene has become a prominent focus of research due to its unique 

physicochemical properties. A significant advantage of Ti3C2Tx lies in its relatively simple and 

cost-effective synthesis, which enhances its feasibility for commercial applications. 

Furthermore, Ti3C2Tx can be engineered into various structural configurations, including 

multilayered accordion-like architectures, lamellar nanosheets, nanoribbons, and quantum 

dots, thereby broadening its applicability across diverse technological fields. Additionally, its 

electronic band structure and physicochemical properties can be tailored through surface 

functionalization. Notably, the incorporation of local defects in Ti3C2Tx plays a crucial role in 

the development of MXene-based catalyst materials. Despite the presence of surface 

terminations and defects, Ti3C2Tx exhibits outstanding electrical conductivity, reinforcing its 

potential for applications in catalysis, energy storage, EMI shielding, and electronic 

technologies. 

1.1. Structure of Ti3C2Tx MXene 

Structurally, Ti3C2Tx MXene exhibits a hexagonal symmetry and belongs to the P6₃/mmc space 

group1. Its atomic structure consists of alternating three Ti and two C layers, predominantly  

 

 

 

 

 

connected through ionic bonding, forming the primary structural framework as shown in Fig. 

1.1. The top-down etching process introduces surface terminations that chemically bond to the 

Fig. 1.1. A schematic illustration of the crystal structure of monolayer Ti3C2Tx (Tx = -F, -O, 

and -OH) (a) front view and (b) top view. 
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exposed Ti atoms, resulting in a random distribution of functional groups23. The most common 

terminal groups include -O, -F, and -OH. Over time, -F groups are gradually substituted by -O 

groups23 when exposed to air. The physicochemical properties of Ti3C2Tx MXene are 

significantly influenced by both the composition and spatial distribution of these surface 

functional groups 24-27. 

1.2. Properties of Ti3C2Tx MXenes  

1.2.1. Electronic Properties 

The properties of Ti3C2Tx MXenes are significantly influenced by their surface terminations 

and lateral size28. According to density functional theory (DFT) calculations, the electronic 

structure of Ti3C2Tx MXenes is highly sensitive to surface terminations (Fig. 1.2(a)). 

Specifically, the introduction of -F and -OH groups convert the metallic Ti3C2 structure into 

narrow bandgap semiconductors, with bandgaps of 0.05 and 0.1 eV, respectively1. This 

alteration reduces the carrier density and, consequently, the conductivity28. Additionally, it has 

been reported that the electrical properties of Ti3C2(OH)2 and Ti3C2F2 monolayers exhibit a 

dependence on the spatial arrangement of the -OH and -F groups on the Ti3C2Tx MXene 

surface, leading to either narrow bandgap semiconductors or metallic behavior24. Recent 

studies further emphasize that the electronic properties of MXenes can be modulated by 

optimizing their surface terminations. 

 

 

 

 

 

 

 

 

 

 

Further, depending on the surface compositions, the work function of Ti3C2Tx can be 

Fig. 1.2. The DFT simulations of pristine Ti3C2 and functionalized Ti3C2Tx (Tx = -O, -F, and -

OH) monolayers: (a) the electronic band structure. Adopted from ref. [1], (b) the absorption 

coefficient within a lower photon energy range (highlighted area shows visible region), and (c) 

its variation over a broader photon energy. Adopted from ref. [30]. 

TH-3801_196121015



                                                                                                                                                         4 |                                           

modulated in the range of 3.9 to 4.8 eV by annealing at varying temperatures under an inert 

atmosphere29. This tunability is particularly advantageous for the development of 

heterostructures with compatible semiconducting materials. 

1.2.2. Optical Properties 

Berdiyorov et al.30 investigated the absorption coefficient of pristine Ti3C2 and functionalized 

Ti3C2Tx MXenes using DFT calculations. The peaks observed in the absorption spectrum (Fig. 

1.2(b-c)) arise from both intra-band and inter-band transitions. Notably, the absorption 

spectrum undergoes significant changes upon surface functionalization. For instance, in -F and 

-OH-terminated Ti3C2Tx samples, the absorption decreases considerably for photon energies 

below 3.5 eV. In contrast, -O termination leads to enhanced absorption in the visible range. A 

prominent absorption peak is observed at 1.4 eV for Ti3C2O2, which is less pronounced in other 

functionalized samples. This distinct feature in the optical spectrum of Ti3C2O2 can be 

attributed to the significant contribution of O atoms to the total density of states (DOS) near 

the Fermi energy. At higher photon energies (E > 5 eV), surface functionalization results in 

stronger absorption compared to pristine Ti3C2. These findings affirm that the absorption 

characteristics of Ti3C2 MXene are highly sensitive to surface terminations. Additionally, 

research shows that Ti3C2Tx MXene films exhibit excellent light absorption in the UV-visible 

region, specifically within the 300-500 nm range31. A Ti3C2Tx MXene film with a thickness of 

~5 nm showed a transmittance of up to 91.2%, making it highly suitable for transparent 

electrode applications31 . Additionally, depending on the film thickness, a strong and broad 

absorption band may appear around 700-800 nm, which is attributed to the surface plasmon 

resonance effect31. This characteristic is particularly significant for photothermal therapy 

applications32. 

1.2.3. Magnetic Properties 

First-principles calculations have revealed that specific defective Ti-based MXenes display 

magnetic behaviour due to the presence of unpaired electrons in the d-orbitals33. Scheibe et 

al.34 investigated the magnetic characteristics of Ti3C2Tx MXenes modified with SO3H and S2 

functional groups through chloro-sulfonic acid treatment. Similarly, Zhang et al.35 explored the 

magnetic properties of Ti3C2Tx MXenes and examined the effects of H2 annealing, reporting a 

significant enhancement in magnetic saturation following the annealing process. The magnetic 

properties of Ti3C2Tx MXenes can be tailored by modifying the transition metal composition, 

surface terminations, and synthesis or etching conditions36.  
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1.2.4. Catalytic Properties 

The surface functional groups of Ti3C2Tx MXene, including -O, -F, and -OH, provide numerous 

anchoring sites for base catalysts, facilitating the formation of efficient heterojunctions by 

reducing agglomeration and enhancing catalytic performance23. Additionally, the presence of 

a significant number of exposed metal sites and defective surface states offers active sites for 

improved catalytic reactions. The surface chemical state of Ti3C2Tx MXenes plays a crucial 

role in modulating their physical properties. Notably, the replacement of -F with -O groups on 

the surface has been shown to improve the electrochemical performance of the material37.  

Owing to these exceptional properties, Ti3C2Tx MXenes have been extensively investigated for 

their potential in catalytic and optoelectronic applications, which are elaborated further in 

section 1.5. 

1.3. Synthesis Strategy of Ti3C2Tx MXenes 

The synthesis of Ti3C2Tx MXene is predominantly carried out through a top-down approach. 

This technique involves the selective etching of the MAX phase precursor, Ti3AlC2, followed 

by intercalation and sonication to obtain Ti3C2Tx MXene nanosheets. The top-down approach 

offers several benefits, such as precise control over the composition, structure, and morphology 

of the resulting MXene materials. The removal of the A-layer from the MAX phase facilitates 

the creation of MXenes with large surface areas, tunable surface chemistry, and inherent 

metallic conductivity. Furthermore, this method is scalable, making it suitable for large-scale 

production, and does not require complex fabrication processes or expensive starting materials. 

Over time, the top-down approach has evolved with the development of various etching 

techniques, enabling the production of Ti3C2Tx MXenes with enhanced purity and precise 

stoichiometric control. The use of these etching strategies has significantly improved the 

performance of Ti3C2Tx MXenes, broadening their application in catalysis and optoelectronics. 

A detailed overview of these etching techniques is provided below. 

1.3.1. Hydrofluoric (HF) Acid Etching 

The synthesis of Ti3C2Tx MXenes using HF etching involves three key steps: (1) the selective 

removal of the Al layer from the Ti3AlC2 MAX phase, (2) intercalation, and (3) exfoliation. 

Unlike other two-dimensional materials such as graphene, Ti3C2Tx MXenes cannot be 

mechanically exfoliated and thus require chemical methods for effective delamination. In 2011, 

Naguib et al1. employed a 50 wt% concentrated HF solution to selectively etch the Al layer 

from the Ti3AlC2 MAX phase. This HF treatment effectively removes Al atoms, thereby 
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disrupting these bonds and allowing the Ti3C2 layers to separate (Fig. 1.3). Furthermore, the 

abundance of -OH, -O, and -F ions in the etching medium facilitates the attachment of these 

functional groups onto the MXene surfaces. The etching process of Ti3AlC2 in HF can be 

represented by the following reactions: 

                        𝑇𝑖3𝐴𝑙𝐶2 + 3𝐻𝐹 →  𝑇𝑖3𝐶2 +  𝐴𝑙𝐹3 +
3

2
𝐻2         (1) 

𝑇𝑖3𝐶2 + 2𝐻2𝑂 →  𝑇𝑖3𝐶2(𝑂𝐻)2 + 𝐻2                   (2)   

                                 𝑇𝑖3𝐶2 + 2𝐻𝐹 →  𝑇𝑖3𝐶2𝐹2 + 𝐻2                              (3)                                   

During this process, HF interacts with the Al atoms in Ti3AlC2 and etch them from the structure. 

After that, the resultant mixture is centrifuged and washed with distilled water (DI) until the 

pH reaches ~6. The product was subsequently freeze-dried to obtain Ti3C2Tx, where the 

surfaces are functionalized with -OH, -O, and/or -F groups. The process is further continued 

by employing intercalation and delamination agents such as dimethyl sulfoxide (DMSO) and 

tetramethylammonium hydroxide (TMAOH) to obtain Ti3C2Tx nanosheets. 

1.3.2. LiF/HCl Etching  

The synthesis of layered Ti3C2Tx MXene through HF etching has been the most widely used 

and effective method. However, due to the corrosive nature of HF and the potential risks it 

poses, such as eye, skin, and respiratory irritation, there is a need to investigate safer alternative 

techniques. One promising approach is in-situ HF etching. In this context, Ghidiu et al38. 

developed a novel high-yield method that utilizes a LiF/HCl system for the in-situ production 

of Ti3C2Tx MXene sheets. In this procedure, Ti3C2Tx is synthesized by adding Ti3AlC2 powders 

Fig. 1.3. Schematic of the synthesis of Ti3C2Tx MXenes via the HF etching method. Adapted from ref. [1]. 

TH-3801_196121015



I n t r o d u c t i o n                                                                                                                                           7 |                                         

(3 gm) to a mixture of LiF (5 M) and HCl (6M, 30 ml), followed by heating the solution at 

40 °C for 45 h. The mixture is then washed with DI water to remove by-products and adjust 

the pH to ~6 (Fig. 1.4). This LiF/HCl-based etching approach results in Ti3C2Tx exhibiting 

increased interlayer spacing and enlarged surface area. These mild etching conditions 

associated with the LiF/HCl system, compared to pure HF, reduce the formation of surface 

defects in the final product. Consequently, the LiF/HCl method produces Ti3C2Tx with superior 

surface characteristics, conductivity39, and enhanced mechanical stability, making this one-step 

etching process a promising avenue for future research. 

1.3.3. Electrochemical Etching 

Electrochemical etching is a well-known top‐down strategy for the synthesis of MXene 

materials. In this approach, an electrochemical cell is configured such that the precursor 

material serves as the anode, while an appropriate counter electrode acts as the cathode. The 

precursor is immersed in an electrolyte solution, which facilitates ion transport. When a voltage 

is applied between the electrodes, electrochemical reactions occur at the surface of the 

precursor, prompting the migration of ions from the anode to the cathode. By fine-tuning the 

parameters, such as the applied potential and the electrolyte composition, it is possible to 

selectively remove specific atomic layers while preserving the overall structural integrity of 

the MXene.  

For example, Chen et al.40 demonstrated the successful synthesis of Ti3C2Tx MXene via 

electrochemical etching (Fig. 1.5). Their procedure began with cutting Ti3AlC2 blocks into 

smaller segments, followed by thorough rinsing with DI water. In a two-electrode system, the 

Ti3AlC2 pieces acted simultaneously as both the anode and the cathode while being immersed 

in an electrolyte containing 0.8 M LiOH and 1.0 M LiCl. The etching process was carried out 

under constant stirring at a fixed potential of 5.5 V for 5 h. After etching, centrifugation 

produced a three-layer black sediment. The topmost layer was collected initially, whereas the 

intermediate layer underwent additional washing and centrifugation before being freeze-dried 

Fig. 1.4. Schematic of the synthesis of Ti3C2Tx MXenes via the LiF/HCl etching method. Adapted from ref. [39] 
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to obtain the final electrochemically etched Ti3C2Tx flakes. 

 

 

 

 

 

 

 

 

1.3.4. Molten Salt Etching 

Molten salt etching has emerged as an efficient approach for the synthesis of MXenes, utilizing 

liquid salts as the reactive medium. However, a key limitation is that MXenes produced via 

molten salt etching are generally not dispersible in aqueous media, thereby limiting their 

application in water-based systems such as inks and coatings. 

Li et al. demonstrated the synthesis of Ti3C2Tx MXene through a two-step process. Initially, Al 

in the MAX phase was substituted with Zn, and subsequently, the Zn was removed through a 

reaction between Ti3AlC2 and ZnCl2 at 550 °C 41, 42. Further, Liu et al.43 reported advanced 

molten salt synthesis by mixing Ti3AlC2 with molten salts in a molar ratio of 1: 3: 2: 2 (Ti3AlC2: 

CuCl2: NaCl: KCl). The precursor mixture was ground for 10 min and then subjected to thermal 

treatment at 680 °C with a controlled heating ramp of 4 °C/min over 24 h in an Ar atmosphere. 

During this thermal process, CuCl2, along with the NaCl/KCl mixture, facilitated the oxidation 

of Al in Ti3AlC2 to form Al3+ ions, while in-situ reducing Cu2+ ions on the Ti3C2Tx MXene 

surface. The Cu2+ ions react with Ti atoms to produce metallic Cu, while Cl ions combine with 

the Ti3C2 structure to form Ti3C2Cl2. The obtained Ti3C2Cl2 MXene was subjected to treatment 

with ammonium persulfate to eliminate Cu particles and incorporate -O surface groups, thereby 

forming MS-Ti3C2Tx MXene. Conventional delamination using DMSO becomes ineffective, 

resulting in the formation of thick, multilayer MXene flakes. However, exfoliation was 

successfully achieved by treating the material with tetrabutylammonium hydroxide (TBAOH) 

Fig. 1.5. (a) Schematic representation of the synthesis process of Ti3C2Tx MXene through Electrochemical 

Etching (EE-Ti3C2Tx). (b) The accompanying photograph illustrates the dispersion of EE-Ti3C2Tx and the 

observed Tyndall effect. (c)  Illustration of the EE-Ti3C2Tx film. Adopted from the ref. [40]. 
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and applying sonication, followed by centrifugation to remove residual sediment. The 

schematic representation of the synthesis process is illustrated in Fig. 1.6. 

The conventional etching method using HF and LiF/HCl poses significant environmental 

hazards and is not suitable for large-scale industrial applications due to safety concerns. While 

alternative approaches such as electrochemical etching and molten salt etching offer more 

environmentally friendly routes for Ti3C2Tx MXene synthesis, they suffer from limitations, 

such as lower yield and poor dispersion, particularly in the case of molten salt etching. These 

challenges hinder their viability for large-scale production. Therefore, the development of an 

environmentally sustainable, cost-effective, and scalable synthesis strategy is necessary to 

enable the industrial application of Ti3C2Tx MXene. 

1.3.5. Other Etching Methods 

The alkali etching method uses alkaline solutions, such as sodium hydroxide (NaOH) or 

potassium hydroxide (KOH), to selectively etch the MAX phase. Li et al.44 demonstrated the 

successful synthesis of Ti3C2Tx MXene with a purity of 92wt% using an alkali-assisted 

hydrothermal method. In this approach, the Ti3AlC2 MAX phase was exposed to an aqueous 

NaOH solution under hydrothermal conditions, with an Ar atmosphere maintained to prevent 

oxidation. Compared to HF etching, alkali etching offers a safer alternative while also enabling 

the tailoring of MXene surface chemistry and improving its environmental stability. 

Supercritical fluids (SCFs) are widely employed for the intercalation and delamination of 

densely packed layered materials, such as graphite and clay, due to their high efficiency and 

Fig. 1.6. Schematic representations of the synthesis and exfoliation of MXene via the Lewis acidic 

etching approach. Images of pristine MS-Ti3C2Tx before (left) and after (right) treatment with TBAOH 

following (b) centrifugation at 3500 rpm for 30 min and (c) subsequent collection through filtration. (d) 

Illustration of the Tyndall effect observed in MS-Ti3C2Tx nanoflakes. Adopted from the ref. [43] 
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yield. Their ability to diffuse between layers, coupled with enhanced shear forces, enables rapid 

exfoliation while preserving the structural integrity of the material. This approach supports the 

large-scale production of few-layer, defect-free nanomaterials. N. Chen et al.45 have developed 

a supercritical etching technique for the synthesis of Ti3C2Tx MXene, achieving a remarkable 

yield of ~ 1 kg within 4 h. This method improves the penetration of HF, which is generated in 

situ from ammonium bifluoride (NH4HF2), into the MAX phase while simultaneously ensuring 

the efficient removal of by-products. The SCF-based strategy demonstrates significant 

potential for the scalable and rapid synthesis of high-quality MXenes. 

1.4. Functionalization and Ti3C2Tx MXene-based Composite Formation 

Since the discovery of Ti3C2Tx MXenes, it has attracted considerable interest due to their 

exceptional surface properties. In contrast to other 2D materials, where catalytic activity is 

predominantly localized at the edge sites, MXenes possess active sites distributed across their 

basal planes. Their combination of high electrical conductivity and intrinsic hydrophilicity 

makes them highly promising for catalytic applications. However, despite surface 

functionalization, pristine Ti3C2Tx MXenes exhibit lower catalytic efficiency compared to 

transition metal-based electrocatalysts. This limitation arises primarily from their inherently 

low activity in hydrogen evolution reactions (HER) and advanced oxidation processes (AOPs). 

The low catalytic performance is largely attributed to a limited number of active sites and non-

ideal adsorption energy, which hinder their overall reactivity in these processes. 

Despite their promising potential, Ti3C2Tx MXenes encounter several challenges, including 

limited mechanical flexibility, a tendency to undergo stacking, and instability in oxygen-rich 

environments. These factors hinder the development of pure Ti3C2Tx MXene-based materials 

for catalytic applications. To improve their catalytic activity, two primary strategies, 1. 

heteroatom doping and 2. composite formation, have been extensively explored. Heteroatom 

doping has emerged as a highly effective approach for improving MXene-based catalysts by 

tailoring their chemical composition, surface characteristics, and electronic structure. This 

doping process can be classified into three main approaches based on the site of incorporation 

and the corresponding mechanistic effects. The first approach, surface adsorption, involves the 

attachment of heteroatoms onto the exposed surfaces of MXene sheets through either non-

covalent interactions or direct chemical bonding. The second method, functional substitution, 

entails replacing surface termination groups such as -O, -OH and -F with alternative functional 

moieties containing the dopant element. Heteroatom doping provides multiple advantages, 
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including (i) enhanced electrical conductivity and the transformation of inert regions into 

catalytically active sites, (ii) modulation of the Fermi energy level, and (iii) reduction of 

nanosheet restacking by introducing surface functional groups or chemical bonds. A more 

intricate approach, lattice substitution, involves the direct incorporation of heteroatoms into the 

MXene crystal lattice by replacing either the metal or carbon atoms. This substitution, which 

can occur through in-situ or ex-situ doping, may introduce partial lattice mismatches, leading 

to substantial modifications in the material’s electronic properties. 

Beyond doping strategies, composite formation represents another effective method for 

enhancing the activity of MXene-based catalysts. The surface functionalities of MXenes 

provide nucleation centres that facilitate uniform dispersion of active catalysts on their surface, 

preventing agglomeration and thereby increasing the catalytically active surface area. The 

incorporation of MXenes into composite materials significantly enhances overall electrical 

conductivity, leading to improved ionic and electronic transport. Furthermore, MXene addition 

has been shown to enhance light absorption in the UV-Vis-NIR range, thereby augmenting the 

photothermal effect. This characteristic improves photoelectrochemical performance and 

enhances the functionality of MXene-based composite materials. 

1.5. Application of Ti3C2Tx MXenes in Catalysis and Optoelectronics 

1.5.1. Fenton Oxidation of Organic Pollutants 

The rapid expansion of industrial activities has led to severe organic water pollution, posing 

significant environmental challenges. In recent years, heterogeneous Fenton-like oxidation has 

garnered considerable attention due to its high efficiency and ease of operation45, 46. Fenton 

oxidation is an advanced oxidation process (Fig. 1.7) that involves the reaction of hydrogen 

peroxide (H2O2) with ferrous ions (Fe2+) to generate hydroxyl radicals47 (·OH). These ·OH are 

highly reactive and non-selective oxidants capable of breaking down a wide range of organic 

pollutants. The overall reaction typically occurs under acidic conditions ~at pH 3, which is 

shown in eq’n (4). In this process, the generated ·OH radicals attack and oxidize organic 

contaminants, ultimately converting them into less harmful 

                                           Fe2+ +  H2O2  →  Fe3+ + ∙ OH + OH −                (4) 

compounds such as CO2, H2O, and various inorganic ions. Fenton oxidation is widely used in 

wastewater treatment and environmental remediation due to its efficiency in degrading 
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complex organic molecules. Among the commonly utilized oxidants in Fenton-like processes, 

H2O2 and persulfate (PS) play crucial roles.  

The unique properties of 2D MXene-based materials, including exceptional electrical 

conductivity, a large surface area, and abundant active sites, offer enhanced potential for the  

 

 

 

 

 

 

 

 

activation of H2O2 or PS48, 49. Research indicates that the primary reactive species generated in 

the H2O2-based system include ·OH and superoxide radicals (O2˙⁻). In addition to these, the 

PS-based system also produces sulfate radicals (SO4˙⁻) and singlet oxygen (1O2), which 

contribute to the degradation of organic pollutants in wastewater treatment50-52. 

The activation of H2O2 has attracted significant interest in the degradation of organic 

pollutants53, with Fe2+ serving as a catalyst to generate reactive free radicals54. MXenes, 

characterized by their lamellar structure and surface electronegativity, provide an ideal 

platform for Fe particle loading, both on their surface and within their interlayer spaces55. 

Furthermore, 2D MXene facilitates the uniform dispersion of Fe nanoparticles, effectively 

preventing their agglomeration 56. Notably, MXene loaded with Fe particles exhibits a higher 

specific surface area and an improved pore structure compared to pristine MXene. The pores 

within this composite function as micro-reactors, enhancing H2O2 activation. Studies have 

demonstrated that H2O2 activated by magnetic (nZVI)@Ti3C2 nanosheets can achieve 91.1% 

removal of ranitidine within 30 min57. Consequently, MXene@Fe composites serve as highly 

efficient catalysts for H2O2 activation, facilitating the degradation of organic contaminants. The 

PS-based AOPs also have gained significant attention for the degradation of organic pollutants 

58. Typically, PS exists in two primary ionic forms: peroxodisulfate (PDS, S₂O₈²⁻) and 

Fig. 1.7. Schematic representations of the heterogeneous Fenton oxidation process. 

Adopted from ref. [47] 
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peroxymonosulfate (PMS, HSO₅⁻) 59. The oxidation potentials of PDS and PMS are 2.01 V and 

1.82 V, respectively 60. These persulfates can be activated by suitable catalysts, facilitating 

pollutant degradation through both radical (SO4˙⁻, ·OH, and O2˙⁻) formation as well as non-

radical pathways such as electron transfer 61, 62.  

To date, most research has concentrated on Ti3C2Tx-based hybrid materials for Fenton 

oxidation of organic pollutants, while the development of pristine Ti3C2Tx Fenton catalysts 

remains limited. Therefore, advancing MXene-based Fenton catalysis through surface defect 

engineering or heteroatom doping is highly desirable. 

1.5.2. Catalytic Reduction of Organic Pollutants 

Catalytic reduction plays a vital role in sustainable development and wastewater treatment, 

offering a more environment-friendly alternative to Fenton oxidation, which generates CO2 as 

a by-product and enhances environmental concerns. In the catalytic reduction process, highly 

toxic organic pollutants are transformed into less harmful by-products with minimal 

environmental impact, which can be reused for the production of pharmaceuticals and 

medicinal compounds. The selection of an appropriate catalyst is a key factor influencing the 

efficiency of this process. Typically, catalytic reduction involves the presence of sodium 

borohydride (NaBH4) as a reducing agent combined with an active catalyst to facilitate the 

reduction of organic pollutants. However, the widespread use of precious noble metal 

catalysts63, 64 presents a significant limitation to the practical implementation of this approach. 

Therefore, the development of high-performance non-precious metal catalysts is essential for 

advancing catalytic reduction technologies and expanding their applicability.  

Recent studies have indicated that Ti3C2Tx MXene is ineffective65, 66 in catalyzing the reduction 

of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of NaBH4. This limitation is 

attributed to the negative zeta potential of Ti3C2Tx nanosheets, suggesting that the surface of 

MXene is predominantly covered with negatively charged functional groups (-F, -O, and -OH). 

Consequently, these negatively charged groups hinder the adsorption of BH4⁻ ions and 4-NP 

due to electrostatic repulsion, inhibiting the occurrence of the reduction reaction. However, 

certain Ti3C2Tx-based composite65, 66 materials have demonstrated enhanced catalytic activity 

in the reduction of 4-NP to 4-AP. In these composites, Ti3C2Tx plays a crucial role in improving 

the overall electrical conductivity of the material and facilitating efficient charge transfer across 

the heterojunction, thereby enhancing catalytic performance.  
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1.5.3. Electrocatalytic Hydrogen Production 

The hydrogen evolution reaction is fundamentally a two-electron process that can proceed via 

two primary mechanisms67, 68: the Volmer-Heyrovsky mechanism or the Volmer-Tafel 

mechanism. In acidic environments, the reaction is initiated by the Volmer step, during which 

a proton (H+) accepts an electron and becomes adsorbed onto the catalyst surface, forming an 

intermediate hydrogen species (H*). The subsequent reaction pathway depends upon the 

surface coverage of H*: if the surface is densely populated with H*, two neighbouring H* 

species can combine to yield molecular hydrogen (H2) via the Tafel mechanism; alternatively, 

when the H* coverage is low, the Heyrovsky mechanism dominates, whereby a single H* 

reacts with additional protons and electrons to produce H2. In contrast, in alkaline media, the 

formation of H* primarily results from the dissociation of water rather than direct proton 

adsorption, leading to a lower concentration of protons at the catalyst interface. This reduction 

in proton availability necessitates a higher activation energy for the HER. Nonetheless, the 

reaction in alkaline conditions still proceeds through pathways analogous to the Volmer-

Heyrovsky and Volmer-Tafel mechanisms. A schematic diagram of the HER reaction 

mechanism and corresponding reactions in acidic and alkaline media is illustrated in Fig. 1.8.  

2D MXene-based electrocatalysts have emerged as promising candidates for the HER, 

attracting considerable interest in both experimental and theoretical research. Several strategies 

have been employed to improve the catalytic efficiency of MXenes through structural 

engineering, including modifications of termination groups, nanostructure design, and 

hybridization approaches. Owing to their remarkable properties, Ti3C2Tx MXene based 

Fig. 1.8. A schematic illustration of the HER reaction mechanism, along with the associated reactions in both 

acidic and alkaline media. In this diagram, red font indicates reactions occurring in the alkaline electrolyte, 

while green font denotes those in the acidic electrolyte. Adopted from ref. [68] 
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composite materials exhibit great potential as electrocatalysts for the HER, positioning them 

as promising alternatives to traditional Pt-based electrocatalysts. 

1.5.3.1. Modification in Surface Termination 

Modifying the surface terminations of MXenes is pivotal for boosting their HER performance, 

primarily by enhancing their electrical conductivity. Such modifications optimize the 

electronic structure of MXenes, thereby intrinsically improving their catalytic activity. Recent 

experimental and theoretical investigations have extensively explored these termination 

modifications. For example, MXenes with -O or -OH terminal groups exhibit metallic 

behaviour69 that facilitates efficient charge transfer, as evidenced by surface Pourbaix diagrams 

that also attest to their chemical stability. The improved HER activity observed in -O/OH 

terminated MXenes was attributed to a higher exchange current and enhanced hydrogen 

evolution efficiency. Additionally, calculated Gibbs free energy (ΔGH*) values indicate that O 

atoms on the surface served as active sites, reinforcing the interaction with adsorbed hydrogen 

(H*). Further studies reveal that O-terminated MXenes predominantly follow the Heyrovsky 

mechanism, with HER activity varying among different surface groups70 (-O, -OH, and -F); 

notably, O-termination proves to be the most effective. These findings collectively confirm that 

tailoring the surface terminations of MXenes is a critical factor in modulating their catalytic 

activity for HER applications. Numerous studies into termination modifications have 

underscored their essential role in enhancing the performance of MXene-based electrocatalysts 

for the HER. For instance, Jiang et al.71 reported the development of ultrathin, -O terminated 

Ti3C2 MXenes, demonstrating that -F termination on the basal plane adversely affects HER 

performance by diminishing the kinetics of hydrogen adsorption. In their approach, Ti3C2Ox 

was synthesized by treating Ti3C2Tx in an aqueous KOH solution to replace the F-terminations 

with -OH groups72, followed by calcination at 450 °C under Ar atmosphere to convert these -

OH groups into -O terminations. The resulting Ti3C2Ox exhibited enhanced HER activity, 

achieving an overpotential of 190 mV at 10 mA cm-2, which outperformed both Ti3C2(OH)x 

(217 mV) and Ti3C2Tx-450 (266 mV). Additionally, a Tafel slope of 60.7 mV dec-1 was 

observed. These findings underscore that a higher -F content diminishes HER efficiency, 

whereas Ti3C2 MXenes with -O terminations demonstrate exceptional catalytic performance 

for the HER. 

1.5.3.2. Composite Formation 

Integrating Ti3C2Tx MXenes with other HER-active materials has been demonstrated to 

synergistically enhance HER performance. In these hybrid composites, Ti3C2Tx MXenes play 
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a crucial role in the uniform dispersion of catalytic components, boosting overall conductivity 

and supplying numerous active sites for H* adsorption. Table 1.1 provides a summary of 

Ti3C2Tx MXene-based composite catalysts used in electrochemical HER, clearly showing their 

superior electrochemical HER performance.  

Table 1.1. Comparison of the electrochemical HER performance of Ti3C2Tx based composites. 

 

 

 

 

 

 

 

Despite the extensive research on Ti3C2Tx MXene-based catalysts for HER, most studies have 

overlooked the benefits derived from their superior light absorption and photothermal effects 

in photoelectrochemical hydrogen production. Consequently, there remains a notable gap in 

understanding how enhanced light absorption and photothermal properties influence the 

performance of Ti3C2Tx MXene-based composites. Furthermore, additional research is 

necessary to develop broad-spectrum light-absorbing materials that extend into the infrared 

region to achieve efficient photoelectrochemical hydrogen production. 

1.5.3.3. Ti3C2Tx Nanostructures 

Nanostructure engineering is a powerful approach to enhance the electrocatalytic performance 

of MXenes for the HER, particularly through the fabrication of nanoribbons and nanodots. 

MXenes with engineered nanostructures exhibit a rapid electrochemical response, distinctive 

electronic properties, and a high density of active sites, all of which contribute to their promise 

as efficient HER electrocatalysts. Moreover, this nanostructuring not only broadens the 

application range of MXenes but also aids in the effective assembly of active catalytic 

components. The DFT simulations80 further revealed that the edges of MXene nanoribbons, 

comprising both metal and carbon atoms, are highly effective at capturing hydrogen species, 

thereby serving as active sites that facilitate hydrogen evolution with favourable kinetics. 

Electrocatalyst Electrolyte Overpotential 

(mV) 

Tafel slope 

(mV dec-1) 

Refs. 

Cu/Co TiO2@N-

Ti3C2Tx 

1 M KOH 78 119 73 

Co3O4/MXene 1 M KOH 118 113 74 

Ti3C2Tx@ MOF 

(Fe/Co) 

1 M KOH 104 79 75 

B-T3-xC2Ty@MoSe2 1 M KOH 52.7 77.4 76 

Ru-E-MXene/rGA 1 M KOH 42 36.6 77 

Co2P/N@Ti3C2Tx@NF 1 M KOH 15 30 78 

Ru@B-Ti3C2Tx 0.5 M H2SO4 62.9 100 79 
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Recent reports demonstrate that Ti3C2Tx nanofibers (NFs) show excellent HER performance 

81, with an overpotential of 169 mV at 10 mA cm-2, which is significantly lower than the 385 

mV observed for Ti3C2Tx flakes. Correspondingly, the Tafel slopes are 97 mV dec-1 for the 

NFs compared to 188 mV dec-1 for the flakes. Additionally, the NFs possess a much higher 

surface area (58.5 m2 g-1) than the flakes (8.5 m2 g-1), thereby enhancing the exposure of active 

sites. Moreover, constructing a three-dimensional (3D) porous structure from alkalized Ti3C2 

(a-Ti3C2) nanoribbons results in increased interlayer spacing, which enhances reaction kinetics. 

Additionally, the combination of this expanded spacing with a reduced nanoribbon width 

further improves both the reaction kinetics and the morphological stability 82. 

1.5.4. Photodetector 

Suitable nanocomposites based on Ti3C2Tx MXenes demonstrate exceptional electronic and 

optoelectronic characteristics, positioning them as ideal candidates for photodetector (PD) 

applications. Their tuneable work function and high electronic conductivity facilitate their use 

as electrode materials in photodetector devices, underscoring the significant potential of 

Ti3C2Tx MXenes in photodetector device applications. Table 1.2 illustrates an overview of the 

photodetection performance of Ti3C2Tx MXene-based composite materials reported in the 

literature.  

Table 1.2. Comparison of the Ti3C2Tx composite-based photodetectors. 

 

 

Material Wavelength 

(nm) 

Responsivity 

(AW-1) 

Detectivity 

(Jones) 

Refs. 

Ti3C2Tx/CsPbBr3 450 44.9 × 10-3 6.4 × 108 83 

Ti3C2/ZnO 200 - 400 128.3 × 10-3 5.7 × 1011 84 

MoS2/Ti3C2Tx 700 - 800 1.9 

(Negative photo 

responsivity) 

2.1 × 1010 85 

ReS2/Ti3C2Tx Visible - NIR 40.8 

(Visible) 

26.9 

(NIR) 

1.07 × 1012 

(Visible) 

 

 

86 

MoSe2/Ti3C2Tx 554 - 780 6.58 × 10-3 

(Visible) 

9.82 × 10-3 

(NIR) 

2.27 × 109 

(Visible) 

 

87 

Ti3C2Tx-TiO2 300 - 800 0.078 × 10-3 8.4 × 104 88 

MXene/InGaN 470 6 9 × 1011 89 
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Nonetheless, most investigations on Ti3C2Tx MXene-based PDs have reported a restricted 

photodetection range, typically covering either the UV-Vis or Vis-NIR regions. Consequently, 

developing truly broadband Ti3C2Tx MXene-based PDs is imperative to meet the requirements 

of next-generation optoelectronic applications. Further, the specific role of MXene in PD 

performance needs a thorough investigation. 

1.6. Problems and Challenges of Functionalized Ti3C2Tx MXenes and its Nanocomposites     

       for Catalysis and Photodetection Application 

Recent studies have focused extensively on Ti3C2Tx MXene and its derived nanocomposites 

for a broad spectrum of catalytic and optoelectronic applications. However, numerous 

challenges associated with Ti3C2Tx MXene-based nanocomposites need to be addressed to 

meet future technological demands. 

1. Synthesis of high-purity, scalable, monolayer Ti3C2Tx MXenes nanosheet with a very high 

surface-to-volume aspect ratio is still challenging. Most of the recent studies adopted the in-

situ HF formation (LiF/HCl) technique for Ti3C2Tx MXene synthesis, which results in a 

nonuniform distribution of MXene sheet size and hence, the MXene nanosheet with a higher 

lateral size and uniformity is desired. 

2. Pristine Ti3C2Tx MXene tends to undergo face-to-face re-stacking of layers due to interlayer 

van der Waals interactions. This stacking reduces the available catalytically active sites and, in 

turn, diminishes catalytic performance. Therefore, a reduction in layer stacking is crucial for 

enhancing its catalytic activity and optoelectronic applications. 

3. Ti3C2Tx MXene exhibits limited stability under ambient conditions, and maintaining its 

integrity during functionalization or compositional modifications presents a significant 

challenge. 

4. Typically, the synthesis of Ti3C2Tx MXenes under harsh chemical conditions induces 

intrinsic surface defects. Consequently, a thorough understanding and optimization of these 

defect states are imperative for enhancing catalytic applications. 

5. Furthermore, incorporating conventional nanomaterials (0D, 1D, and 2D) with 2D Ti3C2Tx 

MXenes can impart unique properties owing to their excellent light absorption capabilities. 

Nevertheless, fabricating composite or hybrid structures that achieve the desired catalytic and 

optoelectronic performance remains challenging. 

Thus, a comprehensive understanding of synthesis strategies, transport, optical, and defect-
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induced properties is essential to address the challenges associated with Ti3C2Tx MXene-based 

nanocomposites and to enhance their commercial viability for catalytic and optoelectronic 

applications. 

1.7. Focus of the Present Thesis 

2D Ti3C2Tx MXenes hold significant promise for catalytic and optoelectronic applications due 

to their exceptional surface and electronic properties. However, a thorough understanding of 

how synthesis parameters and functionalization techniques can be leveraged to optimize 

surface defects as well as the influence of heterostructure formation and nanostructuring on 

catalytic behaviour, remains primary. Therefore, this thesis investigates the optimization of 

surface defects, the development of heterostructures, and the application of nanostructuring, 

assessing their crucial roles in enhancing catalytic and optoelectronic performance. The focus 

of the present thesis is 

1. Optimization of surface defect states in multi-layered Ti3C2Tx MXene through controlled 

modulation of synthesis parameters and investigation of their role in catalytic Fenton 

degradation of organic pollutants. 

2. Investigation of the impact of heteroatom doping on the surface properties of few-layer 

Ti3C2Tx MXene nanosheets and their application in catalytic degradation of organic pollutants 

via advanced oxidation process. 

3. Fabrication of a composite based on 2D Ti3C2Tx nanosheets and semiconducting 1D Bi2S3 

nanorods to investigate their catalytic performance in the reduction of organic pollutants, 

elucidate interlayer charge transfer mechanisms, and explore their application in 

photoelectrochemical hydrogen production. 

4. Investigation of the effect of ultrasmall Ru atomic cluster anchoring on N-doped Ti3C2Tx 

nanoribbons and its influence on the enhanced photothermal effect and photoelectrochemical 

hydrogen production. 

5. Development of a composite integrating 2D Ti3C2Tx nanosheets with 1D Bi2S3 nanorods to 

investigate interlayer charge transfer and broadband light absorption for application in UV-

Vis-NIR broadband photodetection. 

1.8. Organization of the Thesis 

Chapter 1 provides a brief introduction to 2D Ti3C2Tx MXenes, covering their crystal 
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structure, properties, synthesis routes, and applications, with a particular focus on catalysis and 

optoelectronics. Chapter 2 explores the modulation of surface defect states in Ti3C2Tx and 

their influence on the Fenton degradation of organic pollutants. Chapter 3 investigates the 

effect of phosphorous-doped Ti3C2Tx MXene/carbon foam hybrid aerogel in the oxidative 

degradation of organic pollutants through an advanced oxidation process. Chapter 4 highlights 

the study of interfacial charge transfer between 1D Bi2S3 nanorods and 2D Ti3C2Tx MXene 

nanosheets for catalytic reduction of organic pollutants and photoelectrochemical hydrogen 

evolution reaction. Chapter 5 investigates the impact of Ru atomic cluster anchoring on N-

doped Ti3C2Tx nanoribbons and its role in enhancing photoelectrochemical hydrogen 

production through the photothermal effect. Chapter 6 investigates the broadband 

photodetection performance of the 1D Bi2S3/2D Ti3C2Tx MXene-based composites. Chapter 

7 presents a summary of the key findings and significant conclusions of this thesis, along with 

potential future research directions. 
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   Chapter 2 

Surface Defect Engineered Multi-layered Ti3C2Tx MXene 

as Advanced Fenton Catalyst for Organic Pollutant 

Degradation 

  

In this chapter, the surface defect states of multi-layered Ti3C2Tx (m-Ti3C2Tx) MXenes were 

optimized by adjusting synthesis parameters, and their influence on the degradation of organic 

pollutants via Fenton oxidation was examined. Morphological and structural characterizations 

confirmed the successful synthesis, whereas XPS revealed the presence of abundant surface 

functional groups (-F, -O, and -OH), lower-valent Ti states (Ti2+ and Ti3+), and oxygen 

vacancies. The modulation of these surface defect states was further verified by electron spin 

resonance (ESR) analysis. The catalytic performance of m-Ti3C2Tx was evaluated using 

various organic pollutants, with methylene blue degradation showing the highest efficiency. 

Under optimal conditions, m-Ti3C2Tx exhibited a high catalytic activity for MB degradation, 

achieving an average degradation rate of 0.22 min-1. Post-annealing studies further highlighted 

the significant role of surface defects in the degradation process, offering detailed insights into 

their contribution. These findings suggest that m-Ti3C2Tx can be a promising Fenton catalyst 

for the removal of organic pollutants from industrial wastewater. 

2.1. Introduction 

The rapid expansion of the human population and escalating consumption patterns have 

significantly accelerated water pollution. However, the polluted wastewater, characterized by 

high chemical oxygen demand, low biodegradability, and inherent toxicity, raises substantial 

environmental and health concerns1. Consequently, the effective removal of organic 

contaminants from such wastewater before environmental discharge is imperative. Over the 

years, various methods for wastewater treatment, such as photocatalytic oxidation2, 3, 

adsorption4, membrane filtration5, and precipitation6, have been investigated. While these 

techniques are useful, they often encounter limitations, including high operational costs, 

significant energy consumption, and excessive sludge production1. In contrast, advanced 

oxidation processes (AOPs) have emerged as a particularly promising alternative, given their 

ability to oxidize nearly all organic contaminants into harmless products, surpassing the mere 

phase transformation achieved by adsorption and precipitation. Among the AOPs, Fenton 

oxidation is the most effective7, as discussed in Chapter 1. However, its practical application 
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is constrained by the need for harsh acidic conditions (pH < 3) and concerns related to the high 

dosages of H2O2 required. Therefore, the development of high-performance, cost-effective 

catalysts remains crucial for advancing wastewater treatment technologies. 

Two-dimensional (2D) Ti3C2Tx MXenes (T = -F, -O, and -OH) are the most extensively studied 

materials due to their exceptional properties8-11, such as large specific surface area, excellent 

electronic conductivity, abundant surface-terminated functional groups (-F, -O, and -OH), and 

negatively charged surfaces. These excellent surface properties make them ideal for catalytic 

wastewater treatment applications. Although these promising characteristics are evident, only 

a few studies are exploring the use of Ti3C2Tx MXenes-based hybrid materials12-14 in 

wastewater treatment via the Fenton reaction, and the application of pristine Ti3C2Tx MXenes 

for this purpose remains rare. 

In this chapter, a three-dimensional (3D), accordion-like Ti3C2Tx microstructure was 

synthesized, and its intrinsic surface defect states were tuned by adjusting the synthesis 

parameters. Structural and morphological characterizations confirmed the successful synthesis, 

while ESR analysis verified the modulation of surface defects. The synthesized materials were 

subsequently applied as a Fenton catalyst for degrading various organic pollutants, with 

methylene blue (MB) showing the highest degradation efficiency. Furthermore, the effects of 

several parameters on MB degradation were systematically evaluated, and the underlying 

degradation mechanism was explored in detail. 

2.2. Experimental Details 

2.2.1. Synthesis of Multi-layered Ti3C2Tx MXene 

Multi-layered Ti3C2Tx MXenes were synthesized via a single-step HF etching process15.  

 

 

 

 

 

 

 

 

 

As shown in Fig. 2.1, 1 g of Ti3AlC2 MAX powder was added to 20 mL of HF solutions having 

Fig. 2.1. Schematic representation of m-Ti3C2Tx MXene synthesis through chemical 

etching of Ti3AlC2 by HF. 
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various concentrations, such as 20, 40, and 48 wt%, under continuous stirring at 250 rpm for 

24 h. After that, the mixture was centrifuged multiple times with DI water at 4500 rpm until 

the pH of the solution reached ~6. The resulting sediment was then freeze-dried for 24 h. The 

final product was obtained as a black powder and labeled as m-TC20, m-TC40, and m-TC48, 

corresponding to the HF concentrations used in each case. 

2.2.2. Experimental Procedure for Pollutant Degradation 

Pollutant degradation experiments were conducted in the dark at room temperature using a 50 

mL (20 μM) solution. The pH of these solutions was adjusted with 0.1 M NaOH and HCl. In a 

typical experiment, a predetermined amount of the synthesized catalyst powder was added to 

the pollutant solution and continuously stirred at 500 rpm for 25 min to establish an adsorption-

desorption equilibrium. Subsequently, 100 μL of 10 M H2O2 was introduced into the system, 

and 2 mL of the pollutant solution was withdrawn at 3-min intervals, followed by filtration. 

The filtered samples were then analyzed using a UV-Vis spectroscope, and the degradation 

efficiency was calculated using the following formula. 

                                        Degradation efficiency (%) = (C0-Ct)/C0                    (1) 

Here, C0 and Ct represent the absorbance of the pollutant solution initially and at any given 

time t after the achievement of adsorption-desorption equilibrium. 

2.2.3. Characterization Techniques  

The crystallinity and phase of Ti3AlC2 MAX were characterized before and after HF etching 

using X-ray diffraction (XRD) (Rigaku SmartLab 9 kW with Cu Kα radiation, λ = 0.15406 

nm) and micro-Raman spectroscopy (HORIBA LabRam HR, λex= 532 nm). The specific 

surface area and pore size distribution were determined at 77 K through nitrogen adsorption-

desorption isotherms using a Quantachrome Autosorb-iQ MP analyzer, applying the BET 

method for surface area analysis and the BJH method for pore size estimation. Electron Spin 

Resonance (ESR) spectroscopy was conducted using a JEOL JES-FA200 spectrometer to 

investigate the defect states associated with oxygen vacancies in the synthesized samples. 

Structural, morphological, and elemental features were examined via FESEM (Zeiss Sigma) 

and TEM (JEM-JEOL 2010, operating at 200 kV). X-ray photoelectron spectroscopy (XPS) 

was performed on a Thermo Fisher ESCALAB Xi+ to assess the oxidation states of various 

elements, surface defects, and surface functional groups, with spectral data processed using 

XPSPEAK 41. Additionally, UV-Visible (UV-Vis) absorption spectra of the organic pollutants 

were recorded using a Shimadzu UV-2600 spectrometer. 
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2.3. Results and Discussion 

2.3.1. Morphology and Composition Studies 

The morphology of Ti3AlC2 before and after HF treatment was examined using FESEM and 

TEM. In Fig. 2.2(a, b), the FESEM images display a tightly packed layered structure of 

Ti3AlC2 MAX. After HF treatment, the tightly packed multi-layered structure transforms into 

a loosely packed accordion-like structure, as shown in Fig. 2.2(c), due to the selective etching 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of Al layers. A magnified view of Fig. 2.2(c), presented in Fig. 2.2(d), emphasizes the presence 

of open channels between the layers. These channels significantly enhance the catalytically 

active surface area, thereby promoting the adsorption of various molecules on the material's 

Fig. 2.2. FESEM images of (a) bulk Ti3AlC2 and (b) magnified edge view of the Ti3AlC2 bulk. (c)  

Ti3AlC2 after HF etching (m-TC40) and (d) a close-up view of the highlighted section of m-TC40. 

(e) TEM and (f) HRTEM lattice image of m-TC40. The inset displays an inverse fast Fourier 

transform (IFFT) lattice image. (g) Energy-dispersive spectrometry (EDS) and (h-k) elemental 

mapping of m-TC40, illustrating the elemental distribution of Ti, C, O, and F. 
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surface. In Fig. 2.2 (e), the TEM image of m-TC40 displays a stacked layered microstructure 

with noticeable interlayer open channels similar to FESEM. The HRTEM image of m-TC40 

(Fig. 2.2(f)) reveals a crystalline structure with an interplanar spacing of 0.24 nm, 

corresponding to the (103) lattice plane16, which is consistent with the XRD pattern of m-TC40 

as discussed later. Moreover, the EDS analysis in Fig. 2.2(g) indicates the atomic composition 

of Ti, C, O, and F at 65.4%, 21.6%, 3%, and 9.8%, respectively, with no detectable presence 

of Al, confirming the successful removal of Al layers. The elemental mapping in Fig. 2.2(h-k) 

further confirms the presence and distribution of Ti, C, F, and O in m-TC40. 

2.3.2. Structural Characterizations  

XRD analysis was conducted to investigate the structural characteristics of Ti3AlC2 MAX both 

before and after treatment with hydrofluoric acid (HF). The XRD pattern of pristine Ti3AlC2, 

depicted in Fig. 2.3(a), exhibits sharp diffraction peaks at 2θ values of 9.6°, 19.1°, 34°, 36.8°, 

39°, 41.8°, 45°, 48.5°, 52.3°, 56.4°, and 60.2°, which closely align with the standard diffraction 

data of Ti3AlC2 (JCPDS No. 52-0875)17.  After HF treatment, the disappearance of the most 

intense diffraction peak at 2θ = 39° confirms the effective removal of Al atoms15 from Ti3AlC2. 

Additionally, diffraction peaks at 2θ = 9°, 18.4°, and 27.8° appear with reduced intensity in 

comparison to pristine Ti3AlC2, corresponding to the (002), (004), and (006) lattice planes, 

respectively. A noticeable shift of the (002) and (004) peaks toward lower angles is observed 

in the as-prepared samples, accompanied by an increase in the full width at half maximum 

(FWHM) compared to pristine Ti3AlC2. This shift suggests an expansion of the c-lattice 

parameter15,  while the broadening of the peaks indicates a decrease in crystallinity. Moreover, 

a systematic increase in FWHM is observed with increasing HF concentration, signifying a 

progressive reduction in crystallinity with higher etchant concentrations. The calculated c-

lattice parameters of Ti3AlC2 before and after HF treatment are 18.45 Å and 19.45 Å, 

respectively, reflecting a 5.2% expansion in the interlayer spacing along the c-axis. Such 

structural modifications imply the formation of a new phase, designated as multi-layered 

Ti3C2Tx (m-TC) MXene. In the XRD pattern of m-TC, additional diffraction peaks at 2θ = 

36.18° and 41.98° are identified, corresponding to TiC18, which exists as an impurity in the 

precursor Ti3AlC2.  

To gain further insights into the structural and surface modifications of m-TC samples, Raman 

spectroscopy was conducted. The Raman spectra of Ti3AlC2 before and after HF treatment are 

illustrated in Fig. 2.3(b). In the Raman spectra of pristine Ti3AlC2, three primary peaks were 

identified: peak I at 269 cm-1, corresponding to Ti-Al bond vibrations, and peaks II and III at 
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405 cm-1 and 612 cm-1, respectively, which are associated with Ti-C bond vibrations19. After 

HF treatment, peak I in the Raman spectra of all m-TC samples nearly disappeared, signifying 

the effective removal of Al atoms20 from Ti3AlC2. Furthermore, peaks II and III exhibited 

broadening and reduced intensity, which suggests lower crystallinity20 of m-TC samples 

compared to the pristine Ti3AlC2. This observation aligns well with the XRD analysis. 

Additionally, a noticeable shift in peaks II and III was detected in m-TC samples, likely due to 

the strong interaction of surface functional groups20 such as -F, -OH, and -O.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Raman peak in m-TC samples appears at 207.6 cm-1 (A1g), while a smaller peak is observed 

at 711.5 cm-1 (A1g), corresponding to out-of-plane vibrations of the Ti-C atomic bonds21. A 

broad spectral region between 230 and 470 cm-1 is attributed to the in-plane (Eg) vibrations of 

surface groups (-F, -OH, and -O) chemically bonded to Ti atoms21. Additionally, vibrational 

modes in the range of 540-730 cm-1 primarily correspond to carbon-related vibrations21 in both 

Eg and A1g modes.  

Fig. 2.3. Comparisons in (a) XRD patterns and (b) Raman spectra of Ti3AlC2 before 

and after HF treatment. (c) comparisons in the ESR signal of m-TC20, m-TC40, and 

m-TC48 (d) Nitrogen adsorption-desorption isotherm and BJH pore size distribution 

(inset) of m-TC40. 
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2.3.3. ESR and BET Analysis 

Further, the ESR signal depicted in Fig. 2.3(c) displays prominent peaks at “g” values of 1.94 

corresponding to Ti3+.22 It's noteworthy that as the concentration of HF increases, the peak 

intensity of the Ti3+ state also increases. This confirms that a higher concentration of HF can 

produce higher defect states. Therefore, the defect states can be controlled by precisely 

controlling the concentration of HF etchant. The porosity of micro-structured m-TC40 surfaces 

was analyzed using nitrogen adsorption-desorption isotherms, as shown in Fig. 2.3(d). The 

type IV isotherm confirms the mesoporous structure, with a BET surface area of 5.442 m2/g. 

The BJH method revealed a pore size distribution between 2.6 and 13.3 nm. This mesoporous 

characteristic improves the adsorption of various pollutants on its surface and enhances their 

degradation rate. 

2.3.4. XPS Analysis 

XPS was employed to analyze the chemical composition and oxidation states of elements in 

the as-prepared m-TC40 sample. The survey scan XPS spectrum, shown in Fig. 2.4(a), was 

recorded over a binding energy (BE) range of 200 - 800 eV and confirms the presence of Ti,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C, O, and F in the sample. The core-level XPS spectrum of Ti 2p, depicted in Fig. 2.4(b), 

displays a characteristic doublet at approximately 455.3 eV (Ti 2p3/2) and 461.3 eV (Ti 2p1/2). 

Fig. 2.4. (a) XPS survey scan of m-TC40. High-resolution XPS spectra of m-TC40 for (b) Ti 2p, 

(c) C 1s, (d) O 1s, and (e) F 1s. The symbols represent experimental data, while the solid lines 

indicate Gaussian-Lorentzian fitted spectra with a Shirley background. 
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Deconvolution of the Ti 2p3/2 region reveals four distinct peaks entered at ~ 455.1, 456, 456.9, 

and 458.7 eV, corresponding to Ti-C, O-Ti2+-C, O-Ti3+-C, and Ti4+ states, respectively23. The 

relative percentages of various low-valent Ti states are summarized in Table 2.1. Fig. 2.4(c) 

illustrates the core-level XPS spectrum of C 1s, which has been fitted with four peaks located 

at ~ 282, 284.7, 286.6, and 288.6 eV. These peaks are assigned to Ti-C, C-C, C-O23, and O=C-

O, respectively24. The presence of the C-O peak is likely a result of solvent residues from the 

drying process. The O 1s core-level spectrum, shown in Fig. 2.4(d), was deconvoluted into 

three peaks centred at ~ 529.8, 531.1, and 531.9 eV, which are attributed to Ti-O, C-Ti-Ox, and 

C-Ti-(OH)x, respectively23. Additionally, their relative percentages are summarized in Table 

2.1. The high-resolution F 1s spectrum in Fig. 2.4(e) was fitted with two peaks at ~685.1 and 

686.2 eV, corresponding to C-Ti-Fx and AlFx, respectively23. These XPS findings confirm the 

presence of surface functional groups such as -F, -O, and -OH in the as-prepared m-TC40 

sample. Furthermore, XPS analysis of the high-resolution Ti 2p spectrum indicates that the 

majority of Ti species exist in Ti2+ and Ti3+ oxidation states, suggesting the presence of oxygen 

vacancies within the lattice structure. 

2.3.5. Catalytic Degradation of Organic Pollutants  

Here, we have explored the potential of m-TC40 as a Fenton catalyst for degrading various 

pollutants, including MB, 4-NP, and ciprofloxacin, from wastewater, focusing on its surface, 

structural, and compositional characteristics. The presence of low-valent Ti elements (Ti2+ and 

Ti3+) can play a significant role in enhancing the degradation of organic pollutants by serving 

as active sites for pollutant adsorption and facilitating electron transfer for H2O2 activation. As 

shown in Fig. 2.5(a), MB degradation occurs spontaneously after the addition of H2O2, which 

is evident from the decreasing absorbance over time. However, for 4-nitrophenol (4-NP) and 

ciprofloxacin (CIP) (Fig. 2.5(b, c)), the absorbance increases instead, possibly due to the 

Fig. 2.5. UV-Vis absorption spectra of (a) MB, (b) 4-NP, and (c) CIP before and after the addition of H2O2. 
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formation of reaction intermediates with higher absorbance than their parent compounds.25 

Consequently, the m-TC40 + H2O2 system is ineffective for degrading 4-NP and CIP. 

Therefore, our study focuses on the catalyst's performance in MB dye degradation, which is 

detailed in the following sections. 

2.3.5.1. Zeta Potential and MB Dye Adsorption Study 

The surface polarity of the synthesized m-TC40 was evaluated through Zeta potential 

measurements across different pH values (2 - 12) of the solvent, as depicted in Fig. 2.6(a). The 

results indicate a significant decrease in Zeta potential from -3.4 mV to -37.1 mV, with  

 

 

 

 

 

increasing pH value 2 to 12, confirming the negatively charged surface11, 18 of m-TC40. This 

negatively charged surface facilitates the adsorption of cationic MB dye molecules through 

electrostatic attraction. Furthermore, in the dark, MB adsorption-desorption process reached 

equilibrium within 20 min (Fig. 2.6(b)), which can be attributed to the strong adsorption of 

MB molecules onto the negatively charged surface of m-TC40, which demonstrated an MB 

removal efficiency of ~24%. 

2.3.5.2. Catalytic MB Degradation 

The dye degradation performance of the as-synthesized catalysts was evaluated by monitoring 

the decomposition of MB in the presence of H2O2 under dark conditions. Fig. 2.7(a) illustrates 

the colour change in the MB solution after H2O2 (0-24 min) addition with the presence of m-

TC40. The UV-Vis absorption spectra depicted in Fig. 2.7(b) reveal the spectral alterations of 

the MB solution, where the characteristic absorption peak at 664 nm steadily decreases within 

24 min after the addition of H2O2. After the degradation process, the absorption spectra of the 

remaining solution showed no peak within the 400-800 nm range, indicating the complete 

Fig. 2.6. (a) Dependence of the Zeta potential of m-TC40 on the pH of the solution. (b) 

Adsorption efficiency of MB on m-TC40 in the absence of H2O2 under dark conditions. 
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breakdown of the MB dye molecules. Fig. 2.7(c) compares the degradation efficiency of 

different catalysts. In dark conditions, the adsorption-desorption process of MB achieved 

equilibrium in 20 min, which is likely due to the adsorption of MB molecules on the surface of 

bare m-TC40, resulting in around 24% MB removal efficiency. The as-prepared m-TC40 has 

a negative zeta potential, signifying a negatively charged surface. This negative charge 

enhances the attachment of cationic MB dye molecules to the m-TC40 surface through 

electrostatic attraction. Further, the introduction of a small amount of H2O2 (100 μL, 10 M) led 

to the complete degradation of MB within 24 min. Interestingly, m-TC48 and m-TC20 

exhibited 100% and 35% MB degradation efficiency in 18 and 24 min, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, H2O2 alone can degrade only 3% of the MB dye under dark conditions. 

Moreover, the combination of the MAX precursor Ti3AlC2 with H2O2 showed a degradation 

efficiency of about 28% in 24 min, which is significantly lower than that achieved by m-TC40 

+ H2O2. The results mentioned above clearly demonstrate the combined effect of m-TC40 and 

H2O2 in degrading MB molecules. The degradation kinetics of MB dye can be characterized 

by pseudo-first-order rate kinetics, described by the Langmuir-Hinshelwood equation:  

                                                           ln (Ct/C0) = -kt                           (1)    

Fig. 2.7. (a) Digital images illustrating the MB degradation process. (b) UV-Vis absorption spectra 

of MB were recorded at an interval of 3 min during the degradation process. (c) Comparative 

analysis of the catalytic efficiency of various catalysts in MB degradation under dark conditions. 

(d) A plot of ln(Ct/C0) vs time (t) with linear fitting shows the first-order degradation rate constant. 
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Where C0 and Ct represent absorbance of dye solution initially and at any given time t (min) 

after the introduction of H2O2, and k is the rate constant (min-1). Our experimental results 

indicate that MB degradation follows pseudo-first-order kinetics. We plotted this relationship 

for H2O2, m-TC20 + H2O2, m-TC40 + H2O2, and m-TC48 + H2O2, as illustrated in Fig. 2.7(d). 

The plot of ln(Ct/C0) versus time (t) for bare H2O2 and m-TC20 + H2O2 reveals a single linear 

decay with rate constants of 0.001 and 0.011 min-1, respectively. In contrast, the ln(Ct/C0) vs t 

plots for m-TC40 + H2O2 and m-TC48 + H2O2 display two distinct linear decay phases, each 

characterized by different rate constants. For the first phase, the rate constants (k1) are 0.129 

and 0.165 min-1, while for the second phase (k2), they are 0.316 and 0.399 min-1, respectively. 

The physical reasons behind the dual rate constants observed in the MB degradation kinetics 

will be discussed later. Although m-TC40 and m-TC48 have comparable dye degradation rates, 

we chose m-TC40 as the optimal material for our experiments due to its higher crystalline 

structure. 

2.3.5.3. Effect of m-Ti3C2Tx Loading 

In this study, m-TC40 plays a pivotal role in the degradation of MB by facilitating its adsorption 

and enhancing the generation of ∙OH radicals in the presence of H2O2. To determine the optimal 

catalyst loading for MB degradation, experiments were conducted by varying the amount of 

m-TC40 while maintaining a fixed H2O2 concentration of 100 μL (10 M). As illustrated in Fig. 

2.8(a), the degradation efficiency of MB increased significantly from 49% to 88% within 24 

min as the catalyst dosage was raised from 20 mg to 25 mg. Further increasing the m-TC40 

dosage to 30 mg resulted in complete (100%) MB degradation within the same duration. This 

enhancement in degradation efficiency can be attributed to the increased total surface area, 

which provides additional active sites for H2O2 activation and subsequent ∙OH radical 

formation. Interestingly, when the catalyst loading was further increased to 35 mg, the rate of 

MB degradation did not improve; instead, a slight reduction was observed, although the overall 

degradation efficiency remained unchanged. This phenomenon could be attributed to the 

overlapping of active sites or the excessive generation of ∙OH radicals, which may react with 

H2O2 to form less reactive HO2∙ radicals, thereby limiting MB degradation efficiency. 

Consequently, 30 mg of m-TC40 was identified as the optimal catalyst dosage and was used 

for all subsequent experiments. 

2.3.5.4. Effect of H2O2 Concentration 

Here, H2O2 played a crucial role as both an oxidizing agent and a source of ∙OH radicals in the 

presence of m-TC40 MXene. To evaluate its influence on MB degradation efficiency by 
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enhancing ∙OH radical production, experiments were conducted by varying the H2O2 

concentration (12 - 28 mM) while maintaining a fixed m-TC40 catalyst dosage of 30 mg. As 

shown in Fig. 2.8(b), the MB degradation efficiency increased significantly from 59% to 94% 

within 24 min as the H2O2 concentration was raised from 12 mM to 16 mM. When the 

concentration was further increased to 20 mM, nearly complete (~100%) MB degradation was 

achieved within the same duration. However, a further increase in H2O2 concentration to 28 

mM resulted in a slight decline in degradation efficiency to ~ 97%. Therefore, 20 mM was 

identified as the optimal H2O2 concentration for this study and was maintained for all 

subsequent experiments. The observed decrease in efficiency at higher H2O2 concentrations 

could be attributed to the formation of less reactive HO2∙ radicals, which may arise from the 

reaction between excess ∙OH radicals and H2O2. 

2.3.5.5. Effect of MB Concentration 

The effect of varying MB concentrations (20-50 µM) on degradation efficiency was 

investigated to determine the maximum MB degradation capacity of the m-TC40 + H2O2-based 

AOP system. These experiments were conducted using 30 mg of m-TC40 and 100 µL of H2O2 

in a dark environment, with different MB concentrations (20 - 50 µM) prepared in 50 mL of 

an aqueous solution. As illustrated in Fig. 2.8(c), the degradation efficiency of MB was found 

to be strongly influenced by its initial concentration. An increase in MB concentration led to a 

decline in degradation efficiency over a 24 min reaction period. Specifically, the degradation 

efficiency was ~91% and 82% for MB concentrations of 30 µM and 40 µM, respectively, while 

it dropped to 52% at 50 µM. This trend is expected, as the production rate of ∙OH radicals 

remains limited for a fixed amount of m-TC40 and H2O2, making it insufficient to completely 

degrade higher concentrations of MB. 

2.3.5.6. Effect of Solution pH  

The Fenton oxidation reaction is generally more efficient under acidic conditions due to the 

higher oxidative potential of ∙OH radicals in acidic media compared to neutral and basic 

environments. To examine the influence of the initial pH on MB degradation efficiency, a 

series of experiments was conducted at room temperature with solution pH values of ~ 2, 4, 9, 

and 12. The natural pH of the MB solution, without any acid or base addition, was measured 

to be 6.7. The pH levels of the MB dye solutions were adjusted using 0.1 M HCl and NaOH 

solutions, while the concentrations of m-TC40 and MB dye were kept constant at 30 mg and 

20 µM, respectively. As depicted in Fig. 2.8(d), MB degradation efficiency varied significantly 

with the pH of the solutions. A decrease in pH led to a substantial increase in degradation 
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efficiency. At pH 2, ~95% degradation was achieved within 9 min, whereas at pH 4, the 

efficiency was 83% in the same duration. With an extended reaction time of 24 min, the 

degradation efficiency further increased to ~97% and ~98% at pH 2 and 4, respectively, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

indicating a higher reaction rate in acidic conditions. This enhanced degradation at lower pH 

can be attributed to the negatively charged surface of m-TC40 (Fig. 2.6(a)), which facilitates 

greater adsorption of positively charged species, thereby promoting interactions between m-

TC40 and H2O2 through electrostatic attraction. The observed decrease in Zeta potential with 

increasing pH suggests an increase in negative surface charge density. At pH 9 and 12, MB 

degradation efficiencies of 98% and 92% were achieved in 12 min. With an extended reaction 

time of 24 min, the efficiencies increased to ~99% and ~98% at pH 9 and 12, respectively. The 

improved degradation performance in basic conditions can be attributed to the increased 

negative surface charge of m-TC40 (Fig. 2.6(a)), which enhances the adsorption of cationic 

MB molecules. However, it is well documented that ∙OH radicals exhibit lower degradation 

Fig. 2.8. The efficiency of MB dye degradation was evaluated by examining the 

influence of the following parameters: (a) the loading of the m-TC40 catalyst with a 

fixed H2O2 concentration of 20 mM; (b) the concentration of H2O2 with fixed m-TC40 

loading of 30 mg; (c) the initial MB concentration and (d) the solution pH, with the 

H2O2 concentration set at 20 mM and m-TC40 loading fixed at 30 mg. 
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efficiency in alkaline media, which is evident from the slower degradation observed at pH 12 

compared to pH 9. This suggests a reduction in the effectiveness of ∙OH radicals in MB 

degradation with increasing pH. Nevertheless, the combined effects of surface adsorption and 

∙OH radical generation contributed to the overall enhancement in MB degradation efficiency. 

These findings highlight the ability of the m-TC40 catalyst to facilitate dye degradation over a 

broad pH range, underscoring its potential for practical applications. 

2.3.6. Scavenging Test and Cyclic Stability 

To confirm the generation of ·OH radicals and their role in MB degradation, a scavenging test 

was performed using DMSO as a ·OH radical scavenger and p-BQ as an O2·- scavenger. 

DMSO reacts with ·OH radicals to form ·CH3 radicals, which produce methane and ethane. 

Fig. 2.9(a) shows that adding 0.03 mol/L DMSO reduced MB degradation efficiency from 

100% to 57%, and increasing DMSO to 0.06 mol/L further decreased degradation to 37%. 

Conversely, adding 0.01 mol/L p-BQ had little effect, with degradation efficiency remaining 

at 98% after 24 min. These results confirm that ·OH radicals are the main active species driving 

MB degradation. For practical use and commercial application in wastewater treatment, the 

recyclability of catalysts is crucial.  

 

 

 

 

 

 

 

 

 

 

The cyclic stability of m-TC40 in MB degradation is illustrated in Fig. 2.9(b). To compensate 

for the loss of material during the centrifugation and cleaning process, 6 mg of pure m-TC40 

was added for the 2nd and 3rd cycles. In the 1st cycle, complete MB degradation was achieved 

within 24 min. However, degradation efficiency decreased from 100% to 80% in the 2nd and 

55% in the 3rd cycle within the same timeframe. Extending the reaction time to 36 min 

improved degradation efficiency to 98% and 87% in the 2nd and 3rd cycles, respectively. The 

decline in efficiency may be due to the oxidation of Ti2+ and Ti3+ states to Ti4+, as discussed in 

Fig. 2.9. (a) Influence of free radical scavengers on the degradation of MB. (b) Cyclic 

stability of the m-TC40 catalyst in MB degradation under identical conditions. 
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the later section, and leading to a reduced production rate of ·OH radicals in subsequent cycles. 

Another possible reason could be the adsorption of degraded products on the active sites of m-

TC40. 

2.3.7. Post-Degradation Catalyst Stability 

XRD analysis of m-TC40 before and after MB degradation (Fig. 2.10(a)) indicates a significant 

decrease in peak intensity, reflecting reduced crystallinity due to the reaction with H2O2. The 

increased TiO2 peak suggests the formation of Ti4+ states, which diminishes catalytic activity.  

 

 

 

 

 

 

 

 

 

 

 

The FESEM images in Fig. 2.10(b, d) reveal that m-TC40 maintains its multi-layered structure 

after MB degradation. The magnified views in Fig. 2.10(c, e) indicate the formation of TiO2 

nanoparticles within the interlayer spaces and on the surface, which leads to a reduction in its 

catalytic activity. Further, XPS analysis in Fig. 2.11(a) reveals the changes in Ti 2p core-level 

spectrum, before and after MB degradation, as summarized in Table 2.1. Initially, the 

percentages of Ti2+ and Ti3+ states are 23.8% and 24.7%, respectively, with a minor presence 

of Ti4+ (9.1%). After the degradation process, Ti2+ decreases to 15.8%, while Ti3+ rises to 

29.7%, indicating conversion from Ti2+ to Ti3+, whereas the Ti4+ state increases significantly 

to 36.2%, with BE shifts to 459.02 eV for Ti 2p3/2 and 464.8 eV for Ti 2p1/2, signifying the 

formation of titanium peroxide. Further, O1s XPS spectrum in Fig. 2.11(b) displays an 

increased Ti-O peak at 530.3 eV and a shifted Ti-OH peak at 531.8 eV, consistent with titanium 

peroxide. The decrease in the relative percentages of the Ti-OH peak (Table 2.1) implies that 

-OH acts as an MB adsorption site and plays a crucial role in the degradation process. Hence, 

XPS confirms the conversion of Ti2+ and Ti3+ to Ti4+ and reduces m-TC40's catalytic efficiency.  

Additionally, Fig. 2.11(c) presents a comparative analysis of the core-level XPS spectra of  

Fig. 2.10. (a) The XRD patterns of m-TC40 before and after the 3rd cycle of MB 

degradation. (b, d) FESEM images of m-TC40 following the third cycle of MB degradation. 

(c, e) Enlarged views of the selected regions from images (b) and (d), respectively. 
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F 1s before and after degradation. The results indicate a shift in the peak corresponding to the 

-F surface group to a lower binding energy of 684.8 eV. This shift suggests that the -F surface 

groups serve as active sites for adsorption. However, almost no change in the relative 

percentage of the C-Ti-Fx peak was observed. 

Table 2.1. The relative area under the peaks from XPS data represents the various elemental 

states of as-synthesised, post MB degradation, and air-annealed m-TC40 samples. 

 

 

2.3.8. Mechanism of Catalytic Dye Degradation  

The XPS spectra of m-TC40 before MB degradation indicate that the majority of Ti is in the 

Ti2+ and Ti3+ states, which are associated with surface oxygen vacancies and serve as active 

sites for H2O2 adsorption and activation. Upon contact with H2O2, the Ti2+ on the surface of m-

Sample Ti 2p (%) F 1s (%) O 1s (%) 

m-TC40  Ti-C Ti2+ Ti3+ Ti4+ Ti-Fx AlFx 

 

Ti-O 

 

Ti-OHx Ti-Ox 

 as- 

synthesized 

30 31 28 11 80 20 22 27 50 

Post-MB 

degradation 

18 19 11 53 81    19 54 14 32 

Air annealed - - - 100 - - 70.5 17.2 12.2 

Fig. 2.11. High-resolution XPS spectra of (a) Ti 2p, (b) O 1s, and (c) F 1s recorded after the first 

cycle of the MB degradation experiment. The symbol represents experimental data, while the 

solid lines correspond to Gaussian-Lorentzian fitted spectra using a Shirley baseline. 
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TC40 reacts with H2O2, generating Ti3+ and ·OH radicals. Similarly, Ti3+ reacts with H2O2 to 

produce Ti4+ and ·OH radicals. This transformation is evident in the XPS spectra of Ti 2p after  

MB degradation (Fig. 2.11(a)). Interestingly, the formed Ti4+ state is the combination of TiO2 

and Ti-O-O-Ti (titanium peroxide) complex, as confirmed by the XPS spectra of Ti 2p and O 

1s after the 1st cycle of MB degradation (Fig. 2.11(b)). The BE of Ti4+ at 459.02 eV in Ti 2p, 

Ti-O at 530.3 eV, and Ti-OH at 531.8 eV in the O 1s spectra are consistent with reported values 

for titanium peroxide. This titanium peroxide further reacts with H2O to produce ·OH radicals 

and improve degradation kinetics, the possible reaction mechanism is provided below: 

 

 

 

 

 

 

The observed dual-slope behaviour in the MB degradation kinetics can be attributed to the 

distinct reactivities of Ti2+ and Ti3+ with H2O2. In the initial stage, the higher reducing  

 

 

 

 

 

 

 

 

 

 

 

 

 

capability of Ti2+ facilitates the electron transfer necessary to activate H2O2, leading to the 

generation of hydroxyl radicals and the conversion of Ti2+ to Ti3+. In the subsequent stage, both  

Ti2+ and Ti3+ participate in the degradation process, thereby enhancing the overall degradation 

rate. A schematic representation of MB degradation on the surface of m-TC40 in the presence  

     Ti2+ + H2O2   →   Ti3+ + ∙OH + OH- 

     Ti3+ + H2O2   →   Ti4+ + ∙OH + OH- 

Ti4+(Ti-O-O-Ti) + H2O →   Ti4+ + ∙OH + OH- 

           H2O2 + ∙OH → H2O + HO2∙ 

Organic wastes + ∙OH   →   Degraded products 

 

 

Fig. 2.12. Schematic illustration of the mechanism underlying MB 

dye degradation on the surface of m-TC40 in the presence of H2O2. 
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of H2O2 is illustrated in Fig. 2.12. To further validate the proposed degradation mechanism, we 

annealed m-TC40 samples at 300 °C for 1 h in air and conducted MB degradation experiments 

with the air-annealed samples. The conditions were kept identical to compare the catalytic 

performance of unannealed and air-annealed m-TC40. As shown in Fig. 2.13, the air-annealed  

m-TC40 exhibited significantly lower dye degradation efficiency (~ 10%) with a degradation  

 

 

 

 

 

 

 

 

 

 

 

 

rate of 0.01 min-1 despite having a higher MB adsorption capacity (~48%) than the unannealed 

sample. To investigate the reasons for the reduced catalytic efficiency, a comparative XPS 

analysis was performed on both unannealed and air-annealed samples.  Fig. 2.14(a) shows that 

the Ti 2p XPS spectra of unannealed m-TC40 have Ti2+, Ti3+, and Ti4+ states at 23.8%, 24.7%, 

and 9.1%, respectively, while the air-annealed m-TC40 contains only Ti4+ at 100%. This 

indicates that Ti2+ and Ti3+ states are eliminated after annealing, leading to the removal of low-

Fig. 2.13. (a) Comparative analysis of the catalytic efficiency of unannealed and 

air-annealed m-TC40 for MB degradation. (b) Linear fitting of ln (Ct/C0) versus 

time (t) plots shows the MB degradation rate constant. 

Fig. 2.14. High-resolution XPS spectra comparison of (a) Ti 2p and (b) O 1s for unannealed 

and air-annealed m-TC40 samples. The experimental data are represented by symbols, 

while the solid lines indicate Gaussian-Lorentzian fitted spectra based on a Shirley baseline. 
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valence Ti states and oxygen vacancies, which destroy the catalytic activity of m-TC40. Fig. 

2.14(b) compares the O 1s XPS spectra, revealing a reduction in -OH groups from 46.7% in 

unannealed m-TC40 to 17.2% in air-annealed m-TC40 and a decrease in -Ox groups from 

21.6% to 12.2%.  Thus, it can be concluded that the catalytic dye degradation is primarily due 

to the low-valence Ti sites (Ti2+ and Ti3+) and oxygen vacancies in m-TC40.  

2.3.9. Degradation of Cationic and Anionic Dyes 

To evaluate the degradation efficiency of other dyes, Rhodamine B (RhB) and Methyl orange 

(MO) were selected respectively. Fig. 2.15(a and b) display the UV-Vis absorption  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

spectra of RhB and MO solutions, before and after the introduction of H2O2, along with the 

catalyst. Fig. 2.15(c) shows their degradation efficiencies. Initially, RhB achieved an 

adsorption efficiency of ~21% in 25 min. However, after adding H2O2, its degradation 

efficiency becomes ~82% in 24 min, attributed to the rapid oxidation by ·OH radicals generated 

on the m-TC40 surface. In contrast, the anionic nature of MO leads to electrostatic repulsion 

from the negatively charged m-TC40, resulting in a lower degradation efficiency of ~40%. The 

degradation kinetics in Fig. 2.15(d) illustrated the reaction rate constants of 0.065 min-1 for 

Fig. 2.15. UV-visible absorption spectra of (a) RhB and (b) MO dyes (c) 

Comparative analysis of the degradation efficiency of RhB and MO dyes (d) A 

plot of ln (Ct/C0) vs time (t) with linear fitting shows their first-order degradation 

rate constant 
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RhB and 0.013 min-1 for MO. Moreover, these results indicate that MB degrades at a faster rate 

than both RhB and MO. Although both MB and RhB are cationic dyes, MB exhibits a much 

higher degradation rate. This difference is likely attributable to their molecular size disparity; 

MB is approximately 1 nm in size, while RhB measures around 1.6 nm. The larger dimensions 

of RhB result in less efficient surface adsorption compared to MB, which ultimately reduces 

its degradation rate. Additionally, a comparative analysis of the degradation performance of 

bare m-TC40 catalyst, with reported Ti3C2Tx-based composites, is summarized in Table 2.2. 

Table 2.2. Comparison of MB and RhB degradation performance of bare m-Ti3C2Tx with 

reported literatures. 

 

2.4. Conclusions 

We have successfully synthesized an accordion-like microstructure of Ti3C2Tx MXenes (m-

TC40) via a single-step HF etching of Ti3AlC2, as confirmed by both morphological and 

structural analyses. By modulating the HF concentration during the etching process, the surface 

Catalyst Pollutant Experimental 

Conditions 

Reaction 

Time (min) 

Degradation 

efficiency 

(%)/Adsorption 

capacity (mg/g) 

Ref. 

mp-MXene/TiO2-

x nanodots (NDs) 

RhB (30mg/L) Catalyst (150mg/L) 

+ sunlight 

irradiation + H2O2 

(0.7mM) 

10             96 12 

MXene–

Co3O4 nanoco-

mposites 

MB 

(12.5mg/L) 

Catalyst (10 mg) + 

H2O2 (15 ml) 

300 128.91 mg/g 26 

(111) TiO2-

x/Ti3C2 -12 hr 

MB 

(20mg/L) 

Catalyst (50 mg/L) 

+ 500 W Xe lamp, 

<400 nm 

150 75 27 

Ti3C2- 

Fe3O4 MNPs 

MB 

(20 mg/L) 

Catalyst (0.5g/L) + 

H2O2 (50 mM/L) 

6 100 28 

CdS@Ti3C2@Ti

O2 nanocom-

posite 

MB  

(20mg/L) 

Catalyst (250 

mg/L) + vis light 

irradiations 

300 W Xe lamp 

(λ < 400 nm) 

88 100 29 

m-Ti3C2Tx MB 

(6.4 mg/L) 

Catalyst (0.6 gm/L) 

+ H2O2 (20 mM) 

24 100 This 

work 

m-Ti3C2Tx RhB 

(6.4 mg/L) 

Catalyst (0.6 gm/L) 

+ H2O2 (20 mM) 

24 82 This 

work 
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defect states were optimized. Further, XPS analysis revealed the presence of low-valent 

titanium species (Ti0, Ti2+, and Ti3+) along with oxygen vacancy sites, and ESR demonstrated 

the modulation of low-valent Ti states (Ti3+) with HF concentration. Subsequently, the 

performance of m-TC40 as a Fenton catalyst was evaluated for the degradation of various 

pollutants, with MB exhibiting the most effective. The effects of different parameters on MB 

degradation were also systematically examined. Under optimized conditions, complete 

degradation (100%) of MB was achieved in 24 min with only a minimal amount of H2O2. 

Additionally, a detailed discussion of the degradation mechanism was provided. XPS analyses 

of samples subjected to MB degradation and subsequent air annealing reveal that the Ti2+ and 

Ti3+ states, along with oxygen vacancy sites, significantly contribute to the degradation process 

of MB. Furthermore, m-TC40 demonstrated broad pH tolerance and good reusability. Its 

superior performance for cationic dyes (MB and RhB) compared to anionic dyes (MO) is 

ascribed to its negatively charged surface, which facilitates favourable electrostatic 

interactions. Overall, these findings underscore the potential of m-TC40 MXenes as effective 

Fenton catalysts for wastewater treatment, with further enhancements achievable through 

tailored surface defect state engineering. 
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Chapter 3 

Catalytic Activity of Phosphorous-doped Ti3C2Tx MXene/ 

Carbon Foam Hybrid Aerogel for the Degradation of 

Organic Pollutants Through Advanced Oxidation Process 

 

In Chapter 2, we discussed that the accordion-like microstructure of Ti3C2Tx MXene consists 

of numerous stacked layers, resulting in a relatively low surface area available for catalytic 

reactions. To further improve the catalytically active surface area, here we synthesized few-

layer Ti3C2Tx MXene nanosheets using the LiF/HCl etching method. However, pristine 

Ti3C2Tx tends to undergo face-to-face restacking due to interlayer van der Waals interactions, 

which reduces its catalytic activity. Additionally, the effective recollection and separation of 

thin Ti3C2Tx nanosheets after catalytic reactions are challenging due to their excellent 

dispersion in aqueous media. 

To address these limitations, we adopted an innovative strategy involving heteroatom doping 

within the Ti3C2Tx framework, along with the fabrication of a hierarchical 3D porous aerogel 

structure. Specifically, phosphorus (P) doping was introduced to reduce multilayer restacking 

by modifying the surface chemical properties of Ti3C2Tx, while the hydrophilic 3D hierarchical 

porous aerogel enhances surface adsorption and effectively minimizes the loss of active 

catalysts during multiple recycling cycles. Finally, the catalytic performance of the aerogel 

catalyst was evaluated in the degradation of ciprofloxacin (CIP) and the organic dyes via PMS 

activation. The key factors influencing the catalytic degradation process are discussed in detail. 

3.1. Introduction 

The advanced oxidation process (AOPs) is widely recognized for its efficacy in eliminating 

micropollutants from water. In particular, AOPs activated by peroxymonosulfate (PMS) (PMS-

AOPs) offer significant advantages over traditional Fenton oxidation, such as higher redox 

potential, a wider effective pH range, extended radical lifespan, and reduced energy 

requirements1, 2. Unlike H2O2, which produces only ·OH radicals, the decomposition of PMS 

through O-O bond cleavage primarily generates both SO4˙⁻ and ·OH radicals, which are 

essential for the degradation of organic pollutants3. Recent studies have also underscored the 

significance of 1O2 as an important non-radical oxidizing agent4 in PMS-AOPs. While SO4˙⁻ 

and ·OH radicals facilitate the breakdown of organic pollutants into smaller inorganic 
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molecules, the moderate half-life of 1O2 benefits greater environmental stability4. Thus, the 

integration of both radical and non-radical oxidation mechanisms offers a highly effective 

strategy for organic pollutant degradation. 

Compared to the accordion-like 3D microstructure, 2D Ti3C2Tx MXene nanosheets exhibit a 

substantially higher surface area and are enriched with low-valence Ti states (Ti2+ and Ti3+). 

These states arise from the formation of abundant surface vacancies during the LiF/HCl 

synthesis process. However, pristine Ti3C2Tx MXene is prone to restacking due to interlayer 

van der Waals forces 5, 6, which significantly reduces the number of exposed catalytically active 

sites and thus diminishes its catalytic performance. A promising strategy to overcome this 

limitation is heteroatom doping, which can modify both the surface texture and chemistry, 

effectively reducing restacking7. This approach not only increases the interlayer spacing but 

also exposes a larger surface area, thereby enhancing overall catalytic activity. Doping the 

Ti3C2Tx framework with N or P has been shown to improve electrical conductivity and reduce 

the restacking issue. Although P and N share some chemical similarities as elements from the 

same group in the periodic table, P doping is particularly effective for AOPs for several reasons. 

Firstly, the larger covalent radius of the P atom compared to the C atom in the Ti3C2Tx structure 

induces lattice distortion, which generates additional defects and reactive sites, ultimately 

boosting catalytic performance. Secondly, P doping introduces unique electronic effects due to 

the presence of vacant 3d orbitals and extra valence electrons in its third shell. Recent research 

demonstrates that kinetic studies in P-doped carbon materials require an activation energy of ~ 

49.6 kJ·mol⁻¹ for benzyl alcohol oxidation8, which is lower than the 56.1 kJ·mol⁻¹ observed for 

N-doped carbon catalysts. This result underscores the effectiveness of P doping in catalytic 

AOPs. Despite these advances, most investigations have focused on using Ti3C2Tx-based 

composites with metal compounds for PMS activation9, 10, whereas the catalytic potential of 

heteroatom-doped Ti3C2Tx for PMS activation has not been explored yet. 

Recovering few-layer Ti3C2Tx MXene nanosheets after catalytic experiments is particularly 

challenging, as they tend to be washed away during repeated centrifugation cycles for their 

excellent dispersion in aqueous medium and thin-layered structure. This issue complicates the 

assessment of their reusability. To overcome this limitation, researchers have developed 3D 

porous Ti3C2Tx aerogels by integrating 2D Ti3C2Tx MXene sheets into a foam-like architecture 

11, 12. These aerogels facilitate easier separation and recovery while preventing re-pollution, 

thereby offering a practical alternative compared to powder catalysts. 

In this chapter, P-doped Ti3C2Tx (P-Ti3C2Tx) nanosheets were synthesized via an in-situ 
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phosphating method, and their successful formation is confirmed by structural and 

morphological characterization. The P doping improves electrical conductivity and reduces the 

self-stacking issue of Ti3C2Tx MXene nanosheets, as evidenced by BET characterization. 

Subsequently, a low-cost melamine sponge (MS) pre-treated with polyvinyl alcohol (PVA) 

was repeatedly immersed in the P-Ti3C2Tx solution until its surface was coated entirely with 

the nanosheets, followed by freeze drying overnight. The resulting 3D architecture is used as a 

catalyst to activate PMS as an oxidant for the degradation of organic pollutants, specifically 

targeting CIP and various organic dyes. The study systematically monitored various parameters 

influencing CIP degradation, and the impact of P doping on pollutant degradation was further 

investigated using DFT studies. 

3.2. Experimental Details 

3.2.1. Synthesis of P-Doped Ti3C2Tx Nanosheets 

The synthesis of Ti3C2Tx MXene nanosheets was carried out through a sequential chemical 

(LiF/HCl) etching and modification process. Initially, 0.8 g of LiF was dissolved in 10 mL of 

9 M HCl and stirred for 10 min to ensure complete dissolution. Subsequently, 0.5 g of Ti3AlC2 

was introduced into the prepared solution and subjected to continuous stirring at 35 °C for 24 

h to facilitate the selective etching of the Al layer. After that, the obtained mixture was 

repeatedly washed with DI water to remove residual acids and by-products. The exfoliation of 

the etched material was then carried out via bath sonication under Ar bubbling for 1 h, resulting 

in a black colloidal solution. This dispersion was further centrifuged, and the supernatant was 

collected multiple times before freeze-drying for 24 h. 

 

For P doping, a specific quantity of triphenylphosphine was first dissolved in tert-butanol and 

gradually added dropwise to 10 mL of a Ti3C2Tx suspension (5 mg mL-1) under continuous 

stirring for 3 h. The obtained product was then freeze-dried and subsequently annealed at 500 

°C in an Ar atmosphere (50 sccm) for 2 h to ensure the incorporation of P atoms into the MXene 

structure. A schematic illustration of P doping in Ti3C2Tx MXene is shown in Fig. 3.1. The 

percentage of P doping was controlled by varying the amount of triphenylphosphine used (50, 

Fig. 3.1. Schematic representation of P doping in Ti3C2Tx MXene nanosheets 
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100, and 200 mg), and the corresponding P-doped MXene samples were designated as MXP1, 

MXP2, and MXP4, respectively. The pristine Ti3C2Tx MXene sample, without P doping, was 

referred to as MX.     

3.2.2. Synthesis of P Doped Ti3C2Tx@PVA@MS Aerogel                   

The MS (3 × 2 × 1 cm3) was initially subjected to a thorough cleaning process involving 

multiple washes and soaking in absolute ethanol, followed by rinsing with deionized water. 

The cleaned MS was then dried overnight to eliminate residual moisture. Subsequently, it was 

immersed in a 2 mg/mL PVA solution for 1 h, to ensure uniform coating of PVA on the MS 

surface, resulting in the formation of PVA@MS (PVMS). After the coating process, the 

substrate was removed from the solution and dried in an oven at 65 °C. To fabricate the 

MXP2@PVMS aerogel, the PVMS structure was repeatedly soaked in a 3 mg/mL MXP2 

solution for 5 min to allow effective deposition of MXP2. A schematic illustration of the 

fabrication of MXP2@PVMS aerogel is shown in Fig. 3.2. The treated samples were then 

subjected to a freeze-drying process to obtain the final MXP2@PVMS aerogel. 

 

 

 

 

 

 

 

 

3.2.3. Ciprofloxacin and Organic Dye Degradation Experiment  

In this study, a 50 mL ciprofloxacin (CIP) solution with an initial concentration of 20 mg/L 

was utilized as the model system. The MXP@PVMS aerogel was introduced into the CIP 

solution, and after reaching adsorption-desorption equilibrium, a certain amount of PMS 

solution was added under gentle stirring at 200 rpm. To monitor the degradation process, 2 mL 

of CIP solution was extracted from the reaction mixture at an interval of 3 min and immediately 

Fig. 3.2. Schematic representation of the formation process of the MXP2@PVMS hybrid aerogel. 
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analyzed using a UV-Visible (UV-Vis) absorption spectrophotometer. In the case of organic 

dye degradation experiments, the initial dye concentration was maintained at 10 mg/L. The pH 

of the solutions was carefully adjusted using 0.1 M HCl and NaOH solutions to study their 

influence on the degradation process. The degradation efficiency was calculated using the 

following equation: 

                                                    Degradation (%) = 
𝐶0−𝐶𝑡

𝐶0
                        (1) 

where C0 and Ct represent the absorbance of the pollutant solution initially and at any time t, 

respectively. 

3.2.4. Characterization Techniques 

The characterization details, including XRD, Raman spectroscopy, BET surface area analysis, 

FESEM, TEM, ESR spectroscopy, and UV-Vis absorption spectroscopy, are the same as those 

described in Chapter 2, Section 2.2.3. In addition, X-ray photoelectron spectroscopy (XPS) 

was performed using a PHI5000 VERSAPROBE III (ULVAC-PHI Inc., Japan) to investigate 

the oxidation states of elements present in MX and MXP2 samples. The acquired XPS spectra 

were analyzed using XPSPEAK 41 software.  

3.2.5. Computational Details 

The DFT calculations were carried out using the Vienna Ab Initio Simulation Package13-15 

(VASP). We used the Perdew-Burke-Ernzerhof functional to apply the generalized gradient 

approximation16 (GGA) for exchange-correlation. A cut-off energy of 500 eV was set for all 

calculations. For Brillouin zone sampling, a Monkhorst-Pack17 k-point grid of 8 × 8 × 1 was 

employed. Charge transfer was analyzed using Bader charge analysis, developed by 

Henkelman’s group18, 19. The charge density distribution was visualized by VESTA software20. 

Additionally, the adsorption energy (Eads) of the adsorbate molecule on various catalyst 

surfaces was calculated using the following formula: 

                                                    Eads = Etotal - Esurface - Eadsorbate                   (2) 

Where Etotal, Esurface, and Eadsorbate represent the energy of the combined system, the isolated 

substrate surface, and the adsorbate in its free state, respectively. 

3.3. Results and Discussion 

3.3.1. Morphology and Compositional Analysis 

Fig. 3.3(a) illustrates the TEM image of pristine MX and reveals ultrathin, transparent 
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nanosheets with a random size distribution spanning from 100 nm to 1.5 µm. Additionally, the 

HRTEM analysis provides an interplanar spacing of 0.25 nm (Fig. 3.3(b)), corresponding to 

the (010) lattice planes21. The TEM image of the MXP2 in Fig. 3.3(c) exhibits a wrinkled 

nanosheet-like morphology while maintaining a layered structure. HRTEM analysis 

demonstrates an interlayer spacing of 0.25 nm, as shown in Fig. 3.3(d). This observation 

suggests that P doping does not affect the interplanar spacing of the (010) planes 21, which is 

further supported by the XRD results as described below. The EDS mapping shown in Fig. 

3.3(e-j) demonstrates the distribution of Ti, C, O, F, and P elements, thereby confirming the 

successful incorporation of P atoms into the MX framework. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2. Structural Characterizations 

The XRD and Raman spectroscopy were employed to investigate the structural modifications 

induced by P doping. As depicted in Fig. 3.4(a), the (002) diffraction peak of the P-doped MX 

sample (MXP2) appears at 5.9°, compared to 6.3° for the pristine MX nanosheet. This shift 

signifies an increased interlayer spacing, likely resulting from the incorporation of P 

Fig. 3.3. The TEM and HRTEM images of (a, b) MX and (c, d) MXP2 nanosheets. (e-j) EDS elemental 

mapping of MXP2, illustrating the spatial distribution of individual elements. 
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heteroatoms into the MX framework. In contrast, the position of (010) diffraction peaks does 

not change significantly, which is consistent with the HRTEM observations as discussed 

earlier. Fig. 3.4(b) shows the Raman spectra for both pristine MX and MXP2. In the MXP2 

sample, the peaks at 201.5 and 730.1 cm-1 are attributed to the A1g (out-of-plane)22 vibrational 

modes of the Ti-C bonds. Additionally, the broad regions observed between 320 - 470 cm-1 and 

515 - 680 cm-1 correspond to the Eg (in-plane) vibrational modes of the surface-terminated 

groups on the outer Ti layers22. Notably, the A1g peak exhibits a blue shift from 199.8 cm-1 in 

the pristine MX to 201.5 cm-1 in MXP2, suggesting an enhancement in the Ti-C bond strength 

due to P doping21. Conversely, the Eg modes display a redshift, indicating that the incorporation 

of P weakens the bond strength between the functional groups and the surface Ti atoms21. These 

spectral shifts confirm the successful integration of P into the MX structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3.  BET and ESR Analysis 

Additionally, nitrogen adsorption/desorption measurements in Fig. 3.4(c) reveal that MXP2 

has a significantly higher specific surface area of 43.1 m2/g compared to 17.9 m2/g for pristine 

MX. This enhancement is attributed to the enlarged interlayer spacing and the reduced 

Fig. 3.4. Comparison of (a) XRD patterns, (b) Raman spectra, (c) nitrogen 

adsorption-desorption isotherms, and (d) ESR signal of MX and MXP2 nanosheets. 
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restacking of MX nanosheets23, likely resulting from reduced interlayer van der Waals 

interactions. The larger surface area can provide more adsorption sites and improved adsorption 

kinetics, thereby possibly enhancing its catalytic activity. The ESR spectroscopy serves as 

direct evidence for the presence of oxygen vacancies (OVs) in both pristine MX and MXP2 

samples. Distinct ESR signals with a g-value of 2.02 were observed in both cases (Fig. 3.4(d)), 

confirming the presence of trapped electrons associated with OVs24, 25. Moreover, a 

comparative evaluation of the peak areas at g = 2.02 in the ESR spectra of these samples 

indicates a higher concentration of OVs in the MXP2 sample compared to pristine MX 

nanosheets. This observation suggests that P doping enhances the formation of OV sites on the 

MX surface, which, in turn, provides active sites for PMS adsorption and dissociation, thereby 

improving the catalytic performance. 

3.3.4. XPS Analysis 

The chemical composition and oxidation states of various elements in the synthesized MXP2 

nanosheets were analyzed using XPS. Fig. 3.5(a) illustrates a comparative survey scan XPS 

spectrum of MX and MXP2 nanosheets over the BE range of 100-800 eV, which confirms the  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5. Comparison of (a) the survey scan and high-resolution XPS spectra of (b) Ti 2p and (c) O 1s 

for MX and MXP2, along with (d) the P 2p spectrum for MXP2. The symbols represent experimental 

data, while the solid lines indicate Gaussian-Lorentzian fitted spectra with a Shirley background. 
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presence of Ti, C, O, F, along with the additional P element in MXP2. Based on the survey 

spectrum, the atomic percentages of Ti, C, O, F, and P in MXP2 were determined to be 41.1%, 

29.2%, 25.1%, 3.3%, and 1.3%, respectively, indicating the successful incorporation of P atoms 

into the MXene structure. The high-resolution Ti 2p XPS spectrum of pristine MX nanosheets 

in Fig. 3.5(b) displays distinct peaks corresponding to Ti-C (454.7 and 460.7 eV), Ti2+ (455.5 

and 461.7 eV), Ti3+ (456.6 and 462.8 eV), and Ti4+ (458.5 and 464.2 eV). In contrast, the MXP2 

nanosheets exhibited similar peaks, with variations in the relative proportions of Ti2+, Ti3+, and 

Ti4+ states, as summarized in Table 3.1. The O 1s XPS spectrum of MX nanosheets in Fig. 

3.5(c) shows three peaks attributed to Ti-O (529.7 eV), C-Ti-Ox (531.3 eV), and C-Ti-OHx 

(532.8 eV)26, 27. For MXP2, a similar pattern was observed, but with an increased percentage 

of OVs, as summarized in Table 3.1. Furthermore, the P 2p XPS spectrum of MXP2 exhibited 

(Fig. 3.5(d)) two peaks at 133.1 eV and 134.6 eV, corresponding to P-O bonds28, 29, confirming 

the incorporation of P atoms into the MXene framework. The presence of P-O bonding suggests 

that P atoms are primarily bound to surface O groups, contributing to an increase in OVs, which 

can serve as catalytically active sites. This is also confirmed by the ESR analysis, as discussed 

earlier. This enhancement in OV sites facilitates the AOPs by effective adsorption and 

dissociation of PMS molecules, highlighting the significance of P doping in improving catalytic 

performance. 

Table 3.1. The relative area (%) under the peaks from XPS data represents the various 

elemental states of pristine MX and MXP2. 

 

 

 

 

 

 

3.3.5. Morphology of MXP2@PVA@MS Aerogel  

The FESEM images of pristine MS (Fig. 3.6(a-b)) reveal a porous structure with pore sizes 

exceeding 100 μm and smooth skeletons. As shown in Fig. 3.6(c-d), PVA uniformly coats the 

MS skeletons while preserving the overall porous architecture. From Fig. 3.6(e-f), it is notable 

that the incorporation of MXP2 into the PVMS skeletons imparts a rough texture, with MXP2 

nanosheets uniformly distributed across the porous PVMS framework, facilitating the 

Sample Ti 2p (%) O 1s (%) 

 Ti-C Ti2+ Ti3+ Ti4+ Ti-O 

 

Ti-OHx Ti-Ox 

Pristine 

Ti3C2Tx 

27.7 41 20 11.3 44.7 27.8 27.5 

P-doped 

Ti3C2Tx 

20.5 36 26 17.5 43.9 19.1 37 
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development of a hierarchical MXP2@PVMS hybrid aerogel structure. Furthermore, EDS 

mapping (Fig. 3.6 (g-l)) confirms the homogeneous distribution of Ti, C, O, F, and P elements, 

demonstrating the successful anchoring of MXP2 nanosheets to the PVMS skeletons and the 

formation of a well-defined hierarchical porous aerogel structure. 

3.3.6. Catalytic Activity 

The oxidative degradation of CIP using MXP2@PVMS was investigated in the presence of a 

small amount of PMS as an oxidant. As shown in Fig. 3.7(a), approximately 20% of CIP was 

removed by MXP2@PVMS in the absence of PMS, primarily due to surface adsorption, which 

reached equilibrium in 20 min. This observation suggests a relatively low adsorption capacity 

of the MXP2@PVMS aerogel. On the other hand, when only PMS was used as the oxidant, 

~19% of CIP degradation occurred in 21 min (Fig. 3.7(b)), attributed to the combined effects 

of PMS and 1O
2 generated during PMS decomposition30. The CIP removal efficiency for 

MS/PMS and PVMS/PMS systems exhibited only slight improvements compared to PMS 

Fig. 3.6. (a, b) FESEM images of pristine MS along with its magnified view. (c, d) FESEM images of PVMS. 

(e, f) FESEM images of the MXP2@PVMS hybrid aerogel. (g-l) EDS elemental mapping of MXP2@PVMS, 

illustrating the distribution of individual elements. 
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alone (Fig. 3.7(b)), indicating the lack of catalytic activity in bare MS and PVMS. However,  

 

 

 

 

 

 

 

 

 

 

The MX@PVMS/PMS system achieved 75% CIP degradation in 21 min (Fig. 3.8(a)), 

highlighting the intrinsic catalytic activity of the aerogels in PMS activation, which can be 

attributed to the surface defect states present in pristine MX nanosheets. Notably, the 

MXP2@PVMS/PMS system demonstrated a significantly enhanced degradation efficiency, 

achieving ~96% CIP removal within the same time frame (Fig. 3.8 (a)). This improvement 

underscores the beneficial role of P doping in the MX framework for PMS activation. 

Furthermore, the CIP degradation efficiency increased with higher P doping levels in the MX 

nanosheets up to a saturation point, beyond which no further enhancement was observed. To 

further assess the catalytic performance, pseudo-first-order kinetic rate constants were 

determined based on the Langmuir-Hinshelwood model: 

                                                            Ln (Ct/C0) = -kt                                (3) 

Here, C0 represents the initial absorbance, while Ct denotes the absorbance at time t after the 

addition of PMS, and k is the rate constant. As illustrated in Fig. 3.8(b), the calculated rate 

constants for CIP degradation in the MX@PVMS/PMS, MXP2@PVMS/PMS, and 

MXP4@PVMS/PMS systems were determined to be 0.04, 0.1, and 0.09 min-1, respectively. 

These observations indicate a substantial enhancement in the CIP degradation rate for the P-

doped case, which is ~2.5 times higher than that observed for the undoped system. Thus, 

MXP2@PVMS was chosen as the optimal catalyst due to its comparable catalytic activity with 

MXP4@PVMS. Table 3.2 presents a comparative analysis of the CIP degradation efficiency 

of the MXP2@PVMS hybrid aerogel, with previously reported values in the literature. Next, 

the influence of MXP2 nanosheet loading on PVMS for optimizing CIP degradation efficiency 

was systematically examined, as shown in Fig. 3.8(c). It was observed that increasing the 

Fig. 3.7.  (a) The CIP adsorption performance of pristine MS, PVMS, and MXP2@PVMS 

and (b) CIP degradation efficiency of PMS alone, MS, and PVMS along with PMS.  
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MXP2 loading resulted in an improved CIP degradation efficiency. Specifically, increasing the 

loading from 4 to 5 mg/cc enhanced the degradation efficiency from 91% to 96% in 21 min.  

A further increase to 6 mg/cc led to a degradation efficiency of 96.7%; however, considering 

cost-effectiveness, a loading of 5 mg/cc was chosen for subsequent experiments. Fig. 3.8(d) 

illustrates the effect of PMS concentration on CIP degradation. An increase in PMS 

concentration from 0.9 mM to 1.2 mM resulted in enhanced degradation efficiency due to the 

higher generation of reactive radicals. However, further increasing the PMS concentration from  

1.2 mM to 1.5 mM led to only a marginal improvement in degradation efficiency. 

Consequently, 1.2 mM was identified as the optimal PMS concentration and was maintained 

for further studies. Fig. 3.8(e) illustrates the influence of pH on CIP degradation across a pH 

range of 3 to 11. The removal efficiency of CIP improved as the pH increased from 3 to 7, but 

declined at higher pH values. Notably, the degradation efficiency within the pH range of 3 to 

Fig. 3.8. (a) Comparison of the degradation performance of CIP in the presence of PMS and various hybrid 

aerogels. (b) ln (Ct/C0) vs time (t) plot with linear fitting and the first order rate constant for CIP degradation. (c, 

d) The effect of MXP2 nanosheet loading and PMS concentration in CIP degradation. (e) The effect of solution 

pH in CIP degradation efficiency. (f) Effects of inorganic anions in CIP degradation for MXP2@PVMS/PMS 

system. (g) CIP removal efficiency from the tap and river water by MXP2@PVMS/PMS system. (h, i) 

Comparison in the degradation performance of MXP2@PVMS for MB, MG, CV, RhB, and MO dyes in the 

presence of PMS and their first order rate constant in a bar diagram. 
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7 exceeded that of conventional Fenton catalysts, which typically exhibit optimal performance 

only at a pH of ~ 3. The reduced efficiency observed under acidic conditions can be attributed 

to the formation of hydrogen bonds between H+ ions and the O-O group of PMS, leading to an 

accumulation of positive charge on the PMS molecule's surface. Additionally, the higher 

concentration of H+ ions induces a positive charge on the MXP2 surface, causing electrostatic 

repulsion of PMS molecules and thereby reducing degradation efficiency31. At a neutral pH of 

7, the generation of SO4˙⁻ radical becomes more prominent, significantly enhancing CIP 

degradation. As a result, pH 7.0 was identified as the optimal condition for subsequent studies. 

Inorganic anions commonly present in wastewater, such as nitrate (NO3
-), chloride (Cl-), 

bicarbonate (HCO3
-), and sulfate (SO4

2-), play a significant role in influencing pollutant 

degradation rates through AOPs. These anions can impede the degradation process by rapidly 

reacting with reactive radicals through electron exchange mechanisms and altering the solution 

pH. As shown in Fig. 3.8(f), the presence of these anions leads to a noticeable reduction in CIP 

degradation efficiency. Under optimal conditions, in the absence of interfering anions, a 

degradation efficiency of 96% was achieved. However, upon the introduction of 10 mM of 

each anion into the reaction system, the degradation efficiency decreased to 89.1% for Cl-, 

62.5% for HCO3
-, 87.1% for NO3

-, and 92.7% for SO4
2- after 21 min. These anions interact 

with active species, thereby reducing their availability for organic pollutant degradation and 

leading to the formation of less reactive radicals with significantly lower oxidation potentials, 

ultimately diminishing the overall degradation efficiency32. Despite these effects, the 

MXP2@PVMS/PMS system exhibited strong resistance to interference from co-existing 

anions, highlighting its potential for effective antibiotic degradation in complex aquatic 

environments. Additionally, the system’s performance was evaluated for CIP degradation in 

real water samples, including tap water and Brahmaputra River water, as shown in Fig. 3.8(g). 

The degradation efficiencies achieved were 89% and 84% within 21 min, respectively, 

demonstrating the system’s robustness and the favourable influence of actual water matrices 

on the degradation process. 

Fig. 3.8(h) displays the degradation efficiency of various dyes, including methylene blue (MB), 

crystal violet (CV), malachite green (MG), rhodamine B (RhB), and methyl orange (MO). The 

results indicate that cationic dyes (MB, CV, MG, and RhB) exhibit significantly higher 

degradation rates compared to the anionic dye (MO). Among the cationic dyes, MB 

demonstrates the highest degradation rate, which can be attributed to its smaller molecular size 

and enhanced adsorption on the negatively charged catalyst surface. In contrast, MO exhibits 
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a considerably lower degradation efficiency of only 36%, likely due to electrostatic repulsion 

between the negatively charged MO molecules and the catalyst surface, which reduces 

adsorption and degradation efficiency. The degradation kinetics of MB, MG, CV, RhB, and 

MO are depicted in Fig. 3.8(i). These results underscore the effectiveness of MXP2@PVMS 

as a catalyst for PMS activation, facilitating the degradation of organic dyes in industrial 

wastewater treatment applications. Table 3.3 presents a comparative analysis of the MB 

degradation efficiency of the MXP2@PVMS hybrid aerogel with the reported literature. 

3.3.7. DFT Analysis and PMS Adsorption Study 

The DFT calculations were performed to investigate the modifications in the electronic states 

of P-doped Ti3C2Tx and its enhanced catalytic activity for CIP degradation. The XPS survey 

spectrum (Fig. 3.5 (a)) indicates that the atomic percentage of -O surface groups is significantly 

higher than that of -F groups, leading to the modelling of Ti3C2Tx as Ti3C2O2. The influence of 

P doping on the Ti3C2O2 surface was analyzed, which revealed the formation of P-O bonds. 

Furthermore, the charge density difference analysis, shown in Fig. 3.9(a), illustrates charge 

accumulation in the yellow regions and charge depletion in the blue regions, indicating an 

electron transfer of 2.1|e| from P to the Ti3C2O2 surface. The plane-averaged charge density 

difference plot (Fig. 3.9(b)) further confirms this trend, with pronounced peaks in the Ti3C2O2 

region corresponding to electron accumulation and smaller peaks in the P region suggesting 

charge depletion. Additionally, the density of states (DOS) analysis for Ti3C2O2 and P-Ti3C2O2 

reveals that the total DOS at the Fermi energy level for P-Ti3C2O2 is 12.45 states/eV, 

significantly higher than that of pristine Ti3C2O2 MXene (9.31 states/eV). This increase in DOS 

suggests that P doping substantially increases the free electron density, thereby improving the 

electrical conductivity of the Ti3C2O2 MXene33. An adsorption test was conducted through 

DFT to evaluate the efficiency of PMS molecule adsorption on different catalyst surfaces. As 

depicted in Fig. 3.9(c), PMS adsorption was analyzed on pristine Ti3C2O2, OV-Ti3C2O2, and 

P-doped Ti3C2O2 MXene surfaces. The results indicate that the O-O bond length in the PMS 

molecule increased from 1.44 Å on pristine Ti3C2O2 to 1.46 Å on P-doped Ti3C2O2 and further 

to 1.47 Å on the OV- Ti3C2O2 (Fig. 3.9(d)). This elongation suggests that the O-O bond in the 

PMS molecule undergoes easier cleavage on P-doped and oxygen-deficient sites than on 

undoped Ti3C2O2, leading to the generation of highly reactive SO4˙⁻ and ·OH radicals. 

Additionally, the calculated adsorption energies reveal that P-doped Ti3C2O2 (- 4.26 eV) and 

OV-Ti3C2O2 (-4.31 eV) exhibit significantly higher adsorption capacities compared to undoped 

Ti3C2O2 (-0.56 eV), as illustrated in Fig. 3.9(e). These observations highlight that P doping and 
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the introduction of OVs substantially enhance PMS adsorption and dissociation, thereby 

accelerating the production of SO4˙⁻ and ·OH radicals, which improves the efficiency of CIP 

degradation. 

3.3.8. Cyclic Stability and Free Radical Scavenging Test  

The recyclability of catalysts is a critical factor for their practical application in wastewater 

treatment. As illustrated in Fig. 3.10(a), the cyclic stability of the MXP2@PVMS aerogel was 

evaluated in CIP degradation over multiple cycles. During the first cycle, 96% of CIP was 

degraded in 21 min. However, the degradation efficiency gradually declined in subsequent 

cycles, reducing to 87% in the 2nd cycle, 79% in the 3rd cycle, and further dropping to 70% in 

the 4th cycle for the same reaction time. This decline in catalytic performance with recycling 

can be attributed to the oxidation of metallic Ti species (Ti2+ and Ti3+) to Ti4+, along with the 

reduction of OVs sites due to pollutant adsorption. These factors lead to reduced PMS 

adsorption, subsequently hindering the formation of SO4˙⁻ and ·OH radicals, thereby 

decreasing the overall degradation efficiency.  

Fig. 3.9. (a) Charge density difference and (b) plane average charge density difference plot of P-Ti3C2O2. (c) 

Comparison of the DOS of Ti3C2O2 and P-Ti3C2O2. (d) Optimized structure of PMS adsorbed Ti3C2O2, OV- 

Ti3C2O2, and P-Ti3C2O2 showing the evolution of O-O bond length in PMS. (e) PMS adsorption energy on 

Ti3C2O2, surface O vacant Ti3C2O2, and P-doped Ti3C2O2 surfaces. 
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To confirm the generation of reactive radicals and their involvement in CIP degradation, a 

scavenging test was conducted, as depicted in Fig. 3.10(b). The activation of PMS consistently   

 

 

 

 

 

 

 

 

 

 

produces SO4˙⁻ and ·OH radicals. To evaluate their contribution to the degradation process, 

methanol was used as a scavenger for both SO4˙⁻ and ·OH radicals, while dimethyl sulfoxide 

(DMSO) was specifically employed to quench ·OH radicals. Notably, the addition of 50 mM 

methanol completely inhibited CIP degradation, thereby confirming the crucial role of SO4˙⁻ 

and ·OH radicals in the oxidation process. Additionally, the introduction of 50 mM DMSO 

resulted in a reduction in CIP degradation within the MXP2@PVMS/PMS system, although 

its inhibitory effect was less significant than that of methanol. These findings highlight that 

both SO4˙⁻ and ·OH radicals play essential roles in facilitating CIP degradation. 

3.3.9. Mechanism of CIP Degradation 

To gain deeper insight into PMS activation and the catalytic CIP degradation mechanism for 

the MXP2@PVMS/PMS system, XPS analysis was conducted to examine the changes in the 

chemical states of various elements before and after the catalytic reaction. As depicted in Fig. 

3.11(a), the high-resolution Ti 2p XPS spectra obtained after the 2nd catalytic cycle reveal a 

decline in the proportions of Ti2+ (from 36% to 20.1%) and Ti3+ (from 26% to 13.3%), 

accompanied by a significant increase in Ti4+ content (from 17.5% to 60.3%). This 

transformation suggests the active participation of lower-valence Ti species in the catalytic 

degradation process. The substantial rise in Ti4+ confirms that Ti species serve as active sites 

for PMS activation, thereby facilitating the generation of reactive oxygen species (ROS). 

Further, the high-resolution O 1s XPS spectra, shown in Fig. 3.11(b), reveal a reduction in the 

content of C-Ti-Ox and C-Ti-(OH)x from 37% and 19.1% to 26.4% and 14.6%, respectively. 

Fig. 3.10. (a) Cyclic stability of MXP2@PVMS aerogel, and (b) The effect of free 

radical scavenger in CIP degradation. 
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This decrease underscores their involvement in PMS activation, highlighting the crucial role 

of surface functional groups in catalytic activity. Based on the identification of ROS and XPS 

analysis, a proposed mechanism for PMS catalytic activation is illustrated in Fig. 3.11(c). The 

degradation of CIP follows a radical-mediated pathway, as revealed from the scavenging 

experiments. The hydrophilic nature of MXP2@PVMS facilitates PMS adsorption onto the 

low-valent Ti active sites, leading to the formation of Ti-O-O-SO3 complexes34. These 

complexes interact with CIP molecules, ultimately degrading them into CO2 and H2O. Thus,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the effective degradation of CIP is caused by the synergistic effect of both SO4˙⁻ and ·OH 

radicals. Additionally, P doping enhances catalytic efficiency by promoting PMS adsorption 

and dissociation, a process further supported by an increased concentration of OVs within the 

system. 

Fig. 3.11. (a) High-resolution XPS spectra of Ti 2p and (b) O 1s of MXP2, before and after CIP 

degradation. (c) A schematic illustration of CIP degradation on the surface of MXP2@PVMS in the 

presence of PMS. 

TH-3801_196121015



CHAPTER 3                                                                                                                                                   66 |               

 

Table 3.2. A comparative analysis of the CIP degradation efficiency of the MXP2@PVMS 

hybrid aerogel, with previously reported literatures. 

 

 

 

 

 

 

 

 

  

Catalyst Pollutant 

 

Experimental Conditions Degradation 

efficiency (%) 

(Time) 

Ref. 

Bi2WO6/C3N4/ Ti3C2 Ciprofloxacin 

(10 mg/L) 

Catalyst (0.15 g/L) + 300 

W Xe lamp irradiation 

100 

(50 min) 

35 

CN/MX/BP Ciprofloxacin 

(20 mg/L) 

Catalyst (0.2g /L) + 300 W 

Xe lamp irradiation 

>99 

(60 min) 

36 

g-C3N4/Ti3C2 Ciprofloxacin 

(20 mg/L) 

Catalyst (0.2g /L) + 500 W 

Xe lamp irradiation 

100 

(150 min) 

37 

2D-2D BiOCl/ 

Ti3C2Tx 

Ciprofloxacin 

(20 mg/L) 

Catalyst (0.4g /L) + 300 W 

Xe lamp irradiation 

90 

(30 min) 

38 

VCo-MOF@MXene Ciprofloxacin 

(40 mg/L) 

Catalyst (0.1 gm/L) + PMS 

(0.6 mg/mL) 

92.4 

(30 min) 

39 

MXP2@PVMS 

aerogel 

Ciprofloxacin 

(20 mg/L) 

Catalyst (0.6 gm/L) + PMS 

(1.2 mM) 

96 

(21 min) 

This work 
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Table 3.3. A comparative analysis of the MB degradation efficiency of the MXP2@PVMS 

hybrid aerogel with the reported literature. 

 

3.4. Conclusions 

A 3D porous aerogel structure of P-doped Ti3C2Tx nanosheets was successfully fabricated by 

integrating them onto a 3D PVA-coated MS (MXP2@PVMS), as confirmed through 

comprehensive morphological characterization. This distinctive architecture provides 

enhanced surface properties and a high concentration of low-valence Ti states (Ti2+ and Ti3+), 

as verified by XPS analysis, making it highly efficient for the degradation of CIP and organic 

dyes through AOPs. Under optimized conditions in the absence of light and with minimal PMS 

addition, the degradation efficiencies for CIP and MB reached 96% and 98% within 21 and 12 

min, respectively. The degradation kinetics demonstrated outstanding rate constants of 0.1 min-

Catalyst Pollutant Experimental 

Conditions 

Degradation 

Time (min) 

Degradation 

efficiency 

(%)/Adsorption 

capacity (mg/g) 

Ref. 

mp-MXene/TiO2-

x nanodots (NDs) 

RhB 

(30mg/L) 

Catalyst (150mg/L) 

+ sunlight 

irradiation + H2O2 

(0.7mM) 

10 96% 40 

MXene–

Co3O4 nanoco-

mposites 

MB 

(12.5mg/L) 

Catalyst (10 mg) + 

H2O2 (15 ml) 

300 128.91 mg/g 41 

Ti3C2- Fe3O4 MNPs MB 

(20 mg/L) 

Catalyst (0.5g/L) + 

H2O2 (50 mM/L) 

6 100% 42 

CdS@Ti3C2@TiO2 

nanocom-posite 

MB 

(20mg/L) 

Catalyst (250 mg/L) 

+ vis light 

irradiations 

300 W Xe lamp 

(λ < 400 nm) 

88 100% 43 

Fe/Ce-BDC@CS 

MOF 

MB 

(30mg/L) 

Catalyst (2.5 gm/L) 

+ 0.25 ml H2O2 + 

10 mg NH2OH 

20 100% 44 

Ti3+-TiO2/Ti3C2 MB 

(10mg/L) 

Catalyst (0.5gm/L) 

+ H2O2 (4 mM) + 

visible light 

100 99.2% 45 

MXP2@PVMS 

aerogel 

MB 

(10 mg/L) 

Catalyst (0.6 gm/L) 

+ PMS (1.2 mM) 

12 98% This 

work 
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1 for CIP and 0.27 min-1 for MB. Notably, the MXP2@PVMS catalyst exhibited remarkable 

performance across a broad pH range (3-7) for CIP degradation, presenting a significant 

advantage over conventional Fenton catalysts in practical applications. DFT calculations 

provided further insight into the role of P doping in enhancing the electrical conductivity of 

Ti3C2Tx nanosheets and its influence on PMS adsorption and dissociation, leading to superior 

degradation efficiency. Furthermore, radical scavenging experiments confirmed that both 

SO4˙⁻ and ·OH radicals play a predominant role in the degradation process. In addition, 

degradation studies involving other dyes, including CV, MG, RhB, and MO, revealed that 

cationic dyes degrade more efficiently than anionic dyes, which is attributed to the negatively 

charged MXene surface promoting stronger electrostatic interactions with cationic dye 

molecules. In conclusion, the P-doped Ti3C2Tx@PVMS aerogel exhibits remarkable versatility 

as an advanced hybrid material, demonstrating efficient catalytic activity for the degradation 

of antibiotics and dyes. Its exceptional performance highlights its potential for environmental 

remediation applications, making it a promising candidate for addressing wastewater treatment 

challenges. 
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Chapter 4 

Efficient Reduction of Organic Pollutants and Photo-

Electrochemical Hydrogen Production by Bi2S3/Ti3C2Tx 

Nanocomposite 

 

In the previous two chapters, the treatment of wastewater containing organic pollutants was 

explored using AOPs, specifically employing transition metal Ti-based Ti3C2Tx MXenes. 

Although low-valent Ti states, in combination with an oxidizing agent such as hydrogen 

peroxide and peroxymonosulfate, have demonstrated excellent performance in degrading 

organic dyes and CIP antibiotics. However, they have proven ineffective for the removal of 4-

nitrophenol (4-NP). Considering this limitation, catalytic reduction presents as a promising 

alternative for wastewater treatment. Unlike oxidation-based approaches, catalytic reduction 

involves the electron transfer process, leading to the formation of less harmful products. These 

final products can have potential applications in pharmaceutical synthesis and environmentally 

sustainable processes. Typically, catalytic reduction requires NaBH4 as a reducing agent in the 

presence of an active catalyst to reduce organic pollutants, as discussed in Chapter 1, Section 

1.5.2. Previous studies demonstrate the incapability of pristine Ti3C2Tx MXene in the reduction 

of organic pollutants in the presence of NaBH4. To address this limitation, we synthesized a 

cost-effective semimetal sulfide-based MXene composite, Bi2S3/Ti3C2Tx, via a single-step 

hydrothermal method. The catalytic performance of this composite was systematically 

investigated for the reduction of organic pollutants in the presence of NaBH4. Additionally, 

DFT simulations were employed to elucidate the underlying reduction mechanism, which is 

discussed in detail in this chapter. Beyond catalytic reduction, the study also explores the 

photoelectrocatalytic water-splitting performance of the synthesized composite material. The 

Bi2S3/Ti3C2Tx composite demonstrated enhanced hydrogen evolution activity under visible-

near infrared (Vis-NIR) light illumination. The mechanistic insights into this improved 

performance are comprehensively analyzed in subsequent sections of this chapter. 

4.1. Introduction 

Environmental pollution, particularly the contamination of freshwater sources, presents a 

serious threat to human health and has become a critical issue on a global scale 1-4. Among 

various pollutants, nitrophenol compounds, such as 4-NP, are widely used as key raw materials 

in the production of dyes, pesticides, and pharmaceuticals 5. The discharge of industrial 

TH-3801_196121015



CHAPTER 4                                                                                                                                       73 |                   

 

effluents containing 4-NP poses significant risks due to its toxic, carcinogenic properties and 

its potential to cause allergic reactions and skin inflammation 5, 6. The conversion of the highly 

toxic 4-NP to the less harmful 4-aminophenol (4-AP) is therefore essential for both industrial 

applications and the treatment of wastewater contaminated with 4-NP. The by-product, 4-AP, 

has a lower environmental impact and can be reused in the synthesis of aniline and paracetamol 

7. The selection of an appropriate catalyst is crucial in facilitating this reduction process. 

Typically, the catalytic reduction of 4-NP to 4-AP involves the use of NaBH4 as a reducing 

agent, in combination with an active catalyst. However, the widespread use of precious metal 

catalysts6-8 poses a limitation to their practical application due to high costs. Thus, the 

development of highly efficient non-precious metal catalysts is essential to advance the field 

of catalytic reduction and broaden its applicability. 

Photoelectrochemical water splitting is a sustainable approach for generating clean energy, 

playing a crucial role in advancing the hydrogen economy and achieving carbon neutrality. 

Hydrogen production in alkaline media offers several advantages, including enhanced 

electrode stability, consistent power output, cost-effective electrolyzers, and the prevention of 

acidic corrosion, making it a highly promising method for industrial applications. In alkaline 

systems, the Volmer step 9 (H2O + e-→ Hads + OH-) represents the rate-limiting step in hydrogen 

evolution due to the challenges associated with water dissociation and inappropriate hydrogen 

adsorption. Therefore, an efficient HER catalyst must effectively promote both water splitting 

and hydrogen adsorption processes. Although noble metal-based catalysts exhibit superior 

performance10, 11, their high cost and limited durability restrict their widespread application. 

This has driven significant interest in the development of non-precious metal catalysts as more 

sustainable and cost-effective alternatives for long-term use. 

Low-cost, earth-abundant metal sulfides have garnered significant attention for their potential 

in catalytic and optoelectronic applications, owing to their exceptional surface properties and 

light absorption capabilities12-14. Recent research has emphasized the potential of bismuth 

nanoparticles (Bi NPs) and bismuth sulfide (Bi2S3)-based composites in the degradation of 

organic pollutants and the advancement of optoelectronic devices. Bi2S3 is particularly notable 

for its distinctive properties, including a direct bandgap ranging from 1.3 to 1.7 eV15, a high 

absorption coefficient16 (~105 cm-1), and excellent carrier mobility16 (~200 cm2/V·s), which 

collectively enhance light absorption and facilitate efficient electron transfer. Furthermore, Bi 

NPs exhibit localized surface plasmon resonance17, 18 (LSPR), significantly enhancing their 

ability to absorb visible light. Despite these advantages, the low-cost and scalable hydrothermal 
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synthesis of Bi2S3 is often hindered by severe agglomeration due to its high surface energy19, 

negatively impacting its catalytic performance. To reduce this challenge, Ti3C2Tx nanosheets 

can be employed as a supporting material. These nanosheets provide a stable substrate that 

prevents agglomeration and promotes interfacial charge transfer, thereby enhancing the 

catalytic efficiency of the composite materials. 

In this study, a simple hydrothermal method is employed for the in-situ growth of Bi2S3 

nanorods on the surface of Ti3C2Tx MXene nanosheets. The successful synthesis of Ti3C2Tx 

MXene nanosheets integrated with Bi2S3 nanorods is confirmed through TEM and XPS 

analyses. Furthermore, the catalytic efficiency of the Bi2S3/Ti3C2Tx composite is evaluated for 

the reduction of 4-NP, MB, MO, RhB, and CIP in the presence of NaBH4, where all pollutants 

exhibit excellent reduction rates except for CIP. Additionally, the reduction mechanism of 4-

NP is supported by DFT calculations. Moreover, optical studies reveal that the Bi2S3/Ti3C2Tx 

composite facilitates excellent light absorption and efficient separation of photogenerated 

charge carriers, leading to a significant enhancement in photoelectrochemical HER 

performance under both dark and Vis-NIR light illumination. Notably, the composite 

demonstrates a lower overpotential of 73 mV and a Tafel slope of 84 mV/dec, outperforming 

pristine Bi2S3 nanorods. This study provides a comprehensive understanding of the exceptional 

HER performance and the underlying charge transfer mechanism. 

4.2. Experimental Details 

4.2.1. Synthesis of Ti3C2Tx Nanosheets 

The synthesis of Ti3C2Tx MXene nanosheets via LiF/HCl etching method is similar to Chapter 

3, Section 3.2.1. 

4.2.2. Synthesis of Bi2S3/Ti3C2Tx MXene Composite 

Herein, a one-step hydrothermal approach was adopted, as schematically illustrated in Fig. 4.1. 

In a typical synthesis, varying amounts of Ti3C2Tx (MX) nanosheets (7, 14, and 21 mg) were 

dispersed in 25 mL of DI water. Subsequently, 1 mM Bi(NO3)3·5H2O was introduced into the 

dispersion, followed by sonication and vigorous stirring at room temperature. After complete 

adsorption of Bi3+ ions onto the negatively charged MX surface, 2 mM thiourea (CH4N2S) was 

added, and the solution was stirred continuously for another 1 h. The resulting mixture was 

then transferred to a Teflon-lined stainless-steel autoclave and subjected to hydrothermal 

treatment at 140°C for 10 h in a vacuum oven. After cooling, the black precipitate was collected  
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and purified through multiple centrifugation cycles using ethanol and DI water. The obtained   

product was vacuum-dried at 70°C overnight, and the final composite material was obtained 

as black powder, which was subsequently stored in a desiccator for further characterization. 

For comparison, pristine Bi2S3 (BS) nanorods were synthesized using the same procedure, 

except for the addition of MX nanosheets. The possible reaction pathway20 for the synthesis is 

provided below:  

 

 

 

 

It is important to note that all experimental procedures were carried out under an Ar atmosphere 

to reduce the oxidation of MX nanosheets. Additionally, the pH of the solution is a crucial 

factor in ensuring the complete dissolution of Bi(NO3)3·5H2O, facilitating the formation of Bi3+ 

ions. In this synthesis, MX nanosheets play a crucial role by facilitating nucleation sites on 

their surface, thereby preventing the aggregation of Bi2S3 nanorods. Additionally, the 

dispersion of Bi2S3 nanorods was controlled by modulating the MX loading, leading to the 

formation of composites designated as BSMX7, BSMX14, and BSMX21.  

4.2.3. Catalytic Reduction Procedure for Organic Pollutants 

The catalytic activity of the synthesized composite for the reduction of 4-NP was evaluated in 

the presence of NaBH4. Initially, 0.2 mL of NaBH4 solution (0.2 mM) was introduced into 2.3 

mL of 4-NP solution (25 mg/mL). Subsequently, a predetermined amount of catalyst 

suspension was added to the reaction mixture, and the progress of the catalytic reduction was 

monitored through UV-Vis spectroscopy by measuring the absorption spectrum of 4-NP. 

Furthermore, to assess the catalyst’s efficiency in degrading other pollutants such as MB, MO, 

and CIP, a catalyst dosage of 0.2 mg was employed while maintaining the pollutant 

concentration at 15 mg/mL under constant experimental conditions. 

                                 Bi(NO3)3 + H2O                    2HNO3 + BiONO3                  (1) 

                        2BiONO3 + 3S2- + H2O                   Bi2S3 + 4OH- + 2NO3-          (2) 

                                   nBi2S3                      Bi2S3 nanorods                         (3) 

Fig. 4.1. A schematic illustration of the synthesis of Bi2S3/Ti3C2Tx nanocomposite. 
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4.2.4. Electrochemical Experiments 

Electrochemical characterizations were carried out using a three-electrode setup, comprising a 

Pt wire as the counter electrode, an Ag/AgCl reference electrode, and a catalyst-integrated 

graphite sheet (1×1 cm2) as the working electrode. For the fabrication of the working electrode, 

4 mg of catalyst and a certain amount of carbon black with a ratio of 1:4 were combined in 190 

µL of ethanol, and a specific volume of Nafion was added to the mixture. This solution was 

sonicated for 30 min to form a uniform ink, which was then coated onto the graphite sheet and 

vacuum-dried overnight. Electrochemical measurements were conducted using a 1 M KOH 

solution at room temperature, both in the dark and under Vis-NIR light illumination. 

4.2.5. Characterization Techniques 

To analyze the crystal structure, morphology, and surface properties of the Bi2S3/Ti3C2Tx 

composites, XRD, Raman spectroscopy, and TEM analyses were performed. However, the 

characterization procedures are the same as those described in Chapter 2, Section 2.2.3 and 

Chapter 3, Section 3.2.4. Furthermore, temporal photocurrent response (I-t) measurements 

were carried out using a microprobe station (ECOPIA, EPS-500), an 808 nm laser with TTL 

modulation (CNI Laser), and a source-measure unit (Keithley 2400). Linear sweep 

voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) were conducted using 

an electrochemical workstation (CH Instruments, CHI6044E), and the EIS data were 

subsequently analyzed using an EIS Spectra analyzer. Photoelectrochemical characterization 

was performed with a solar simulator (Photo Emission Tech, Model: 300WSS-PC, Class 

AAA), providing a solar flux of 1 sun (1 kW m-2). 

4.2.6. Computational Details 

The DFT calculations were carried out using VASP21-23. The PBE functional was employed 

within the GGA for exchange-correlation24. A 500-eV kinetic energy cut-off was used for all 

calculations. Grimme-D3 van der Waals corrections25 were included for computations 

involving the BSMX composite. A Monkhorst-Pack k-point26 grid of 8 × 8 × 1 was used for 

Brillouin zone sampling. Bader charge analysis, developed by Henkelman's group27, 28, was 

used to investigate charge transfer. The charge density distribution was visualized with VESTA 

software29, and the charge density difference (ρcdd) was calculated using the corresponding 

formula: 

                                               𝜌𝑐𝑑𝑑 =  𝜌𝐴𝐵 − 𝜌𝐴  −  𝜌 𝐵  ,                           (4)      
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where,  ρ𝐴𝐵 , ρ𝐴,  and  ρ𝐵 represent the charge density of the composite material and its 

constituent materials.    

4.3. Results and Discussion 

4.3.1. Morphological Characterizations  

The surface texture and morphological characteristics of the synthesized materials were 

analyzed using AFM, TEM, and FESEM. The TEM and AFM images, illustrated in Fig. 4.2,  

 

 

 

 

 

 

 

 

 

 

 

indicate that the MX nanosheets exhibit a lateral dimension ranging between ~ 0.2 and 1 µm, 

with an average thickness of ~2.5 nm, corresponding to monolayer MX nanosheets30.  

 

 

 

 

Fig. 4.2. (a) TEM image, (b-c) AFM image and corresponding height profile, and (d) 

EDS spectra of MX nanosheets. 

Fig. 4.3. (a) FESEM image, (b) EDS spectra of BS nanorods showing the atomic 

percentage of different elements. 
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Furthermore, EDS analysis in Fig. 4.2(d) confirms the absence of Al, validating the successful 

removal of Al layers. The atomic composition of Ti, C, O, and F is determined to be 22.7%, 

27.5%, 21.8%, and 28.0%, respectively. The FESEM image of pristine BS in Fig. 4.3(a) 

displays a nanorod bundle with extreme aggregation. This aggregation is attributed to the high 

surface energy of BS nanorods, which inherently tend to cluster to minimize their surface 

energy. The EDS analysis (Fig. 4.3(b)) of BS nanorods further reveals atomic percentages of 

Bi (40.7%) and S (59.3%). The TEM image in Fig. 4.4(a) illustrates that the aggregated 

morphology of BSMX7 is likely due to the absence of sufficient nucleation sites arising from 

a lower MX nanosheet loading. Conversely, BSMX14 in Fig. 4.4(b) demonstrates a well-

dispersed morphology of BS nanorods over MX nanosheets, whereas BSMX21 (Fig. 4.4 (c)) 

exhibits an excess presence of MX nanosheets, leading to a bird’s nest-like morphology. The 

HRTEM image in Fig. 4.4(d) identifies distinct lattice planes corresponding to BS, MX, and 

Fig. 4.4. The TEM images of BSMX composites with various loading amounts of MX nanosheets: (a) 

7, (b) 14, and (c) 21 mg. (d) HRTEM image of BSMX14; the top right inset shows the IFFT lattice 

image of Bi NPs. (e) HRTEM image of BSMX14 illustrating Bi NPs over MX nanosheets; the bottom 

inset shows the IFFT lattice image of MX nanosheets. (f) EDS spectra of BSMX14 show the atomic 

percentage of different elements. (g-l) elemental mapping of Bi, S, Ti, O, and C elements in BSMX14 

nanocomposite.  

 

TH-3801_196121015



CHAPTER 4                                                                                                                                       79 |                   

 

metallic Bi NPs, with interplanar spacings of 0.36 nm, 0.51 nm, and 0.32 nm, which correspond 

with the (130), (004), and (012) crystal planes31, 32, respectively. The inset in the upper section 

of Fig. 4.4(d) displays the inverse fast Fourier transform (IFFT) lattice image of a Bi NP, 

corresponding to the (012) crystal plane. Additionally, Fig. 4.4 (e) depicts Bi NPs with an 

average particle size of ~ 6 nm, while the inset at the bottom shows the IFFT lattice image of 

an MX nanosheet corresponding to the (004) crystal planes. Based on prior research, metallic 

Bi NPs exhibit superior catalytic activity compared to bulk Bi31, 33. Hence, the presence of self-

reduced Bi NPs in BSMX14 is expected to provide substantial advantages in various catalytic 

applications. The EDS spectrum of BSMX14 in Fig. 4.4(f) demonstrates the atomic 

percentages of Bi (21%), S (28.5%), Ti (5%), O (25.1%), and C (20.4%). Furthermore, the 

elemental mapping images (Fig. 4.4(g-l)) verify the homogeneous distribution of these 

elements within BSMX14. The morphological analysis of BSMX composites underscores the 

necessity of maintaining an optimal balance between BS nanorods and MX nanosheets to 

achieve a well-dispersed structure. Such a balanced configuration is critical for enhanced light 

absorption and efficient charge transfer among Bi NPs, BS nanorods, and MX layers, 

promoting stronger interfacial interactions and improved catalytic performance. 

4.3.2. Structural Characterizations  

The XRD patterns corresponding to MX nanosheets, BS nanorods, and BSMX14 composites 

are depicted in Fig. 4.5(a). In the case of MX nanosheets, distinct diffraction peaks are 

observed at 2θ = 5.9°, 17.4°, 29.4°, 34.2°, and 45°, corresponding to the (002), (004), (006), 

(101), and (106) crystal planes, respectively. Additionally, the XRD pattern of BS nanorods 

matches with its orthorhombic phase (JCPDS No. 01-075-1306). The BSMX14 composite 

exhibits an XRD pattern similar to that of pristine BS but with higher peak intensities. This 

suggests that the presence of MX nanosheets during the in-situ growth of BS nanorods 

enhances their crystallinity without altering their crystal structure. However, no distinct 

diffraction peaks corresponding to MX nanosheets or Bi NPs are detected, likely due to their 

low concentration within the composite. To further validate the structural phases of the 

samples, Raman spectroscopy was performed. The Raman spectra of pristine MX nanosheets 

are similar, as discussed in section 3.3.2. The comparative Raman spectra of MX nanosheets, 

BS nanorods, and BSMX14 composites are shown in Fig. 4.5(b). The orthorhombic phase of 

BS exhibits four Raman-active modes (Ag, B1g, B2g, and B3g) and a single infrared-active mode 

(B3u), as predicted by Tanner et al.34. The Raman spectrum of BS nanorods features peaks at 

71.4, 100.5, 237.2, and 257.4 cm-1, which correspond to the Ag optical phonon mode34. For  
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BSMX14, the Raman spectrum exhibits characteristic bands of both BS (Ag) and MX (A1g), 

confirming their coexistence within the composite. Interestingly, a red shift in the A1g 

vibrational mode of MX from 201.2 cm-1 to 199.8 cm-1 is observed, which can be attributed to 

the tensile strain introduced in the MX lattice upon composite formation. In contrast, all Ag 

modes of BS nanorods exhibit a blue shift compared to pristine BS nanorods, indicating the 

presence of compressive strain in the BS lattice. This strain is likely induced by the interaction 

between BS nanorods and MX nanosheets. Collectively, these Raman spectral observations 

confirm the structural stability and strong interfacial interaction between BS nanorods and MX 

nanosheets in the BSMX14 composite. 

Additionally, the nitrogen adsorption-desorption isotherm analysis was conducted to evaluate 

the specific surface area and pore size distribution of the synthesized materials, as illustrated 

in Fig. 4.5(c). The isotherms for BS nanorods and BSMX14 exhibit a Type IV pattern, 

indicating a mesoporous structure. The Brunauer-Emmett-Teller (BET) surface area was 

determined to be 24.8 m2/g for BS nanorods and 31.2 m2/g for BSMX14, highlighting a 

Fig. 4.5. Comparison of (a) XRD patterns, and (b) Raman spectra of MX nanosheets, BS 

nanorods, and BSMX14 composite at 532 nm laser excitation. (c) Nitrogen adsorption-

desorption isotherm, and (d) BJH pore size distribution in BS nanorods and BSMX14 composite. 
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significant enhancement in surface area upon MX nanosheet incorporation. Moreover, Barrett-

Joyner-Halenda (BJH) pore size distribution analysis confirms the mesoporous nature of both 

BS nanorods and BSMX14. Notably, the composite material exhibits larger pore sizes, (Fig. 

4.5(d)) reaching up to 7 nm, compared to pristine BS nanorods. These findings underscore the 

role of MX nanosheets in increasing both surface area and porosity, which in turn provides a 

higher density of active sites for catalytic reactions, ultimately contributing to enhanced 

catalytic efficiency. 

4.3.3. XPS Analysis  

 The XPS analysis was conducted to investigate the elemental composition and valence states 

of the synthesized materials. The survey XPS spectra of MX, BS, and BSMX14 within the 

energy range of 100-750 eV are illustrated in Fig. 4.6(a). The pristine MX nanosheets exhibit 

characteristic XPS peaks corresponding to Ti, C, F, and O, while BS nanorods show the 

presence of Bi and S. In contrast, the BSMX14 composite displays peaks associated with Bi, 

S, Ti, O, and C, confirming the successful integration of BS and MX within the composite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, no peaks corresponding to F are detected, and the possible reasons for its absence 

Fig. 4.6. (a) Survey scan XPS spectra of MX, BS, and BSMX14. High-resolution XPS 

spectra of (b) Bi 4f from BS and BSMX14, (c) Ti 2p, and (d) O 1s of MX and BSMX14. 

The symbols represent the experimental data, and the solid lines correspond to the Gaussian-

Lorentzian fitted spectra with Shirley baseline. 
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are discussed later. To further understand the electronic states, high-resolution XPS spectra of  

Bi 4f and S 2p for both pristine BS and BSMX14 are compared in Fig. 4.6(b). The BS nanorods 

exhibit two prominent peaks at BE of 158.1 eV and 163.4 eV, corresponding to Bi 4f7/2 and Bi 

4f5/2 of Bi3+ respectively35, in addition to a smaller peak at 160.8 eV corresponding to the S2- 

orbital35. In contrast, the XPS spectrum of the BSMX14 composite demonstrates significant 

modifications compared to pristine BS. Two additional peaks at 156.8 eV and 162.1 eV are 

characteristic of metallic bismuth36 (Bi0). Furthermore, new peaks at 159.4 eV and 164.9 eV, 

corresponding to Bi-O bonds35, have appeared. These findings indicate the self-reduction of 

Bi3+ to Bi0 on the MX nanosheet surface and the formation of covalent bonds between Bi and 

O-containing groups in MX. Moreover, a shift toward higher BE is observed in the 

deconvoluted Bi3+ and S2⁻ peaks of BSMX14 compared to pristine BS, suggesting a strong 

interaction between BS nanorods and MX nanosheets. The high-resolution Ti 2p XPS 

spectrum37 of pristine MX nanosheets, depicted in Fig. 4.6(c), consists of four fitted peaks 

assigned to Ti-C (454.9 and 460.9 eV), C-Ti2+-O (455.8 and 461.9 eV), C-Ti3+-O (456.8 and 

462.8 eV), and Ti-O (458.8 eV). In contrast, BSMX14 exhibits similar peaks such as Ti-C 

(454.8 eV), C-Ti2+-O (461.3 eV), C-Ti3+-O (462.4 eV), and Ti-O (458.9 and 464.2 eV) 

respectively. Additionally, a broad peak at 464.8 eV, attributed to Bi 4d3/2, is observed, 

indicating an increased presence of oxygen-containing surface groups in BSMX14 compared 

to pristine MX nanosheets. Further, the O 1s XPS spectrum37 of MX nanosheets in Fig. 4.6(d) 

exhibits three characteristic peaks at 530 eV (Ti-O), 531.2 eV (C-Ti-Ox), and 532.6 eV (C-Ti-

OHx). In BSMX14, these peaks are slightly shifted to 530.2 eV (Ti-O), 531.1 eV (C-Ti-Ox), 

and 532.4 eV (C-Ti-(OH)x), with relative weight percentages of 24.8%, 49.6%, and 25.6%, 

respectively. This suggests the presence of -Ox and -OHx functional groups in a ratio of ~3:1. 

Additionally, the peaks corresponding to C-Ti-Ox and C-Ti-(OH)x in BSMX14 experience a 

shift toward lower BE. The shift observed in the XPS spectra is attributed to changes in the 

local electronic charge density within BS and MX. This indicates that the intimate contact 

between BS nanorods and MX nanosheets facilitates spontaneous electron migration from BS 

to the MX surface, leading to the formation of a Schottky-type junction, which arises from the 

metallic nature of the MX nanosheets. 

To elucidate the role of MX surface groups in facilitating Bi3+ reduction to Bi0 during in-situ 

growth, a DFT analysis was performed. Three structural models, TiC0.66F0.66, TiC0.66O0.66, and 

TiC0.66(OH)0.66, were examined with adsorbed BiO(NO3) to study interfacial charge 

distribution. Bader charge analysis revealed that TiC0.66F0.66 and TiC0.66O0.66 gained net charges 
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of 0.28e and 0.6e, whereas TiC0.66(OH)0.66 lost 0.33e, which was acquired by BiO(NO3) as 

illustrated in the iso-surface plot in Fig. 4.7, which highlights the pivotal role of -OH surface 

groups of MX nanosheets in the reduction of Bi3+ to Bi0. Previous studies reported that 

BiO(NO3) is a potential inorganic anion exchanger, particularly reactive with -F groups38 due  

 

 

 

 

 

 

 

 

 

to its high electronegativity. In the present study, after the attachment of BiO(NO3) to the -F 

site of MX nanosheets, an ion exchange reaction led to the formation of an intermediate 

BiOF@MX complex. Under thermal treatment, this unstable intermediate transformed into Bi-

O@MX. As a result, the final composite materials primarily contain O-based functional 

groups, with no detectable F groups, further validating the strong interaction between BS 

nanorods and MX nanosheets. These findings are consistent with Raman spectral observations, 

corroborating the structural stability of the BSMX14 composite. 

4.3.4. Optical Characterization  

To investigate the charge carrier dynamics in BS and BSMX composites, steady-state PL 

measurements were carried out, which are shown in Fig. 4.8(a). The pristine BS nanorods 

exhibit a broad PL spectrum with a peak at ~ 940 nm, indicating excitonic recombination near 

the band edge. Interestingly, the BSMX composites demonstrate substantial PL quenching 

relative to pristine BS nanorods, with BSMX14 exhibiting the most pronounced quenching 

effect. This substantial PL quenching is attributed to the efficient separation and transport of 

photogenerated charge carriers at the Bi/MX/BS interfaces, thereby minimizing radiative 

recombination and enhancing charge separation in the composite materials. The I-t 

measurements, performed under an applied bias of 3V and 808 nm laser illumination, are  

Fig. 4.7. DFT calculated charge density difference (CDD) and plane average charge density 

plot for (a) TiC0.66F0.66@BiONO3, (b) TiC0.66O0.66@BiONO3 and (c) TiC0.66OH0.66@BiONO3. 
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shown in Fig. 4.8(b). Compared to pristine BS, all BSMX composites exhibit a considerable 

improvement in the on-off ratio (Ilight/Idark). Among the composites, BSMX14 achieves the 

highest photocurrent gain, which is consistent with its superior PL quenching effect. The 

optical absorption spectra of MX nanosheets, illustrated in Fig. 4.8(c), display a broad peak in 

the 700-875 nm range, which is attributed to localized surface plasmon resonance (LSPR)  

 

 

 

 

 

 

 

 

 

 

 

 

 

effects39. In contrast, BS nanorods exhibit a broad absorption spectrum extending across the 

Vis-NIR region, with a distinct peak centred at ~650 nm. Notably, the BSMX14 composite 

synthesized via in-situ growth exhibits significantly enhanced absorption in the Vis-NIR region 

compared to pristine BS nanorods. This increased absorption is attributed to the synergistic 

effect of well-dispersed BS nanorods on the MX nanosheets, as well as the LSPR effects of 

self-reduced Bi NPs and MX nanosheets. The bandgap of the BS nanorods and BSMX14 

composites is calculated by utilizing the Tauc plot for direct bandgap materials:        

                                                       (αhν)2 = A (hν − Eg)                                (5)                                        

Where α signifies the absorption coefficient, Eg represents the bandgap, A is a constant of 

Fig. 4.8. (a) The steady-state micro-PL spectra under 532 nm laser excitation, and (b) temporal 

photocurrent response (I-t) of BS, BSMX7, BSMX14, and BSMX21 under 808 nm laser excitation. 

(c) Comparison of UV-Vis absorption spectra of MX, BS, and BSMX14 composites. (d) A 

comparison of Tauc’s plots for BS and BSMX14 shows the respective bandgap.  
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proportionality, and hν denotes the incident photon energy. The calculated bandgap values for 

pristine BS and BSMX14 are ~1.3 eV and 1.1 eV, respectively, as presented in Fig. 4.8(d). The 

observed reduction in bandgap upon composite formation is primarily attributed to the 

combined influence of ultra-thin MX nanosheets and the quantum confinement effect induced 

by Bi NPs. 

4.4. Catalytic 4-NP Reduction Performance 

4.4.1. 4-Nitrophenol Reduction  

The catalytic performance of the synthesized composite materials was assessed through the 

reduction of 4-NP to 4-AP in the presence of NaBH4. This reduction process was monitored 

by a time-dependent UV-Vis absorption spectroscope. The aqueous 4-NP solution exhibited a 

pale-yellow colouration with a distinct absorption peak at 317 nm, which shifted to 400 nm 

upon the introduction of NaBH4. This shift is attributed to the formation of 4-nitrophenolate 

(4-NPh) ions under alkaline conditions. In the absence of a catalyst, the absorption intensity at 

400 nm remained unchanged, indicating that NaBH4 alone is insufficient to facilitate the 

reduction of 4-NP. Similarly, pristine BS, MX, and BSMX composites were unable to catalyze 

4-NP reduction in the absence of NaBH4. However, upon introducing the catalyst in the 

presence of NaBH4, a rapid reduction of 4-NP was observed, as confirmed by a gradual 

decrease in the absorption peak at 400 nm, accompanied by the emergence of a new peak at 

300 nm, corresponding to 4-AP (Fig. 4.9(a)). The BS nanorods achieved a 69% conversion 

efficiency within 4 min, whereas the MX nanosheets exhibited only ~5% adsorption, with no 

observable reduction activity (Fig. 4.9(b)). The absence of catalytic activity in MX nanosheets 

is likely due to their significantly higher negative zeta potential (-34.1 mV) compared to BS 

nanorods (-14.7 mV). The negatively charged surface functional groups (-F, -O, and -OH) on 

MX nanosheets create an electrostatic repulsion effect, preventing the adsorption of 4-NP and, 

consequently, its reduction. Additionally, the BSMX7, BSMX14, and BSMX21 catalysts 

demonstrated excellent reduction efficiencies of 82%, 97%, and 69%, respectively, within 2.6 

min. Furthermore, BSMX14 achieved 100% conversion within 4 min, whereas BSMX7 and 

BSMX21 exhibited conversion efficiencies of ~ 90% and 80%, respectively, over the same 

duration (Fig. 9(b)). The superior catalytic performance of BSMX14 is attributed to its well-

dispersed morphology of Bi NPs and the synergistic effects of BS nanorods and MX 

nanosheets. In contrast, the reduced catalytic efficiency of BSMX7 is likely due to the 

agglomeration of BS nanorods, which decreases the available active surface area. Similarly, 

the lower catalytic activity of BSMX21 can be ascribed to the excessive loading of MX 
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nanosheets, which blocks the active sites of BS nanorods, thereby hindering the catalytic 

reaction. A comparison of the 4-NP reduction performance using the BSMX14 catalyst with 

other materials and MX-based composites is summarized in Table 4.1. To further quantify the 

reaction kinetics, the reduction rate was analyzed using the Langmuir-Hinshelwood model: 

                                                               𝐿𝑛 (
𝐶𝑡

𝐶0
) =  −𝑘𝑡                                     (6) 

where 𝐶0 is the initial concentration, 𝐶𝑡 is the concentration of 4-NP solution after the addition 

of the catalyst after a time t (min), and k is the rate constant. The rate constants for BS, BSMX7, 

BSMX14, and BSMX21 were determined to be 0.3, 0.55, 1.14, and 0.35 min-1, respectively 

(Fig. 4.9(c)). The highest reduction rate observed for BSMX14 is correlated with its elevated 

Bi0/Bi3+ ratio, as illustrated in Table 4.2.  However, an excessive amount of metallic Bi leads 

to a decline in catalytic performance by covering the active sites, highlighting the necessity of 

optimizing the Bi0/Bi3+ ratio for optimal reduction efficiency. 

Further, the catalytic reduction efficiency was found to increase with higher catalyst loading 

(Fig. 4.9(d)). Specifically, the reaction rate improved from 1.14 min-1 to 1.45 min-1 as the 

Fig. 4.9. (a) Evolution of UV-Vis absorption spectra of 4-NP with the addition of NaBH4 and BSMX14 

catalyst after different time durations. (b) Comparison of the catalytic 4-NP reduction efficiency of different 

catalysts under dark conditions, (c) 4-NP reduction rate of various catalysts. (d) Effect of BSMX14 catalyst 

loading amount and (e) Effect of NaBH4 concentration on the reduction efficiency of 4-NP. (f) Cyclic 

stability of BSMX14 catalyst in 4-NP reduction. 
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catalyst dosage increased from 0.09 mg to 0.12 mg. This enhancement is attributed to the 

greater availability of active catalytic sites. However, since the reduction rates for 0.09 mg and 

0.12 mg catalyst loadings were comparable, 0.09 mg was deemed optimal for this study. 

Additionally, the role of NaBH4 concentration in the catalytic reduction process was further 

explored (Fig. 4.9(e)). It was observed that increasing NaBH4 concentration from 0.2 to 0.25 

mmol L-1 led to a decline in reaction rate from 1.4 min-1 to 0.85 min-1. This reduction in 

efficiency is attributed to the excessive generation of hydrogen gas (H2) bubbles, which disrupt 

the uniform adsorption and reduction processes, thereby lowering the overall catalytic rate. The 

stability and recyclability of the BSMX14 catalyst were evaluated through multiple consecutive 

cycles of 4-NP reduction (Fig. 4.9(f)). The catalyst maintained a high conversion efficiency of 

94% even after 5th successive cycles, demonstrating excellent catalytic stability. These results 

suggest that BSMX14 is a highly efficient and reusable catalyst for the reduction of 4-NP to 4-

AP in the presence of a minimal NaBH4 concentration.  

4.4.2. Post-reduction Stability of the Catalyst  

The structural and chemical stability of the BSMX14 catalyst was evaluated after five 

consecutive cycles of 4-NP reduction. The XRD pattern of BSMX14 (Fig. 4.10(a)) reveals a 

significant reduction in BS peak intensities and the emergence of a distinct peak corresponding 

to bulk Bi. This observation suggests that NaBH4 facilitates the reduction of BS to bulk Bi. 

Furthermore, the high-resolution XPS analysis of the Bi 4f region (Fig. 4.10(b)) after the 

reduction process exhibits a considerable decrease in the Bi0 peak intensity, indicating its active 

involvement in the catalytic reduction of 4-NP. The broadening of the Bi 4f peaks implies the 

formation of Bi2O3 due to oxidation. Additionally, the high-resolution Ti 2p XPS spectra (Fig. 

4.10(c)) reveal broadened and diminished Ti-O peaks at binding energies of 458.9 eV and 464.2 

Fig. 4.10. (a) XRD patterns, (b, c) High-resolution XPS spectra of Bi 4f and Ti 2p in BSMX14 before and after 

4-NP reduction. The symbols represent experimental data, and the solid lines correspond to the Gaussian-

Lorentzian fitted spectra with Shirley baseline. 
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eV, respectively. This finding suggests that the -O functional groups present on the MX 

nanosheets serve as active sites for H* adsorption, thereby playing a crucial role in the 

reduction mechanism. 

4.4.3. DFT Analysis and Mechanistic Study  

The reduction of 4-NP typically involves electron transfer from NaBH4 to 4-NP via the catalyst 

surface, as widely reported in the literature. To investigate this process, DFT calculations were 

performed on the Bi2S3/Ti3C2Tx composite with adsorbed Bi on the Ti3C2Tx surface, where MX 

is modelled as TiC0.66O0.5OH0.16 with a -O to -OH ratio of 3:1, as confirmed by O 1s XPS 

Fig. 4.11. (a) CDD plot of Bi/BSTC0.66O0.5OH0.16 composite from DFT calculation, where the charge 

accumulation and depletion are represented by yellow and cyan colour shades in two regions. (b) The 

plane average charge density difference plot at the Bi/TC0.66O0.5OH0.16/BS interface. (c) DOS of  

Bi/BSTC0.66O0.5OH0.16.  The CDD and plane average charge density difference plot of (d, e) NaBH4 

adsorbed on Bi/BSTC0.66O0.5OH0.16 and (f, g) 4-NP adsorbed on Bi/BSTC0.66O0.5OH0.16.    
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analysis (Fig. 4.6(d)). The CDD analysis in Fig. 4.11 (a) indicates electron depletion from Bi 

and BS to the TiC0.66O0.5OH0.16 site. The plane-averaged charge density difference plot (Fig. 

4.11(b)) highlights three pronounced peaks in the TiC0.66O0.5OH0.16 region, suggesting electron 

accumulation, while Bi and BS exhibit less intense peaks, confirming charge loss. Bader charge 

analysis further reveals net charge losses of 0.48e and 0.45e per unit cell from Bi and BS, 

respectively, with TiC0.66O0.5OH0.16 acquiring this charge, suggesting a lower work function of 

BS and forming a Schottky junction. The total TDOS of the composite (Fig. 4.11(c)) exhibits 

a nonzero density of states near the Fermi level, in contrast to the semiconducting BS nanorods. 

This indicates enhanced electrical conductivity, which can be attributed to the incorporation of 

MX nanosheets. 

 Further, CDD analysis of NaBH4 adsorption on BS and Bi/TiC0.66O0.5OH0.16 (Fig. 4.11(d)) 

reveals electron depletion from NaBH4 and charge accumulation in the catalyst, corroborated 

by the plane-averaged charge density plot (Fig. 4.11(e)). Bader analysis shows a net charge 

transfer of 0.17e and 0.16e per unit cell from NaBH4 to BS and Bi/TiC0.66O0.5OH0.16, 

respectively, indicating effective charge absorption. Similarly, CDD analysis for 4-NP 

adsorption (Fig. 4.11(f)) shows charge depletion from BS and Bi/TiC0.66O0.5OH0.16, whereas 

charge accumulation in 4-NP, supported by the plane-averaged charge density plot (Fig. 

4.11(g)). Bader charge analysis indicates 0.15e and 0.24e charge depletion from BS and 

Bi/TiC0.66O0.5OH0.16, respectively, highlighting 1.5 times higher electron transfer from the 

latter, which accelerates the 4-NP reduction. According to the investigation, a proposed 

mechanism for 4-NP reduction is illustrated in Fig. 4.12(a). In a weakly alkaline medium, 4-

NP forms 4-NPh, which adsorbs onto the catalyst surface. Simultaneously, NaBH4 hydrolyzes, 

releasing BH4
- ions and electrons. These species, along with 4-NPh, are adsorbed onto active 

sites, where BH4
- dissociates to generate H* species. These H* species and electrons facilitate 

the reduction of 4-NP to 4-AP by replacing O in the -NO2 group with H* atoms. The desorption 

of 4-AP and subsequent H2 formation, indicated by bubble generation, completes the reaction. 

The unique electronic structure of MX nanosheets enhances H* adsorption on the BSMX14 

surface and improves 4-NP reduction efficiency. 

4.4.4. Catalytic Reduction of Organic Dyes and CIP Antibiotic  

To evaluate the BSMX14 catalyst's effectiveness in reducing organic dyes (MB, RhB, and MO) 

further experiments were carried out in the presence of NaBH4, which revealed a rapid decrease 

in absorption intensity for both dyes, indicating the catalyst's strong reduction ability (Fig. 
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4.12(b)). MO is reduced faster than MB and RhB. The reduction efficiencies for MO, RhB, 

and MB are 99%, 41%, and 98% within 5 min, with rates of 0.82, 0.11, and 0.76 min-1, 

respectively (Fig. 4.12(c)). However, the reduction of CIP was not observed, which may be 

attributed to the alkaline medium. The lower degradation efficiency of CIP under highly 

alkaline conditions has been previously discussed in Chapter 3, Section 3.3.6. The reduction 

mechanism involves the adsorption of dyes and NaBH4 onto the catalyst, followed by NaBH4 

hydrolysis and electron transfer through the BSMX14 surface, resulting in pollutant reduction. 

These findings confirm the catalyst's versatility in wastewater treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 4.12. (a) A schematic illustration of 4-NP reduction. (b) Comparison of the MO, MB, RhB, 

and CIP reduction efficiency by BSMX14 under dark conditions, (c) RhB, MB, and MO 

reduction rate by BSMX14. 
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Table 4.1. Comparison of the 4-NP reduction performance of BSMX14 catalyst with some 

recently reported catalysts. 

 

 

 

 

 

 

 

 

 

4.5. Photo Electrochemical Hydrogen Production Performance  

The electrochemical HER performance of BS and BSMX14 catalysts was assessed through 

LSV measurements (Fig. 4.13(a)) in 1 M KOH solution using a three-electrode setup, both in 

the dark and under Vis-NIR light. The BSMX14 demonstrated superior HER performance, 

with overpotentials of ∼87 mV in the dark and ∼73 mV under light, compared to ∼140 mV 

and ∼129 mV for BS nanorods (Fig. 4.13(b)). However, commercial Pt/C demonstrates a much 

lower overpotential of 24 mV. Additionally, the lower Tafel slope (Fig. 4.13(c)) of BSMX14 

indicates more favourable HER kinetics, with the Tafel slope decreasing from ∼113 mV/dec 

in the dark to ∼84 mV/dec after 10 min of light exposure, suggesting an accelerated charge 

transfer rate under the light. The overpotentials and Tafel slopes of the catalysts are tabulated 

in Table 4.2 below. The enhanced HER activity of BSMX14 is attributed to the synergistic 

effect of BS, Bi NPs, and MX nanosheets, which improves thermodynamics and reaction 

kinetics under light illumination via the photothermal effect. The combined LSPR effect of Bi 

NPs 46 and MX nanosheets 32 introduces a photothermal effect and further enhances the electron  

transfer rate. The LSV and Tafel analysis of various BSMX composites revealed that an 

optimal Bi0/Bi3+ ratio (Table 4.2) improves HER performance, but excessive metallic Bi 

Catalyst Catalyst 

amount 

(mg) 

4-NP 

concentration 

       (mM) 

NaBH4 

(mM) 

Rate 

constant 

K (min-1) 

Reference 

MXene@Ag-12% 0.01 0.144  0.1 7 

Bi-1.0% Ti3C2Tx 1 0.07 0.1 0.41 31 

CQD@Ag/MXene 0.004 10 66 0.022 40 

Fe3O4/Ag 1 5 15 0.45 41 

CuPd 4 0.1 20 0.33 42 

GO/Ag-Fe3O4 0.2 10  0.026 43 

Ag/ZrGp NPs 10 0.1  0.096 44 

Bi2S3@Fe3O4 7 0.1 0.2 0.004 45 

BSMX14 0.09 0.2 0.2 1.14 This work 
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reduces it by covering active sites. The electrochemically active surface area (ECSA) is directly 

proportional to the double-layer capacitance (Cdl). As shown in Fig. 4.13(d), the BSMX14 

composite exhibits a higher Cdl value (12.8 mF/cm²) compared to BS, indicating its superior 

HER performance. Additionally, the EIS measurements (Fig. 4.13(e)) revealed that BSMX14 

has a lower charge transfer resistance (Rct) of ∼62 Ω in the dark, which decreases further to 

∼37 Ω after 10 min of light exposure. This decrease in Rct correlates with improved charge 

transfer and faster HER kinetics, consistent with the results from the Tafel slope and the 

photothermal effect. The conductivity of hybrid materials significantly influences their 

electrocatalytic HER performance. MX nanosheets with abundant -O-containing groups also 

improve electron transfer and provide active sites for hydrogen adsorption 47-49, boosting 

electrocatalytic efficiency. Long-term stability tests (Fig. 4.13(f)) show minimal degradation 

in the LSV curve after 1000 cycles, indicating the durability of BSMX14 in alkaline HER.  

Additionally, the photothermal effect of the BS and BSMX14 samples is presented in Fig. 4.14 

(a). Notably, the BSMX14 composite exhibits enhanced photothermal activity, which 

consequently leads to superior HER performance under light illumination. From the above  

characterizations, a band alignment and charge transfer process is proposed in Fig. 4.14(b). 

Fig. 4.13. Comparison of (a) LSV curves and (b) overpotentials (at 10 mA/cm2) of MX, BS, BSMX14, and Pt/C, 

(c) Corresponding Tafel plots and slopes, (d) Plots of capacitive current density difference vs. scan rate for BS and 

BSMX14 catalysts. (e) Nyquist plot of BS and BSMX14 under dark, and light illumination. (f) LSV curve of the 

BSMX14 catalyst before and after 1000 cycles under Vis-NIR light illumination in 1 M KOH solution. 

TH-3801_196121015



CHAPTER 4                                                                                                                                       93 |                   

 

Upon exposure to Vis-NIR light, electrons in the valence band of BS are energized to the  

conduction band. In contrast, the positive force experienced by holes in the valence band 

propels them swiftly toward the MX surface and gets separated from the electrons. Moreover, 

the separated electrons can then efficiently reduce water molecules to generate H₂ gas, by 

following the reaction mechanism:   

    Volmer reaction:         BSMX14 + H2O + e- → BSMX14-Hads + 2OH-          (9) 

    Heyrovsky reaction:   BSMX14-Hads + H2O + e- → BSMX14 + OH- + H2    (10) 

 

 

 

 

 

 

 

the combined LSPR effect of MX nanosheets and Bi NPs in BSMX14 composite generates a 

photothermal effect50 that speeds up reaction kinetics and substantially enhances their 

electrocatalytic performance. These observations underscore the potential of BSMX14 as an 

efficient photoelectrocatalyst for the HER. 

Table 4.2. Summary of Bi0/Bi3+ ratio, catalytic performance, and Cdl values of different 

catalysts. 

Catalyst Bi0/Bi3+ 

ratio 

4-NP 

reduction 

rate (min-1) 

Photoelectrochemical hydrogen 

production 

Double layer 

capacitance 

(Cdl) 

(mF/cm2) 

Overpotential 

(mV) at 10 

mA/cm2 (Dark 

& Light) 

Tafel slope 

(mV/dec) (Dark & 

Light) 

BS 0 0.3 140 & 129 161 & 145 6.3 

BSMX7 0.30 0.55 - 

BSMX14 0.46 1.14 87 & 73 113 & 84 12.8 

BSMX21 0.78 0.35 - 

Fig. 4.14. (a) Optical images of the photothermal effect in BS and BSMX14. (b) A schematic 

illustration of the charge transfer mechanism in BSMX composite under Vis-NIR light illumination. 
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4.6. Conclusions 

We have successfully synthesized 2D Ti3C2Tx (MX) nanosheets and 1D Bi2S3 (BS) nanorod-

based composite material Bi2S3/Ti3C2Tx (BSMX) by a simple hydrothermal method, where the 

aggregation of 1D BS nanorods is reduced by varying the loading percentage of MX 

nanosheets. The Raman and XPS analysis corroborate the structural integrity and strong 

interaction between BS nanorods and MX nanosheets in optimized BSMX14. The efficient 

photo-induced charge transfer/separation capability of BSMX14 was substantiated by PL and 

photo-response studies. The UV-Vis absorption spectra confirm the enhanced light absorption 

ability of the BSMX14 composite compared to the pristine BS nanorods. The DFT calculation 

corroborated the efficient charge transfer and the formation of a local Schottky junction. 

Furthermore, the superior reduction capability of organic pollutants (4-NP, MB, MO, and RhB) 

by the BSMX14 was characterized in the presence of NaBH4, which demonstrates an 

outstanding reduction rate (up to 1.1 min-1) of 4-NP with long cyclic stability. The reduction 

mechanism was further supported by DFT analysis. Additionally, BSMX14 demonstrates 

excellent photo-electrochemical HER performance under both dark and light illumination, with 

an overpotential of 87 and 73 mV, along with a Tafel slope of 113 and 84 mV/dec, respectively. 

Therefore, the noble-metal-free BSMX14 nanocomposite is a highly promising candidate for 

reducing organic pollutants and facilitating photoelectrochemical hydrogen evolution. 
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                                                             Chapter 5 

Synergistic Effect of Ru Nanoclusters on N-Doped 

Ti3C2Tx Nanoribbons for High-Performance 

Photoelectrochemical Water Splitting 
 

In this chapter, we have synthesized an ultra-small Ru nanocluster (NC) anchored hierarchical 

N-doped Ti3C2Tx (Ru@N-Ti3C2Tx) MXene nanoribbon (MXNR)-based composite material. 

The high aspect ratio and defective sites of partially oxidized MXNRs provide an abundance 

of active sites, effectively preventing the aggregation of Ru NCs and enabling superior 

photoelectrochemical hydrogen production in an alkaline medium. The in-situ formation of a 

small amount of TiO2 nanoparticles (TiO2 NPs) during 1D structuring and N doping enhances 

UV-Vis light absorption, further contributing to its role as an efficient photo-electrocatalyst. 

The electrochemical hydrogen evolution performance of the Ru@N-Ti3C2Tx catalyst was 

systematically investigated under dark and visible light illumination in an alkaline medium 

(1M KOH). The results demonstrate that Ru@N-Ti3C2Tx exhibits outstanding hydrogen 

evolution reaction (HER) activity, surpassing the performance of commercially available Pt/C 

(20%). This chapter highlights the development of a cost-effective and robust Ru@N-Ti3C2Tx 

MXene-based composite material, presenting a promising strategy for sustainable hydrogen 

production. 

 

5.1. Introduction 

Hydrogen is a sustainable alternative to fossil fuels due to its zero carbon emissions and high 

energy density1. However, conventional hydrogen production primarily relies on the steam 

reforming of fossil fuels, contributing to CO2 emissions. Water splitting has emerged as a clean 

and efficient approach for high-purity hydrogen generation. Among various methods, 

electrocatalytic water splitting is particularly promising due to its scalability, zero CO2 

emissions, and high purity2, 3. The performance of this process is mainly determined by the 

electrocatalyst's intrinsic properties. While Pt-based catalysts are the benchmark for HER in 

acidic media, their high cost, scarcity, and poor kinetics in neutral and alkaline media limit 

their application4-6. On the other hand, Ru has been explored as an alternative due to its 

favourable hydrogen bonding energy and low water dissociation barrier. However, its strong 
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binding energy can cause nanocluster aggregation, compromising HER performance. 

Therefore, developing stable and efficient electrocatalysts remains crucial for advancing green 

hydrogen production. 

To overcome this challenge, integrating Ru with highly conductive substrates offers a 

promising strategy to enhance the HER performance. This approach facilitates uniform Ru 

dispersion, minimizes catalyst usage, and maintains high catalytic efficiency. Extensive 

research has been conducted on carbon-based nanomaterials7-10, including graphene, carbon 

nitride, and carbon nanotubes, due to their ability to prevent Ru nanocluster aggregation while 

preserving excellent electrocatalytic properties. Therefore, the development of cost-effective 

Ru-based catalysts with superior electrical conductivity and enhanced catalytic activity remains 

a key focus for advancing practical hydrogen production technologies. 

Two-dimensional (2D) Ti3C2Tx MXenes have garnered substantial attention due to their 

remarkable combination of metallic conductivity, hydrophilicity, and tuneable surface 

chemistry.  As a result, Ti3C2Tx MXenes have found widespread applications in energy storage, 

electromagnetic interference (EMI) shielding, renewable energy, sensing, and related fields. 

However, 2D Ti3C2Tx has non-uniform flake distribution as well as restacking issues due to 

interlayer van der Waals interaction, which significantly reduces its catalytically active surface 

area, and hence it yields low catalytic activity11, 12. As an alternative, one-dimensional (1D) 

Ti3C2Tx MXene nanoribbon has been gaining attention as an extension of 2D MXene, offering 

new opportunities for diverse applications13. The high aspect ratio of 1D MXenes significantly 

improves their electrical conductivity, mechanical flexibility and provides an increased surface 

area, which enhances their functionality in various catalytic applications by facilitating 

efficient electron transport, which further boosts the catalytic activity13. However, the synthesis 

of 1D Ti3C2Tx MXene involves various etching techniques that face various challenges, while 

simultaneously exposing a more significant number of active sites, thereby enhancing their 

catalytic performance13. During the synthesis of 1D MXene, its conductivity significantly 

reduces due to the formation of TiO2 nanoparticles (NPs) on its surface. To improve its 

conductivity, heteroatom doping plays a crucial role. Additionally, the synergistic combination 

of 1D MXenes with noble metals such as Ru, Pt, etc, can further enhance their catalytic activity 

by reducing their agglomeration effect, leading to superior performance in catalytic HER 

application. Moreover, 1D MXene exhibits excellent photothermal properties under laser 

irradiation13, 14 which can boost its electrochemical performance by boosting electron mobility 

and faster charge transfer. Additionally, it demonstrates good biocompatibility, making it 
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highly promising for various sustainable catalytic applications. 

In this study, Ru NCs anchored hierarchical N-doped Ti3C2Tx (Ru@N-Ti3C2Tx) MXene 

nanoribbon-based composite catalyst was successfully synthesized through a combination of 

etching and annealing techniques. The presence of oxygen vacancies (OVs) facilitates the 

formation of ultra-small Ru NCs (~ 0.4 nm), effectively reducing their agglomeration and 

thereby significantly improving the electronic metal support interaction (EMSI) effect. We 

show that the 5% Ru@N-Ti3C2Tx catalyst exhibits significantly enhanced electrocatalytic 

activity with an overpotential of 22 and 12 mV under dark and Vis-NIR light illumination as 

compared to conventional Pt/C (20%) catalysts. Also, it exhibits long-term durability for the 

HER in an alkaline medium. The Ru NCs are effectively stabilized at the defect sites of the 

MXene nanoribbons, which substantially improves the catalytic performance toward HER. 

This study underscores the critical role of atomic-scale engineering of Ru NCs over MXene 

nanoribbons in optimizing their catalytic activity by precisely tailoring the electronic and 

structural properties of the material at the atomic level. 

5.2. Experimental   

5.2.1. Preparation of Ti3C2Tx Nanoribbons  

The synthesis of Ti3C2Tx MXene nanoribbons is illustrated in Fig. 5.1. Initially, 1 g of Ti3AlC2 

MAX phase powder was subjected to 20 mL of a 40 wt% HF solution while being continuously 

stirred at 250 rpm for 48 h. After etching, the resulting mixture was repeatedly centrifuged with 

Milli-Q water at 4500 rpm until the pH reached ~6. The collected sediment was then freeze-

dried for 24 h to obtain black, multi-layered Ti3C2Tx MXene powder. For the subsequent 

synthesis of Ti3C2Tx MXene nanoribbons, 0.5 g of the as-prepared MXene powder was 

dispersed in 60 mL of 6 M KOH solution and stirred at 400 rpm for 120 h in a sealed container 

under an Ar atmosphere at room temperature. Finally, the obtained product was thoroughly 

washed and subjected to an additional freeze-drying step for 24 h. The as-prepared Ti3C2Tx 

MXene nanoribbons are abbreviated as MXNR.  

5.2.2. Preparation of N-Doped Ti3C2Tx Nanoribbons  

In a standard synthesis process, 0.6 g of HCl-treated melamine was introduced into a 50 mL 

suspension of MXNR (3 mg mL⁻¹) and stirred continuously for 1 h. The resulting mixture was 

then stored at -15 °C overnight, followed by freeze-drying for 24 h. The dried material was 

subsequently annealed at 500 °C for 2 h under an Ar atmosphere, maintaining a controlled 

heating rate of 5°C min-1. Finally, the obtained product was thoroughly washed multiple times 
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with distilled water and ethanol and then vacuum-dried at 60℃ to obtain N-doped MXNR. The 

prepared doped material is abbreviated as N-MXNR. 

 5.2.3. Preparation of Ru@N-Doped Ti3C2Tx Nanoribbons  

In this process, a 50 mL suspension of N-MXNR (3 mg mL-1) was prepared by sonication 

continuously for 1 h. Then, a specific volume of RuCl3· xH2O solution was gradually added 

dropwise into the above solution under vigorous stirring in an ice bath for another 1 h. The 

resulting mixture was then stored at -15 °C overnight, followed by freeze-drying for 24 h. The 

dried samples were subsequently annealed at 500°C for 1 h under an Ar/H2 atmosphere by 

maintaining a fixed heating rate of 5°C min-1. Finally, the product was washed with DI water 

and ethanol and then vacuum-dried at room temperature to obtain Ru@N-doped Ti3C2Tx 

nanoribbons in powder form. According to the loading percentages of Ru, these materials are 

abbreviated as 3%, 5%, and 7% Ru@N-MXNR. A schematic representation of the synthesis 

of ultra-small Ru NCs anchored on N-doped Ti3C2Tx MXene nanoribbons (Ru@N-MXNR) is 

illustrated in Fig. 5.1.  

5.2.4. Electrochemical Experiment  

Electrochemical characterization was conducted using a conventional three-electrode setup. In 

this system, a platinum (Pt) wire functioned as the counter electrode, while an Ag/AgCl 

Fig. 5.1. Schematic representation of the synthesis of Ru-anchored N-doped Ti3C2Tx nanoribbon nano 

composite (Ru@N-Ti3C2Tx). 
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electrode served as the reference. The working electrode consisted of a catalyst-integrated 

graphite sheet (1×1 cm2), selected for its excellent electronic conductivity. To prepare the 

working electrode, 3.3 mg of the synthesized catalyst and 0.7 mg of carbon black were 

dispersed in 235 µL of ethanol, followed by the addition of 15 µL of Nafion. The resulting 

mixture underwent sonication for 30 min to achieve a homogeneous dispersion. This catalyst 

ink was subsequently coated onto the graphite sheet and subjected to vacuum drying overnight. 

Electrochemical measurements were then performed in a 1 M KOH electrolyte at room 

temperature, both in the absence of light (dark conditions) and under visible-near infrared (Vis-

NIR) illumination. Linear sweep voltammetry (LSV) was carried out at a scan rate of 5 mV s-

1, while the cyclic voltammetry (CV) test was performed over a scan rate range of 20 to 60 mV 

s-1 to determine the double-layer capacitance (Cdl). The electrode potential referenced to 

Ag/AgCl was converted to the reversible hydrogen electrode (RHE) potential using the 

following equation15: 

                                         ERHE = EAg/AgCl + 0.0591×pH + 0.2045                     (1) 

Additionally, all polarization curves were corrected for iR compensation to account for solution 

resistance. 

5.2.5. Characterization Techniques  

The morphology, crystal structure, and surface properties of the as-prepared materials were 

investigated using FESEM, TEM, XRD, Raman spectroscopy, BET, and XPS analysis. The 

characterization procedures followed the methodologies detailed in Sections 2.2.3 and 3.2.4. 

of Chapters 2 & 3, respectively. Electron Spin Resonance (ESR) spectroscopy was conducted 

using a JEOL JES-FA200 spectrometer to investigate the defect states associated with OVs in 

the as-prepared samples. The electrochemical measurements were performed using an 

electrochemical workstation (CH Instruments, CHI6044E). Photoelectrochemical 

characterization was performed with a solar simulator (Photo Emission Tech, Model: 300WSS-

PC, Class AAA), providing a solar flux of 1 sun (1 kW m-2). 

5.3. Results and Discussion 

5.3.1. Morphological Characterizations 

The morphological characteristics of the synthesized materials were examined using FESEM 

and TEM. The FESEM analysis of MXNRs revealed a porous three-dimensional (3D) network, 

where the nanoribbons are intricately entangled, forming a highly interconnected structure, as 
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depicted in Fig. 5.2(a, b). In contrast, the TEM images of Ru@N-MXNR, shown in Fig. 5.2(c), 

reveal the formation of a porous, net-like structure composed of MXNRs, extending several 

micrometres in length, similar to MXNRs, while their widths were between 7 - 20 nm. 

Additionally, high-angle annular dark-field (HAADF) imaging, presented in Fig. 5.2(d), 

confirms an interconnected MXene nanoribbon network and also supports the observations. A 

magnified TEM image in Fig. 5.2(e) further illustrates that Ru NCs are homogeneously 

distributed on the surface of MXNRs, with an average Ru NC size of ~ 0.4 nm. Furthermore, 

the high-resolution TEM (HRTEM) image in Fig. 5.2(f) reveals distinct interplanar spacings 

of 0.4 and 0.36 nm corresponding to the (006) and (101) lattice planes of MXNRs and TiO2 

NPs, respectively. Notably, partial oxidation of the MX surface was observed during 

nanoribbon formation, heteroatom doping, and the Ru NCs anchoring process. The inverse fast 

Fourier transform (IFFT) patterns, displayed at the top corner of Fig. 5.2(f), distinctly highlight 

the (101) lattice planes corresponding to TiO2 NPs16.  

5.3.2. Structural Characterizations 

The structural purity and crystallinity of the synthesized materials were assessed using XRD 

and Raman spectroscopy. The XRD pattern of multi-layered Ti3C2Tx (m-Ti3C2Tx) powder is 

Fig. 5.2. FESEM images of (a) MXNR and (b) magnified view of the MXNR from highlighted area. (c) 

TEM and (d) HAADF image of 5% Ru@N-MXNR; (e) Magnified TEM image of 5% Ru@N-MXNR, 

where the inset illustrates the average Ru NCs size ~ 0.4 nm; (f) HRTEM lattice image of 5% Ru@N-

MXNR. The inset in the top right corner displays the inverse fast Fourier transform (IFFT) lattice images 

of TiO2 NPs.  
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shown in Fig. 5.3(a). Notably, the (104) peak of m-Ti3C2Tx at ~39° vanishes after the HF 

treatment, while the (002) peak undergoes a shift toward a lower 2θ value in multi-layered 

Ti3C2Tx. This shift indicates an increase in interlayer spacing due to the removal of Al layers 

and the introduction of surface functional groups (-O, -OH, -F). The diffraction peaks centred 

at 2θ = 9°, 18.5°, 37.8°, 37.1°, and 60.6° correspond to the (002), (004), (006), (010), and (110) 

crystallographic planes. Additionally, a further downward shift in the (002) peak after KOH 

treatment suggests the intercalation of K⁺ ions, leading to an increment in interlayer spacing. 

Although the Ar atmosphere effectively suppressed oxidation, slight surface oxidation was 

observed, as evidenced by a minor peak at 2θ = 26°, corresponding to anatase TiO2, which was 

previously confirmed through HRTEM analysis. As illustrated in Fig. 5.3(a), the (002) 

diffraction peak of N-MXNR appears at 7.2°, which is a little lower than that of pristine 

MXNRs (7.5°). This shift implies an additional increase in interlayer spacing, likely attributed 

to the incorporation of N heteroatoms into the MXNR framework. Interestingly, the XRD 

pattern of 5%Ru@N-MXNR exhibits a similar pattern to those of MXNR and N-MXNRs. 

However, the (002) peak downshifts further to 7.0° as compared to 7.2° in N-MXNR, 

suggesting that Ru anchoring further increases the interlayer spacing. This observation 

confirms that the synergistic effect of N doping and Ru anchoring improves the interlayer 

distance, thereby increasing the surface area, which is beneficial for catalytic HER applications. 

Next, the crystallinity and phase of the as-prepared materials are investigated by Raman 

spectroscopy. The m-Ti3C2Tx in Fig. 5.3(b) exhibits characteristic peaks at 209.4 cm-1 (Ti, C, 

O) and 700.8 cm-1 (Ti, C), which correspond to the A1g out-of-plane vibrational modes17. The 

broad bands observed in the range 230-470 cm-1 and 540-730 cm-1 can be attributed to the Eg 

in-plane vibrational modes associated with surface functional groups bonded to Ti atoms17. 

Further, a broad Raman band appearing in the range 1200-1600 cm-1 can be ascribed to C-C 

bonding, likely resulting from minor surface oxidation and the presence of amorphous 

carbon18. The Raman spectra of MXNRs display characteristic peaks at ~206, 272, 376, 574, 

and 734 cm-1, which align well with those typically observed for m-Ti3C2Tx. Additionally, 

MXNRs exhibit two distinct bands at ∼1364 cm-1 and ∼1549 cm-1, corresponding to the D 

band (disordered carbon) and G-band (graphitic carbon), respectively18.  In the case of N-doped 

MXNRs, a well-defined D-band at 1355 cm-1 and G-bands at 1565 cm-1 were observed 

compared to pristine MXNRs, suggesting that N doping increases the structural disorder due 

to high-temperature annealing. The Raman spectrum of 5% Ru@N-MXNR exhibits similar 

features to those of N-MXNR, as well as a reduction in disorder within the MXNR framework 

upon Ru anchoring. The ID/IG intensity ratio, a widely used parameter for evaluating the degree 
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of graphitization and defect density in carbon structures indicate that a higher ID/IG ratio 

corresponds to increased defect density within the carbon lattice19. The calculated ID/IG ratios 

for pristine MXNR, N-MXNR, and 5%Ru@N-MXNR are 0.89, 0.97, and 0.91, respectively. 

These findings suggest that increased graphitization and more defect formation occur during 

high-temperature processing, potentially enhancing the catalyst's activity by providing 

additional active sites. Highly graphitized carbon also facilitates stronger π-π interactions, 

thereby improving charge transfer kinetics. Moreover, the introduction of defective sites plays 

a crucial role in tuning the electronic structure and surface characteristics, optimizing the 

adsorption energies of reaction intermediates during catalytic processes. Interestingly, the 

reduction in the ID/IG ratio after Ru anchoring indicates improved structural purity. 

Consequently, Ru NC-decorated MXene nanoribbons, which exhibit a lower ID/IG ratio, are 

expected to show lower charge transfer resistance and, thus, enhanced catalytic activity. 

5.3.3. BET and ESR Analysis 

Fig. 5.3. Comparisons in (a) XRD patterns and (b) Raman spectra of m-Ti3C2Tx, MXNR, N-

MXNR, and 5% Ru@N-MXNR. (c) comparisons in the ESR signal of MXNR, N-MXNR, and 

5% Ru@N-MXNR. (d) Nitrogen adsorption-desorption isotherm of MXNR and 5% Ru@N-

MXNR. 
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ESR spectroscopy was employed to analyze the presence of OVs in the synthesized materials. 

The ESR spectra exhibited resonance signals at g = 2.02, as shown in Fig. 5.3(c), confirming 

the existence of OVs in all the samples20, 21. However, pristine MXNRs displayed a relatively 

low concentration of OVs. In contrast, N doping significantly increased the density of OVs 

within the lattice. Furthermore, a noticeable reduction in the ESR signal was observed after Ru 

NCs incorporation, compared to N-doped MXNRs. This suggests that Ru species can integrate 

into the MXNR lattice, effectively occupying OV sites during the synthesis process. This 

phenomenon facilitates the formation of Ru-Ti bonds, enhancing interfacial chemical 

interactions between Ru and the MXNR support. Consequently, this structural modification 

contributes to an enhanced electrocatalytic HER performance, further emphasizing the 

importance of controlled Ru NCs incorporation in tuning the electronic and catalytic properties 

of MXNR-based catalysts. 

Next, the nitrogen adsorption-desorption isotherm analysis was conducted to evaluate the 

specific surface area of MXNR and 5% Ru@N-MXNR, as illustrated in Fig. 5.3(d) The 

Brunauer-Emmett-Teller (BET) surface area was calculated to be 44.2 m2/g for MXNR and 

95.1 m2/g for 5% Ru@N-MXNR, highlighting a significant enhancement in surface area with 

doping, which in turn provides a higher density of active sites for catalytic reactions, and 

enhanced catalytic efficiency. 

5.3.4. XPS Analysis 

XPS was employed to analyze the chemical composition and modifications in the as-prepared 

samples before and after functionalization. The XPS survey spectrum in Fig. 5.4(a) reveals Ti, 

C, and O in both MXNRs and 5%Ru@N-MXNR, while the F 1s peak is diminished, indicating 

the substitution of F with -O/-OH groups after alkalization, leading to -O terminated MXNRs. 

Additionally, the survey XPS spectra of 5%Ru@N-MXNR show the presence of a small peak 

corresponding to N 1s. However, no Ru 3d peak is observed separately because of the overlap 

of the energy range of C 1s and Ru 3d.  The high-resolution Ti 2p XPS spectra (Fig. 5.4(b)) of 

N-MXNRs show four peaks corresponding to Ti-C (454.3, 460.7 eV), Ti2+ (455.3, 461.8 eV), 

Ti3+ (456.6, 463.3 eV) and Ti-O (458.6, 464.6 eV). Similarly, the Ti 2p high-resolution XPS 

spectra of 5%Ru@N-MXNR show similar peaks, but with a noticeable shift toward higher 

binding energies, attributed to interfacial charge transfer from Ru NCs to the N-doped MXene 

matrix via strong metal-support interactions. The intensity of the Ti-O peak at 458.6 eV is 

slightly improved after Ru anchoring, which can be attributed to the conversion of all the 

surface groups to -O terminated groups at the surface of MXNRs, followed by KOH treatment 
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and annealing, as confirmed earlier from TEM and XRD analysis. The O 1s XPS spectrum of 

the N-MXNRs (Fig. 5.4(c)) shows three peaks corresponding to Ti-O (529.9 eV), C-Ti-Ox 

(531.3 eV), and C-Ti-OHx (532.8 eV). A similar pattern was observed for 5%Ru@N-MXNR, 

but the percentage of OVs is altered. The decrease in the order of OVs is N-MXNR (16.9%) > 

N-MXNR@Ru (13.7%), respectively. Furthermore, the N 1s XPS spectrum for N-MXNR 

shows (Fig. 5.4(d)) two prominent nitrogen states: pyridinic N (398.3 eV) and pyrrolic N 

(401.4 eV), with two additional peaks at BE values 397.0 and 399.5 eV, attributed to Ti-N and 

N-Ti-O bonds22, respectively, confirming the successful incorporation of nitrogen into the 

MXNR framework. In 5%Ru@N-MXNR, all these N 1s states are retained with a notable shift 

toward lower binding energies, along with an enhanced intensity of the pyrrolic-N-Ru peak, 

suggesting Ru NCs preferentially anchor at N-rich defect sites, thereby strengthening the 

interaction with support material. The high-resolution XPS spectra of the C 1s and Ru 3d 

regions (Fig. 5.4(e)) exhibit peaks assigned to Ti-C (281.4 eV), C-C (284.7 eV), C-O (285.6 

eV), and O=C-O (288.4 eV). Additionally, the Ru 3d5/2 signal is also detected at 280.5 eV, 

corresponding to Ru0.23  

Further, the Ru 3p region24 demonstrates two primary Ru 3p1/2 peaks at BE of 484.5 eV and 

486.3 eV. The higher BE peak corresponds to RuO2, while the lower energy peak is attributed 

Fig. 5.4. Comparison of (a) the survey scan XPS spectra of MXNR and 5%Ru@N-MXNR. (c) 

Comparison of the high-resolution (b) Ti 2p, (c) O 1s and (d) N 1s XPS spectra of N-MXNR and 5%Ru@ 

N-MXNR. The high-resolution XPS spectra of (e) C 1s & Ru 3d and (f) Ru 3p1/2 for 5%Ru@N-MXNR. 
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to metallic Ru0, as illustrated in Fig. 5.4(f). 

5.3.5. UV-Vis Absorption and Photothermal Characterizations 

The optical absorption spectra of MXNR, N-MXNR, and 5% Ru@N-MXNR are depicted in 

Fig. 5.5(a). A broad absorption peak in the spectral range of 740-1240 nm range for MXNR is 

attributed to localized surface plasmon resonance (LSPR) effects. In comparison, N-MXNR 

exhibits a similar absorption profile to MXNR but with a slight enhancement in the visible and 

UV regions. This improvement is ascribed to the presence of OVs, which enable higher visible 

light absorption25, while the increased absorption in the UV region is likely due to slight surface 

oxidation and the formation of TiO2 NPs on the MXNR surface, as confirmed by XRD and 

XPS analyses. Notably, 5% Ru@N-MXNR exhibits significantly higher light absorption 

spanning from the UV to NIR regions, which can be attributed to the synergistic effect of 

MXNR, N doping, and Ru NCs.  

Furthermore, the light-to-heat conversion capability of the synthesized materials was evaluated 

by exposing them to a xenon lamp source (Vis-NIR). The results (Fig. 5.5(b)) reveal that 5% 

Ru@N-MXNR demonstrates substantially higher photothermal conversion efficiency 

compared to both MXNR and N-MXNR, owing to their enhanced light absorption and the 

LSPR effect of MXNRs. Additionally, the digital images of the photothermal effect in Fig. 

5.5(c) indicate that under Vis-NIR light illumination, 5% Ru@N-MXNR rapidly attains a 

temperature of 69°C within 1 min, highlighting its excellent photothermal conversion 

efficiency. 

5.3.6. Electrocatalytic HER Performance  

The electrochemical HER performance of the synthesized catalysts was evaluated in an 

Fig. 5.5. (a) Comparison of UV-Vis absorption spectra (b) Light to temperature conversion curves of MXNR, N-

MXNR, and 5%Ru@N-MXNR composites. (d) A digital image of the photothermal effect for 5%Ru@N-

MXNR. 

TH-3801_196121015



     CHAPTER 5                                                                                                                                              109 |        

 

alkaline medium using a standard three-electrode setup in 1 M KOH at room temperature. The 

corresponding LSV curves for MXNR, N-MXNR, 5%Ru@MXNR, 3%, 5%, and 7% Ru 

loaded N-MXNR are illustrated in Fig. 5.6(a). A comparative analysis of the overpotential at 

a current density of 10 mA cm-2 of the as-prepared catalysts is summarized in Table 5.1. 

Among the catalysts, 5%Ru@N-MXNR exhibited the highest catalytic performance, achieving 

an exceptionally low overpotential of ~22 mV at a current density of 10 mA cm-2. This 

overpotential is significantly lower than that of 5% Ru@MXNR (61 mV). The negligible HER 

activity observed for pure MXNR highlights the crucial role of Ru NCs as electrocatalytically 

active sites.  The strong metal-support interactions between Ru NCs and the distinct Ti sites in 

the MXNR substrate effectively modulate the adsorption/dissociation kinetics of H2O as well 

as the desorption of OH* and H* species at the 5%Ru@N-MXNR active sites, thereby 

optimizing the overall catalytic efficiency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To gain deeper insights into the kinetics of the HER, the Tafel slopes of the synthesized 

electrocatalysts were analyzed. The MXNR catalyst exhibited a Tafel slope of 161 mV dec-1, 

suggesting that the water dissociation step is the rate-determining step. In Fig. 5.6(b), the 5% 

Fig. 5.6. Comparison of (a) LSV curves of MXNR, N-MXNR, 5% Ru@MXNR, 3%, 5% and 7% Ru 

loaded N-MXNR composites (b) Tafel plots and slopes, (c) Plots of capacitive current density 

difference vs. scan rate, (d) Nyquist plot for MXNR, N-MXNR, 5% Ru@MXNR, 5% Ru@N-MXNR 

catalysts in 1 M KOH solution. 
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Ru@MXNR and 5% Ru@N-MXNR catalysts demonstrated a Tafel slope of 86 and 50 mV 

dec-1, signifying the effectiveness of Ru NCs in faster HER reaction. The Tafel slope analysis 

indicates that the HER in alkaline electrolytes follows the Volmer-Heyrovsky pathway26, 27. 

Additionally, Ru NCs demonstrate superior water dissociation capability due to their low 

energy barrier for water dissociation. Moreover, the EMSI in 5% Ru@N-MXNR catalyst 

enhances the desorption of adsorbed H*, further improving HER performance28. Additionally, 

the catalytic HER performance of the synthesized materials follows a volcanic trend as the Ru 

concentration increases in Ru@N-MXNR. This behaviour can be attributed to the fact that an 

optimal amount of Ru NCs provides more active sites for HER, whereas an excessive Ru 

loading leads to NCs aggregation, which diminishes the EMSI effect and subsequently reduces 

the catalytic performance.  

The electrochemically active surface area (ECSA) can be determined by evaluating the 

electrochemical double-layer capacitance (Cdl), which is directly proportional to ECSA. As 

depicted in Fig. 5.6(c), the Cdl values for MXNR, N-MXNR, 5% Ru@MXNR, and 5% Ru@N-

MXNR were measured as 17.6, 46.7, 58.1, and 70.83 mF cm-2, respectively. Among these, 5% 

Ru@N-MXNR exhibited the highest ECSA, indicating that it can provide the largest number 

of active sites for electrocatalytic HER. This result further corroborates the superior catalytic 

activity of 5% Ru@N-MXNR in HER. Additionally, the EIS provides valuable insights into 

the charge-transfer kinetics involved in the HER process, which is illustrated in Fig. 5.6(d). 

Compared to MXNR, the charge transfer resistance (Rct) of Ru@MXNR is significantly 

reduced, which is summarised in Table 5.1, indicating improved electron transfer efficiency. 

Among the catalysts, 5% Ru@N-MXNR shows the lowest Rct value of 1.72 Ω, which can be 

attributed to the enhanced water dissociation capability of Ru NCs and the charge redistribution 

induced by the EMSI effect. These findings are consistent with the observed alkaline HER 

activity, further confirming the crucial role of Ru NCs and the EMSI effect in facilitating 

efficient charge transfer and catalytic performance. 

5.3.7. Photoelectrochemical HER Activity 

The photoelectrochemical (PEC) HER performance of the 5% Ru@N-MXNR catalyst was 

further evaluated under simulated solar irradiation to explore the impact of its strong light 

absorption, efficient separation of photogenerated charge carriers, and light-to-heat conversion 

capabilities on HER performance. The LSV was employed to investigate the PEC hydrogen 

evolution performance of 5% Ru@N-MXNR and commercial Pt/C (20%) photocathodes, as 

shown in Fig. 5.7(a). Notably, 5% Ru@N-MXNR exhibited a significantly higher HER 
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activity, achieving an overpotential of ~12 mV @10 mA cm-2 under Vis-NIR light illumination, 

which is significantly lower than the overpotential observed under dark. In contrast, HER  

performance of commercial Pt/C (20%) demonstrates a lower HER performance in both dark 

and under light illumination, with an overpotential of ~23 mV. Additionally, a significant 

reduction in the Tafel slope (Fig. 5.7 (b)) of 5% Ru@N-MXNR (34 mV/dec) was observed 

under illumination, whereas the Tafel slopes of Pt/C (20%) (41 mV/dec) is significantly higher, 

which makes 5% Ru@N-MXNR an excellent photo electrocatalyst over the commercial Pt/C 

catalyst in alkaline medium. The above results indicate that the 5% Ru@N-MXNR catalyst 

exhibits significantly improved HER kinetics compared to the commercial Pt/C catalyst. The 

superior HER activity under light illumination can be attributed to its enhanced light absorption 

and the generation of photogenerated charge carriers by TiO2 NPs. Additionally, the efficient 

charge separation and transfer facilitated by Ru NCs and MXNR further contribute to its high 

catalytic performance. Upon Vis-NIR light illumination, the photothermal effect of the 5% 

Ru@N-MXNR plays a crucial role in improving both the thermodynamic and kinetic aspects 

of the electrocatalytic process. This enhancement arises from the LSPR effect and the presence 

Fig. 5.7. Comparison of (a) LSV curves of 5% Ru@N-MXNR and commercial Pt/C catalysts under dark and 

light illumination, corresponding to (b) Tafel plots and (c) Nyquist plot in 1 M KOH solution. (d) The 

chronoamperometry curve shows long-term stability up to 12 h and the LSV curve of 5% Ru@N-MXNR catalyst 

before and after 5000 cycles under Vis-NIR light illumination in 1 M KOH solution. 

 

 

Plots of capacitive current density difference vs. scan rate for MXNR, N-MXNR, Ru@MXNR, 5% Ru@N-

MXNR 
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of OV states of MXNRs. These defects facilitate the redistribution of thermal energy through 

electron-electron and electron-phonon scattering, leading to a rapid increase in the localized 

surface temperature. As a result, the electron transfer rate is significantly accelerated, 

ultimately boosting the overall HER efficiency. 

Further, EIS was conducted to analyze the electron transfer kinetics of the catalyst during the 

electrocatalysis process. As anticipated, the 5% Ru@N-MXNR catalyst exhibited the lowest 

charge transfer resistance (Rct) of 1.4 Ω (Fig. 5.7(c)), which can be attributed to the enhanced 

separation of photogenerated charge carriers facilitated by Ru NCs and N-MXNR surfaces, 

along with their photothermal effect. This synergistic interaction effectively accelerates 

interface electron transfer kinetics. Additionally, the stability of the catalyst was evaluated 

under prolonged electrochemical conditions. After 5000 CV cycles in 1.0 M KOH, the catalytic 

performance remained nearly unchanged, indicating excellent durability (Fig. 5.7(d)). 

Additionally, a chronoamperometry test conducted at a constant current density of 10 mA cm-

2 for 12 h showed no significant degradation, further confirming the catalyst's long-term 

stability. 

5.3.8. Mechanism of Enhanced HER Activity  

The EIS measurements (Fig. 5.7(c)) reveal that the 5% Ru@N-MXNR catalyst exhibits a lower 

charge transfer resistance (Rct) of ~ 1.72 Ω in the dark, which further decreases to ~1.4 Ω after 

5 min of light exposure. This reduction in Rct indicates enhanced charge transfer dynamics and 

accelerated hydrogen HER kinetics, aligning with the trends observed in the LSV curve and  

Tafel slope analysis. The electrical conductivity of hybrid materials plays a crucial role in 

determining their electrocatalytic HER efficiency. 

The presence of oxygen-containing functional groups on MXNRs provides active sites for 

Fig. 5.8.  (a) A schematic illustration of HER and (b) charge transfer mechanism in Ru@N-MXNR 

composite under Vis-NIR light illumination. 
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hydrogen adsorption, while TiO2 NPs on the surface contribute additional photoelectrons under 

light illumination. This enhanced electron transfer is attributed to the formation of a Schottky 

junction at the MXNR/TiO2 interface, which significantly boosts electrocatalytic performance. 

Moreover, the photothermal effect further enhances electron mobility at the interface, thereby 

increasing the electron transfer rate. Based on these findings, a band alignment and charge 

transfer process is proposed, as illustrated in Fig. 5.8 (a, b). Under Vis-NIR light irradiation, 

electrons in the valence band of TiO2 NPs are excited to the conduction band and subsequently 

migrate to the N-MXNR surfaces due to the Schottky junction formation. The separated 

electrons efficiently participate in water reduction, facilitating hydrogen evolution via the 

following reaction mechanism: 

   Volmer reaction:         Ru@N-MXNR + H2O + e- → Ru@N-MXNR -Hads + 2OH-          

    Heyrovsky reaction:   Ru@N-MXNR -Hads + H2O + e- → Ru@N-MXNR + OH- + H2    

Additionally, the LSPR effect of MXNRs, coupled with the presence of OVs, induces a 

photothermal effect that accelerates reaction kinetics and significantly enhances 

electrocatalytic performance. These findings highlight the potential of 5% Ru@N-MXNR as 

an efficient photo-electrocatalyst for alkaline HER.                                                      

Table 5.1. A summary of catalytic activity and Rct values of different catalysts studied here. 

 

5.4. Conclusions 

We have successfully synthesized ultra-small Ru NCs anchored onto hierarchical N-doped 

Ti3C2Tx MXene nanoribbons (Ru@N-MXNR). Structural characterization through Raman and 

ESR spectroscopy confirms the presence of OVs associated with defect states induced by N 

Catalysts Photoelectrochemical hydrogen production 

Overpotential (mV) at 10 

mA/cm2 

Tafel slope  

(mV/dec) 

Charge transfer 

resistance (Rct, )  

Dark Light Dark Light Dark Light 

MXNR 295 - 161 - 6.25 - 

N-MXNR 227 - 160 - 4.63 - 

5%Ru@MXNR 61 - 86 - 4.05 - 

5%Ru@N-

MXNR 

22 12 50 34 1.72 1.4 

Pt/C (20%) 23 23 42 42 1.58 1.58 
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doping. These defects serve as active sites for Ru anchoring. However, their concentration 

significantly decreases after Ru loading, which effectively inhibits the aggregation of Ru NCs. 

Further, XPS and TEM analysis reveal the formation of TiO2 NPs on the MXNR surface and 

a strong interfacial interaction between Ru NCs and MXNRs in the 5% Ru@N-MXNR 

composite. The UV-Vis absorption spectra demonstrate enhanced light absorption capabilities 

of 5% Ru@N-MXNR compared to pristine MXNR and N-MXNR. Electrochemical studies 

highlight the exceptional HER performance of 5% Ru@N-MXNR under both dark and light-

illuminated conditions. The catalyst exhibits low overpotentials of 22 mV and 12 mV, along 

with Tafel slopes of 50 mV/dec and 34 mV/dec, respectively. Notably, these values surpass the 

performance of the commercial 20% Pt/C catalyst, which demonstrates an overpotential of ~23 

mV and a Tafel slope of 42 mV/dec. The superior catalytic activity of 5% Ru@N-MXNR can 

be attributed to the synergistic effects of Ru NCs' excellent water dissociation ability and the 

electronic metal-support interaction, which facilitates the efficient desorption of adsorbed H* 

intermediates. Additionally, under Vis-NIR light illumination, the generation of additional 

photogenerated charge carriers, coupled with photothermal effects, enhances electron mobility 

and further improves HER activity. A long-term stability assessment confirms the stable 

hydrogen production capability of 5% Ru@N-MXNR, as evidenced by a consistent current 

density over the extended operation. Therefore, the 5% Ru@N-MXNR emerges as a highly 

promising and cost-effective alternative to conventional 20% Pt/C catalysts for 

photoelectrochemical hydrogen evolution in alkaline media, offering a sustainable pathway for 

efficient hydrogen production. 
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Chapter 6 

High-Performance Schottky Junction Photodetector Based 

on Bi2S3/Ti3C2Tx MXene for Broadband Photodetection  

 

This chapter investigates the role of Ti3C2Tx MXene nanosheets as a robust metallic support in 

enhancing the optoelectronic device performance of Ti3C2Tx-based composites. In this context, 

the Bi2S3/Ti3C2Tx composite material, previously discussed in Chapter 4, has been utilized, 

considering its low cost, exceptional light absorption properties, and efficient photogenerated 

charge separation capabilities. The fabricated low-cost Bi2S3/Ti3C2Tx-based Schottky junction 

photodetector exhibits outstanding broadband responsivity, covering a spectral range from 

ultraviolet to near-infrared (300-1550 nm). The device achieves peak responsivity values of 

36.7 A/W at 300 nm and 26.2 A/W at 780 nm. Additionally, it demonstrates a high external 

quantum efficiency of ~ 3.9 × 103% and a rapid response time of ~300 μs under an applied bias 

of 3 V, highlighting its remarkable performance. Moreover, the fabricated photodetector 

exhibits excellent long-term stability under ambient conditions. This study provides valuable 

insights into the superior charge transport properties and ultra-broadband photodetection 

capabilities of Ti3C2Tx MXene-based composites, underscoring their potential for high-

performance optoelectronic applications. 

6.1. Introduction 

Photodetectors (PDs) are optoelectronic devices that transform photon energy into electrical 

signals. They are extensively used in advanced applications such as optical communication 1, 

remote sensing 2, and biological imaging3. Semiconducting materials with suitable band gaps 

can detect light signals in specific wavelength ranges, from ultraviolet (UV) to near-infrared 

(NIR). Wide bandgap semiconductors like TiO2, ZnO, and GaN are ideal for UV detection4, 

whereas narrow bandgap materials like InGaAs and Sb2Se3 are better suited for visible (Vis) 

and NIR light detection5. Broadband PDs have recently attracted considerable attention due to 

their ability to detect light across a broad spectrum, from UV to Vis to NIR. The active research 

in this field primarily focuses on materials such as Si6, organic-inorganic perovskites7, 

graphene 8, black phosphorus 9, TMDs 10, and their hybrid structures, owing to their distinctive 

electrical and optical properties. However, Si-based PDs exhibit limitations in broadband 

detection due to their low optical sensitivity in the UV and NIR regions, as well as high 
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reflectivity 10. Organic-inorganic metal halide perovskites, recognized for their high absorption 

coefficient, excellent charge carrier mobility, and suitable bandgap, have gained significant 

attention for broadband PD applications. Despite these advantages, their instability in the 

presence of oxygen and moisture poses a significant challenge to their commercial viability 11. 

A graphene-based PD capable of detecting light across a broad spectral range from 300 to 6000 

nm is reported by Muller and co-others 12. However, despite its extensive spectral sensitivity, 

the device exhibits low responsivity and limited gain, primarily due to high dark current and 

insufficient light absorption. Similarly, black phosphorus-based PDs, while highly effective for 

mid-infrared detection, suffer from poor environmental stability, which restricts their 

widespread application in optoelectronic devices13. The TMDs, known for their high absorption 

coefficient and excellent charge carrier mobility, have shown enhanced responsivity and 

specific detectivity in the Vis to NIR region. However, their atomically ultrathin structure 14 

results in inadequate light absorption, leading to reduced responsivity in the NIR region, 

thereby limiting their potential for broadband detection. Additionally, the high costs associated 

with material synthesis and device fabrication, coupled with environmental instability, pose 

significant challenges. Therefore, there is an urgent need for a cost-effective material with an 

optimal bandgap and broad spectral sensitivity to drive advancements in broadband 

photodetection technologies. 

The PDs based on Ti3C2Tx MXene have demonstrated exceptional performance due to their 

outstanding electrical and optical properties. For instance, Nabet et al. 15 fabricated an MXene-

GaAs-MXene PD by spin-coating a Ti3C2Tx transparent electrode onto a patterned GaAs 

substrate, effectively replacing the conventional high-cost Au electrodes. This device exhibited 

superior photodetection performance compared to its counterpart incorporating Au electrodes. 

Similarly, Yang et al.16 developed a large-area flexible PD on a paper substrate by integrating 

CsPbBr3 with Ti3C2Tx nanosheets, achieving an impressive on/off ratio of approximately 2.3 × 

103, a response time of ~18 ms, a maximum responsivity of 44.9 mA W-1 at a bias voltage of 

10 V, and a specific detectivity of 6.4 × 108 Jones. Zhang et al.17 fabricated a self-driven 

Schottky junction PD based on a Ti3C2Tx/GaAs heterostructure, demonstrating an on/off ratio 

of ~5.6 × 105, a responsivity of 1.4 A/W, and a specific detectivity of 1.23 × 1013 Jones. 

Additionally, this device exhibited a broad photodetection range extending up to 980 nm. 

However, most studies on Ti3C2Tx MXene-based PDs have reported photodetection 

capabilities limited to specific spectral regions, either from UV to Vis or from Vis to NIR. To 

date, no reports have documented the development of a truly broadband Ti3C2Tx MXene-based 
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PD capable of covering the entire UV-Vis-NIR spectrum. 

In this study, a planar PD was fabricated utilizing a Bi2S3/Ti3C2Tx composite material. During 

the in-situ growth process, a Schottky junction was established at the interface between Ti3C2Tx 

and Bi2S3. The presence of a built-in electric field at this junction effectively facilitates the 

separation of photogenerated charge carriers by minimizing recombination and trapping, 

thereby enhancing charge transfer across the interface. The broadband photodetection 

characteristics of the composite material were evaluated by spin-casting the as-synthesized 

Bi2S3/Ti3C2Tx onto an Au inter-digitated electrode (IDE) patterned on an alumina substrate. 

The fabricated Schottky PD exhibited exceptionally high values of responsivity, specific 

detectivity, and external quantum efficiency. Additionally, the photoresponse was analyzed 

through pulsed photoresponse measurements, revealing rapid switching characteristics. The 

spectral response of the device demonstrated a broad detection range covering UV, Vis, and 

NIR regions. Furthermore, the room-temperature storage stability of the Bi2S3/Ti3C2Tx PD, 

without any encapsulation, was assessed over an extended period. The exceptional performance 

and long-term stability of the PD were further investigated through a combination of density 

functional theory (DFT) calculations, microscopic imaging, and spectroscopic analysis. 

6.2. Experimental Details 

6.2.1. Synthesis of Ti3C2Tx MXene Nanosheets 

The synthesis of Ti3C2Tx MXene nanosheets is similar to that discussed in Chapter 3, Section 

3.2.1. 

6.2.2. Synthesis of Bi2S3/Ti3C2Tx MXene Composites 

The synthesis of the Bi2S3/Ti3C3Tx composite follows a methodology similar to that outlined 

in Chapter 4, Section 4.2.2. However, the precursor concentrations were adjusted, with 

bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) at 0.75 mM and thiourea at 1.5 mM, with a total 

solution volume of 20 mL. The resulting composites are abbreviated as BSMX1, BSMX4, and 

BSMX7, corresponding to Ti3C2Tx (MX) MXene loading of 1, 4, and 7 wt% relative to 

Bi(NO3)3·5H2O. Additionally, pristine bismuth sulfide (Bi2S3) was synthesized using the same 

precursor concentrations, but the mixing time of the two precursors was kept at 10 min before 

the hydrothermal treatment. 

6.2.3. Fabrication of Photodetector Device 

A planar photodetector device was fabricated utilizing commercially available IDE-patterned 
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gold (Au) electrodes with a channel gap of 80 μm on an alumina substrate. The sample 

solutions of BS and BSMX4, prepared at a concentration of 0.5 mg/mL, were subjected to 

sonication for 30 min. Subsequently, 50 μL of each solution was spin-coated onto a localized 

region of the IDE. The resulting films were then dried at 60 °C for 2 h before further 

characterization. 

6.2.4. Computational Details 

The density functional theory (DFT) calculations were carried out by using Quantum Espresso 

software18. The exchange-correlation interaction was treated by using generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional 19. The van der 

Walls correction, Grimme-D3, was applied in all the calculations 20 of BSMX composite. The 

plane wave cut-off energy of 70 Ry and a Monkhorst-Pack k-point 8 × 8 × 1 grid were used for 

the Brillouin zone 21. Additionally, in the reciprocal space, Vanderbilt ultra-soft 

pseudopotential was used to describe the atomic electronic configuration. The energy 

convergence threshold was set to 1× 10-6 Ry. 

In particular, the partial density of states (PDOS), the density of states (DOS), the band 

structure, and the charge density distribution were analyzed. Further, the charge density 

distribution was visualized by VESTA software 22, and the charge density difference (CDD) 

(ρcdd) was calculated by using the formula: 

                                    𝜌𝑐𝑑𝑑 =  𝜌𝐵𝑆𝑀𝑋 −  𝜌𝐵𝑆  − 𝜌 𝑀𝑋                                          (1)      

Where,  ρ𝐵𝑆𝑀𝑋 , ρ𝐵𝑆,  and ρ𝑀𝑋  represents the charge density of the BSMX composite, BS, and 

MX 

6.2.5. Characterization Techniques 

To analyze the crystal structure, morphology, and surface properties of the Bi2S3/Ti3C2Tx 

composites, XRD, Raman spectroscopy, FESEM, TEM, and BET analyses were performed. 

Additionally, the reduction of organic pollutants was characterized using UV-Vis absorption 

spectroscopy. However, the characterization procedures are similar to those described in 

Chapter 3, Section 3.2.4. The UV-Vis absorption spectra of the synthesized materials were 

recorded using a PerkinElmer Lambda 950 absorption spectrometer. Electrochemical 

impedance spectroscopy (EIS) measurements were conducted with a CHI6044E 

electrochemical workstation; the current-voltage (I-V) characteristics and temporal 

photoresponse (I-t) of the photodetector devices were evaluated using a microprobe station 

(ECOPIA, EPS-500), an 808 nm laser with TTL modulation (CNI Laser), and a Keithley 2400 
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source-measure unit. The spectral photo-responsivity of the photodetector was determined 

utilizing a Xenon lamp (Newport) coupled with a manual monochromator (Newport) for 

measurements in the UV-Vis range. For the near-infrared (NIR) region, multiple laser sources 

with wavelengths of 808, 980, 1064, 1350, and 1550 nm were utilized, along with a Keithley 

2400 source-measure unit. 

6.3. Results and Discussion 

6.3.1. Morphological Characterizations 

The morphological characteristics of the synthesized materials were examined using FESEM 

and TEM. The TEM image of pristine MX reveals a nanosheet-like morphology, as described 

previously in Chapter 4, Section 4.3.1. FESEM image of pristine BS exhibits an aggregated  

nanorod-like morphology, as illustrated in Fig. 6.1(a, b). This pronounced aggregated 

morphology is attributed to the high surface energy of BS nanorods, which drives their natural 

tendency to aggregate in order to minimize surface energy23. Additionally, the EDS analysis of 

the BS (Fig. 6.1(c)) reveals that the atomic percentage of Bi and S is 60.2 and 42.1%, 

respectively. However, the TEM image of BSMX composites with 4 wt% MX (Fig. 6.2(a)) 

loading demonstrates a significant reduction in BS nanorod aggregation. This reduction in 

agglomeration is primarily facilitated by the negatively charged functional groups present on 

MX nanosheets, which play a crucial role in providing nucleation sites while simultaneously 

preventing the aggregation of BS nanorods by reducing their surface energy through electron 

transfer from BS to MX nanosheets. This mechanism was further validated through density 

functional theory (DFT) simulations and experimental ultraviolet photoelectron spectroscopy 

(UPS) analysis, as discussed in a later section. A magnified view of an individual BS nanorod 

Fig. 6.1. (a) FESEM image, (b) magnified view of the selected region (red) of the BS nanorods. (c) EDS 

spectra of BS nanorods showing a good stoichiometry. 
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from the BSMX4 composite (Fig. 6.2 (a)) is presented in Fig. 6.2 (b), confirming that MX 

nanosheets wrap around the BS nanorods in BSMX4. These nanosheets act as a transparent 

layer under the electron beam, as reported in literature24. Furthermore, the high-resolution TEM 

(HRTEM) image of the BSMX4 composite (Fig. 6.2 (c)) displays lattice planes corresponding 

to both BS and MX nanosheets. The measured interplanar spacings of 0.26 nm and 0.36 nm 

correspond to the (101) and (130) crystal planes of MX and BS, respectively25, 26. This 

observation is further corroborated by XRD analysis, which is discussed later. The EDS 

analysis of the BSMX4 composite (Fig. 6.2 (d)) reveals the atomic percentage of Bi (28.9 %), 

S (42.1 %), Ti (3.2 %), O (16.7 %), and C (9.1 %). Furthermore, EDS mapping confirms the 

homogeneous distribution of Bi, S, Ti, C, and O elements within the BSMX4 composite, 

corresponding to Fig. 6.2(e-i). However, the strong attachment between BS nanorods and MX 

layers enhances both light absorption and charge transfer processes, which are elaborated in 

subsequent sections. 

Fig. 6.2.  (a, b) TEM images of BSMX4 composite. (c) HRTEM image of BSMX4, where the inset in 

the top and bottom corner shows the inverse fast Fourier transform lattice image of MX and BS. (d) EDS 

spectrum of BSMX4 composite and (e-i) elemental mapping of Bi, S, Ti, O, and C elements of BSMX4 

composite.  
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6.3.2. Structural Characterizations 

The phase structure and crystallinity of the synthesized materials were analyzed using X-ray 

diffraction (XRD) and Raman spectroscopy. The XRD pattern of MX nanosheets in Fig. 6.3(a) 

exhibits five primary diffraction peaks at 2θ = 6°, 17°, 29.1°, 34.11°, and 35.8°, which 

correspond to the (002), (004), (006), (101), and (106) crystal planes of MX, respectively. In 

contrast, the XRD pattern of BS aligns well with the standard reference card for Bi2S3 (JCPDS 

No. 01-075-1306), confirming its orthorhombic phase. Notably, the XRD pattern of the 

BSMX4 composite (Fig. 6.3 (a)) closely resembles that of pristine BS but with enhanced peak 

intensity. This observation indicates that during the in-situ growth of BS nanorods, the presence 

of MX nanosheets contributes to improved crystallinity without altering the intrinsic crystal 

structure of BS nanorods. However, characteristic XRD peaks associated with MX nanosheets 

are absent in the BSMX composite, likely due to the ultrathin layered structure or the relatively 

low concentration of MX nanosheets compared to BS. Furthermore, the Raman spectra of MX, 

 

 

 

 

 

 

BS and BSMX4 were recorded within the spectral range of 60-315 cm-1, as depicted in Fig. 6.3 

(b). The Raman spectrum of the BSMX4 composite confirms the presence of vibrational modes 

corresponding to both BS (Ag) and MX (A1g). However, both Raman modes (A1g and Ag) 

exhibit a noticeable shift from their original positions. This shift may be attributed to the 

introduction of tensile strain in the MX lattice, resulting from the removal of oxygen vacancies 

(OVs) during the hydrothermal reaction. Additionally, all Ag peaks of BS in the BSMX4 

composite undergo a blue shift relative to pristine BS, which could be a consequence of 

compressive strain in the BS lattice after the attachment of MX nanosheets. This structural 

alteration and strain effect are elaborated in Chapter 4, Section 4.3.2. These experimental 

Fig. 6.3. Comparison of (a) XRD patterns and (b) Raman spectra of MX nanosheets 

(black), BS nanorods (red), and BSMX4 composite (blue). The arrows in (b) indicate 

the shift of the Raman modes in the composite.  
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findings confirm the structural integrity of the BSMX4 composite. 

6.3.3. XPS Analysis  

The elemental composition and valence states of the constituent elements in pristine BS, MX, 

and the BSMX4 composite were further examined using XPS analysis. Fig. 6.4(a) 

demonstrates a comparative high-resolution XPS spectrum for Bi 4f and S 2p peaks in BS and 

BSMX4. The pristine BS spectrum exhibits two prominent peaks at binding energies (BE) of 

158.4 eV and 163.7 eV, which correspond to Bi 4f7/2 and Bi 4f5/2 of Bi3+, respectively27, with a 

spin-orbit coupling separation of 5.3 eV. Additionally, two smaller peaks at BE values of 156.9 

eV and 162.2 eV are assigned to Bi 4f7/2 and Bi 4f5/2 of metallic bismuth (Bi0)28. Another peak 

at 161.1 eV corresponds to the 2p orbital of S2-.27 The high-resolution Bi 4f XPS spectrum of 

the BSMX4 composite (Fig. 6.4(a)) displays similar peaks to those observed in pristine BS, 

along with two additional peaks at BE values of 159.6 eV and 164.9 eV, which correspond to 

Bi-O bonds27. This suggests the interaction of Bi with oxygen-containing surface groups of 

MXene, leading to the formation of Bi-O chemical bonds. Notably, all peaks in the BSMX4 

composite are shifted towards higher BE compared to pristine BS; the expected reason for this 

shift is discussed in a later section. The high-resolution Ti 2p XPS spectrum of MXene, shown 

in Fig. 6.4(b), is fitted with four peaks corresponding to Ti-C (454.9 eV and 460.9 eV), C-Ti2+-

O (455.8 eV and 461.8 eV), C-Ti3+-O (456.8 eV and 462.8 eV), and Ti-O (459 eV and 465.1 

eV) 29, 30. In contrast, the high-resolution Ti 2p spectrum of BSMX4 (Fig. 6.4(b)) primarily 

consists of three peaks attributed to C-Ti2+-O (455.6 and 456.3 eV), Ti-C (454.5 and 460.2 eV), 

Fig. 6.4. High-resolution XPS spectrum of (a) Bi 4f from BS and BSMX4, (b) Ti 2p, and (c) O 1s of MX 

and BSMX4. The symbols represent the experimental data, and the solid lines correspond to the Gaussian-

Lorentzian fitted spectra with a Shirley baseline. 
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and Ti-O (459 eV). The Ti-O peak arises from oxygen-containing surface groups, which are 

significantly more pronounced compared to pristine MXene nanosheets. Additionally, the 

decreased intensity of the C-Ti2+-O peak suggests the removal of low-valent Ti states through 

hydrothermal oxidation. A comparison of the high-resolution O 1s XPS spectra of MX and 

BSMX4 is depicted in Fig. 6.4(c). The O 1s spectrum of MXene is deconvoluted into three 

peaks corresponding to Ti-O (529.6 eV), C-Ti-Ox (531.1 eV), and C-Ti-OHx (532.5 eV). 

Similarly, the O 1s spectrum of BSMX4 exhibits three peaks at 530.2 eV, 531.1 eV, and 532.2 

eV, assigned to Ti-O, C-Ti-Ox, and C-Ti-(OH)x, respectively29, 30, with respective proportions 

of 29.1%, 38.1%, and 32.8%. These findings indicate the presence of -Ox and -OHx groups in 

the BSMX4 composite in an approximate 2:1 ratio. Notably, the deconvoluted peaks associated 

with C-Ti-Ox and C-Ti-(OH)x in BSMX4 shift toward lower BE values. 

6.3.4. Optical Characterization  

To gain insight into the dynamics of photogenerated charge carriers in BS and BSMX 

composites, steady-state photoluminescence (PL) measurements were conducted. The PL 

spectra of pristine BS and BSMX composites with varying MX nanosheet loadings are 

presented in Fig. 6.5 (a). BS nanorods exhibit a broad PL spectrum with an emission peak at ~ 

940 nm, which corresponds to excitonic recombination near the band edge. However, in BSMX 

composites, a significant reduction in PL intensity is observed compared to pristine BS 

nanorods. The PL quenching efficiency follows the trend: BSMX4 (85%) > BSMX7 (80%) > 

BSMX1 (68%). The highest quenching efficiency in BSMX4 suggests the most effective 

separation and transfer of photogenerated charge carriers at the BSMX interface, thereby 

minimizing radiative recombination. Notably, no PL emission is detected in MX, likely due to 

its metallic nature. 

To further substantiate the efficient charge separation and transfer rate in BSMX composites, 

electrochemical impedance spectroscopy (EIS) was carried out. Fig. 6.5(b) illustrates the 

Nyquist plots for BS, BSMX1, BSMX4, and BSMX7 samples, fitted using Z-view software. 

The results indicate that BSMX4 exhibits the smallest semi-circular arc radius, signifying the 

most efficient interfacial charge transfer25 and enhanced separation of electron-hole pairs. The 

overall resistance at the electrode-electrolyte interface is denoted as Rs, while Rct represents the 

interfacial charge transfer resistance. The Rct values for the different materials follow the trend 

of: BS (184 kΩ) > BSMX1 (79.4 kΩ) > BSMX7 (60.4 kΩ) > BSMX4 (46 kΩ). These findings 

confirm that charge transfer kinetics are significantly enhanced upon the incorporation of MX 
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nanosheets at an optimal loading of 4 wt%. This improved charge transfer characteristic of the 

junction is subsequently leveraged for photodetection applications. 

To evaluate the broadband light absorption capability of the MX, BS, and BSMX4 samples, 

UV-Vis absorption spectroscopy was conducted, and the corresponding results are illustrated  

 

 

 

 

 

 

 

 

 

 

 

in Fig. 6.5(c). The absorption spectra of MX nanosheets exhibit two distinct peaks: a broad 

peak in the range of ~ 700-850 nm, which is attributed to the LSPR effect31, and another peak 

at around 302 nm, associated with surface oxidation32. In contrast, BS nanorods display 

broadband absorption spanning the UV to NIR region (300-1800 nm), with a prominent peak 

at~ 650 nm. Notably, the BSMX4 composite exhibits a broad absorption spectrum similar to 

that of pristine BS nanorods. Moreover, the BSMX4 composite demonstrates significantly 

enhanced absorption across the entire spectral range (300-1800 nm) compared to pure BS 

nanorods, with a peak centred around 780 nm. Further, the band gap of the as-synthesized 

materials was calculated by using Tauc’s formula: 

Fig. 6.5. (a) Comparison of the steady-state micro-PL spectra of BS, BSMX1, BSMX4, and BSMX7 

under 532 nm laser excitation. (b) The electrochemical impedance spectra of the corresponding samples 

under 760 nm light irradiation. (c) Comparison of UV-Vis absorption spectra of BSMX4, BS, and MX, 

(d) Comparison of Tauc plots of BS and BSMX4 to calculate the respective bandgap.  
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                                                (αhν)n = A (hν − Eg)                                            (2) 

where α is the absorption coefficient, Eg is the bandgap, A is a proportionality constant, and n 

= 2. The calculated bandgap values, Fig. 6.5(d) of BS and BSMX4 are 1.3 eV and 1.1 eV, 

respectively. The observed bandgap reduction in BSMX4 is likely due to the synergistic effects 

of thin MX nanosheets and quantum confinement. The enhanced light absorption across the 

UV-NIR spectrum in BSMX4 facilitates efficient electron-hole pair generation, making it 

highly suitable for broadband photodetection applications 

6.3.5. Theoretical DFT Study 

To gain deeper insight into the electronic structure and interfacial charge transfer mechanism 

between BS and MX in BSMX composites, DFT calculations were performed. In this study, 

MX was modelled as TC0.66O0.66 (Tx = O2), considering the high proportion of -O functional 

groups (67.2%) present in BSMX4, as confirmed by the O 1s XPS spectrum in Fig. 6.4(c). The 

electronic band structure of BS, depicted in Fig. 6.6(a), reveals a direct bandgap of 1.33 eV, 

which aligns well with experimental observations. Conversely, the electronic band structure of 

TC0.66O0.66 in Fig. 6.6(b) shows overlapping bands near the Fermi level, indicative of its 

metallic nature. Notably, the band structure of BSTC0.66O0.66, presented in Fig. 6.6(c), also 

exhibits band overlap near the Fermi level. This phenomenon is attributed to the introduction 

of TC0.66O0.66, which introduces additional electronic states within the bandgap of BS, thereby 

reducing its effective bandgap. Further analysis of the total density of states (TDOS) and 

projected density of states (PDOS) for BS and TC0.66O0.66 is provided in Fig. 6.6(d, e), 

respectively. The calculated bandgap of BS from TDOS is 1.34 eV, which is consistent with 

the band structure plot. Similarly, the TDOS of TC0.66O0.66 confirms its metallic behaviour due 

to the overlap of electronic states near the Fermi level. Furthermore, the TDOS of 

BSTC0.66O0.66 (Fig. 6.6(f)) highlights the dominant contribution of TC0.66O0.66. A noticeable 

shift of the TDOS in the conduction band towards the Fermi level is observed in BSTC0.66O0.66 

compared to pristine BS, suggesting an increased density of available electronic states near the 

Fermi level. This enhancement is expected to facilitate more efficient electron transport, 

leading to improved optoelectronic performance of BSTC0.66O0.66 relative to pristine BS. To 

further investigate charge separation and migration at the BS/TC0.66O0.66 interface, charge 

density difference (CDD) calculations were conducted, as shown in Fig. 6.6(g). The regions of 

charge accumulation are represented in yellow, while the blue regions indicate charge 

depletion, confirming electron transfer from BS to the TC0.66O0.66 surface via the Bi-O bond. 
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Additionally, the plane-averaged charge density plot in Fig. 6.6(h) reveals two distinct peaks: 

one in the depletion region, indicating electron loss, and another in the accumulation region, 

signifying electron gain. These findings confirm that interfacial charge transfer occurs from BS 

to TC0.66O0.66. Furthermore, Bader charge analysis quantitatively verifies this charge transfer. 

It was determined that BS donates a total charge of 0.390 e per unit cell, or ~ 2.83 × 10⁻⁴ e/Å3, 

which is subsequently acquired by TC0.66O0.66. Given that the estimated volume of a single BS 

nanorod in the practical system is approximately 1.907 × 10¹⁰ Å3, the overall charge transfer 

per nanorod is calculated to be 5.39 × 106 e, which is significantly high. 

 

 

 

6.3.6. UPS Study 

To further gain deeper insights into the interfacial charge transfer mechanism at the BS/MX 

interface in BSMX4, UPS analysis was conducted. The relative band positions and work 

function of the synthesized samples were examined using UPS. The corresponding UPS spectra 

for BS, MX, and BSMX4 are presented in Fig. 6.7(a, b). The work function (φ) can be 

determined by using the formula: 

Fig. 6.6. (a, b, c) DFT calculated electronic band structure of BS, TC0.66O0.66, and BSTC0.66O0.66 composite, 

respectively. (d, e, f) The corresponding electronic DOS of these samples. (g) CDD plot of BSTC0.66O0.66 

composite from DFT calculation, where the charge accumulation and depletion are represented by yellow 

and blue colour shades in two regions. (h) The plane average charge density difference plot indicates two 

spikes corresponding to charge depletion (at the BS site) and charge accumulation (at the TC0.66O0.66 site), 

and the dotted line indicates the interface between BS and TC0.66O0.66.  
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                                                           𝜑 = ℎ𝜈 − 𝐸𝑐𝑢𝑡 𝑜𝑓𝑓                                           (3)                      

where hν is the source energy (He I, 21.2 eV), and Ecutoff is determined by the intersection of  

the secondary electron cut-off occurs at a high binding energy value. For MX nanosheets, the 

measured secondary electron cut-off energy was found to be 16.61 eV, providing a work 

function of 4.59 eV. Similarly, for BS nanorods, the cut-off energy was determined to be 16.8 

eV, corresponding to a work function of 4.4 eV. The energy separation between the Fermi level 

(EF) and the valence band maximum (EV) was obtained by extrapolating the linear portion of 

the spectrum to the energy axis in the low-binding energy region. For BS nanorods, this energy 

separation (EF - EV) was found to be 1.1 eV. Upon the formation of interfacial contact between 

BS nanorods and MX nanosheets, the cut-off energy shifted to 16.6 eV, leading to a work 

function of 4.6 eV, while the EF - EV value decreased to 1.0 eV. Using these parameters, a 

schematic band diagram was constructed to illustrate the band alignment of BS nanorods and 

MX nanosheets before and after contact, as shown in Fig. 6.7(c). Before establishing contact, 

the EF of BS nanorods was close to the conduction band, confirming its n-type semiconductor  

 

 

 

 

 

 

 

 

 

 

 

 

nature. Meanwhile, the Fermi level of MX nanosheets was located below that of BS nanorods, 

suggesting the formation of a Schottky junction at the BS/MX interface. Upon interfacial 

Fig. 6.7. UPS spectra of (a, b) BS, MX, and BSMX4 composite. (c) Energy band alignment 

derived from the UPS spectra and possible charge transfer mechanism in BSMX4 across the 

junction under light illumination. 
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contact, electron transfer occurred spontaneously from the BS nanorods to the surface of MX 

nanosheets due to the higher EF of BS. This electron migration continued until equilibrium was 

established, resulting in the formation of a positively charged layer on the BS surface and an 

accumulation of negatively charged electrons on the MX nanosheets. Consequently, a depletion 

region was formed, accompanied by an upward band bending near the interface. This 

phenomenon led to the development of a built-in electric field and a Schottky barrier at the 

junction, which is consistent with the DFT calculations discussed earlier. In the above system, 

upon illumination with a NIR light source, electrons in the valence band of BS nanorods are 

excited to the conduction band, leading to the generation of electron-hole pairs. 

Simultaneously, the built-in electric field at the BS/MX interface exerts a positive force on the 

photogenerated holes, facilitating their rapid transfer to the surface of the MX nanosheets. 

Consequently, the photogenerated electrons in the conduction band are efficiently separated 

under an applied external bias voltage, enhancing charge carrier extraction and transport. On 

the other hand, photogenerated holes facilitate their rapid transfer to the surface of the MX 

nanosheets. Consequently, the photogenerated electrons in the conduction band are efficiently 

separated under an applied external bias voltage, enhancing charge carrier extraction and 

transport. 

Considering both the computational and experimental findings, it is evident that the BSMX4 

composite exhibits remarkable potential for photodetection applications. To validate its 

practical utility, a PD device was fabricated using the BSMX4 composite material, and its 

broadband photodetection performance was systematically investigated, as discussed in the 

subsequent sections. 

6.4. Application of BSMX Composite for Broadband Photodetection  

A schematic representation of the BSMX4 composite-based PD is provided in Fig. 6.8(a). The 

current-voltage (I-V) characteristics of both pristine BS and BSMX4-based PDs are depicted 

in Fig. 6.8(b) under dark conditions and upon illumination with an 808 nm laser at a power 

density of 6.3 mW cm-2 (Y-axis plotted on a logarithmic scale). The I-V curve of pristine BS 

demonstrates a symmetric behaviour, which indicates a back-to-back Schottky contact 

formation. Similarly, the BSMX4-based PD exhibits a symmetric I-V pattern with significant 

enhancement in photocurrent compared to the pristine BS PD, attributed to superior charge 

separation and enhanced light-matter interaction. It is noteworthy that the dark current in 

BSMX4 is slightly higher than that of the pristine BS PD due to the incorporation of MX 
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nanosheets, which contribute to an overall increase in system conductivity. Fig. 6.8(c) 

illustrates an intensity-dependent temporal photoresponse (I-t) study under 808 nm laser 

excitation with a bias voltage of 3 V. The inset illustrates the photocurrent as a function of laser 

intensity on a logarithmic scale, where the data have been fitted using a power-law relation: 

                                                      𝐼𝑝ℎ = 𝐴𝑃𝜃                                                                        (4) 

where Iph and P are the photocurrent and intensity of incident light, while A is a constant and 

exponent θ determines the photoinduced charge collection efficiency with light. In the low-

intensity region (0.03-0.55 mW cm-2), the value of exponent θ is ~ 0.88, suggesting an almost 

linear correlation between the incident photon flux and the generation of charge carriers. This 

behaviour indicates efficient charge separation with minimal recombination losses. However, 

in the higher power density range (0.55-8.5 mW cm-2), the exponent θ decreases to ~ 0.35, 

which is attributed to increased carrier trapping and recombination effects. The linear dynamic 

range (LDR) provides a quantitative measure of the device's sensitivity across varying light  

 

 

 

 

 

 

 

 

intensities, as described by the corresponding mathematical relation: 

                                             𝐿𝐷𝑅 = 20 log (𝐼𝑝ℎ
∗ /𝐼𝑑𝑎𝑟𝑘),                                                      (5) 

Fig. 6.8. (a) Schematic illustration of the PD configuration and photocurrent measurement, (b) Semi-log 

plot of dark current and photocurrent as a function of the voltage applied on BS and BSMX4 PDs. (c) 

Power-dependent photocurrent in BSMX4 PD; the inset shows a logarithmic photocurrent vs. intensity 

plot. (d) Responsivity, detectivity, and EQE BSMX4 PD as a function of incident power density.  
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where Idark is the current in the absence of any light, and I*
ph is the photocurrent at a particular 

intensity from which the photocurrent starts deviating from linearity. In BSMX4 PD, the 

photocurrent increases from ~1.14 μA to 14.1 μA at an applied bias of 3 V as the incident light 

intensity rises from 0.03 to 0.55 mW cm-2, giving an LDR of 40.7, which is notably high. The 

overall performance of a PD is primarily characterized by three key parameters: responsivity 

(R), external quantum efficiency (EQE), and specific detectivity (D*), which are defined by 

the following equations. 

                                                                𝑅 =
(𝐼𝑝ℎ−𝐼𝑑𝑎𝑟𝑘

)

𝐴×𝑃
                                                        (6) 

                                                               𝐷∗ =  
𝑅

√2𝑒𝑗𝑑
                                                              (7) 

                                                       𝐸𝑄𝐸% = (1240 ×
𝑅𝜆

𝜆
) × 100%                                     (8)                   

Where Iph is photocurrent, Idark is the dark current, P is the intensity of the incident light 

illumination and A is the effective area of the photodetector, whereas jd refers to the dark 

current density, and e is the electronic charge. Based on the above equation, the responsivity 

(R), specific detectivity (D*), and external quantum efficiency (EQE) of the BSMX4 PD were 

determined under 808 nm excitation, with the results depicted in Fig. 6.8(d). Notably, the 

responsivity of BSMX4 PD exhibits a decreasing trend with increasing laser intensity, reaching 

a maximum value of approximately 25.5 A/W at a low power density of 0.03 mW cm-2. The 

decline in R at higher intensities is attributed to the presence of trap states within BS nanorods. 

At elevated light intensities, some photogenerated electrons may become trapped at interface 

states, leading to an increase in recombination processes. This, in turn, reduces the overall 

photocurrent, thereby lowering the responsivity of the device. Since D* and EQE are directly 

Fig. 6.9. (a) The photoresponse of BSMX4 PD at different applied bias voltages ranging from 1 to 8 V, with the 

inset depicting the photoresponse at lower bias voltages (0.2 to 0.8 V) under 808 nm laser excitation with a power 

density of 6.3 mW/cm2. (b) The device exhibited high stability under prolonged exposure to 808 nm laser pulses. 

(c) The photoresponse was further examined under illumination from laser sources of varying wavelengths, 

including 360, 405, 532, 640, 808, 980, 1064, 1310, and 1550 nm, under identical experimental conditions. 
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proportional to R, their values also decrease as laser intensity increases. However, at a low 

power density of 0.03 mW cm-2, exceptionally high EQE and D* values of ~ 3.9 × 103% and 

3.9 × 1012 Jones, respectively, were achieved, surpassing many previously reported devices. 

 To further explore the influence of applied bias on the photoresponse, measurements were 

conducted while maintaining a constant laser power of 6.3 mW cm-2. Fig. 6.9(a) illustrates the 

photoresponse of BSMX4 PD under varying bias voltages (1-8 V), with the inset showing the 

photoresponse at lower bias voltages (0.2-0.8 V). A systematic increase in photocurrent was 

observed with increasing bias voltage. However, it is important to note that a higher bias 

voltage also leads to an increase in the dark current, thereby reducing the on-off ratio. 

Additionally, the photo-stability of BSMX4 PD was evaluated using an 808 nm pulsed laser, 

as depicted in Fig. 6.9(b), demonstrating excellent stability under prolonged laser exposure. 

Furthermore, the broadband photoresponse of the BSMX4-based PD was evaluated under 

illumination with various wavelengths ranging from UV to Vis to NIR light at an intensity of 

6.3 mW cm-2 with an applied bias of 3 V, as depicted in Fig. 6.9(c). 

 

 

 

 

 

 

 

 

 

 

 

 

Further, Fig. 6.10(a and b) illustrates the photoresponse of bare BS and BSMX4 PDs under 

808 nm pulsed laser excitation, with a peak intensity of 6.3 mW/cm2 at an applied bias of 3 V. 

Fig. 6.10. The photocurrent growth and decay profiles of the devices with (a) BS and (b) 

BSMX4 at 808 nm excitation with a power density of 6.3 mW/cm2. (c) The wavelength-

dependent responsivity of BS and BSMX4 PDs at 3 V bias. (d) Storage stability of BSMX4 

photodetector after four months without any encapsulation.  
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To determine the temporal response characteristics, including the rise and decay time constants, 

the experimental data were fitted using a single exponential function.                                                                          

                                                                   𝐼(𝑡) = 𝐼0 + 𝐴 exp (−
𝑡

𝜏
),                              (9)                                            

where τ is the time constant and 𝐼0, and 𝐴 are the constants. The photocurrent rise and decay 

time constants for the BS PD were determined to be 2.0 and 3.5 ms, respectively. In 

comparison, the BSMX4 PD exhibited significantly shorter time constants of 0.3 and 2.1 ms, 

indicating ~6.7-fold enhancement in photocurrent switching speed. This rapid photoresponse 

in BSMX4 is primarily attributed to the efficient separation of photogenerated charge carriers, 

facilitated by the incorporation of MX nanosheets. The broadband photodetection capability of 

BSMX4 PD, spanning from the UV to NIR regions, was further analyzed through a 

wavelength-dependent photoresponse study under an applied bias of 3 V, as presented in Fig. 

6.10(c). Notably, BSMX4 PD demonstrated a high responsivity of ~ 36.7 A/W in the UV 

region, which can be attributed to the presence of MX nanosheets and their surface oxidation 

induced by hydrothermal treatment. Additionally, in the Vis to NIR range, a significant 

increase in responsivity was observed due to enhanced light absorption and efficient charge 

carrier separation. A peak responsivity of ~26.2 A/W was obtained in the Vis to NIR region. 

The exceptional photoresponse across the UV to NIR spectrum can be associated with the 

improved light absorption and efficient separation of photogenerated carriers. This highlights 

BSMX4 as a highly promising candidate for broadband photodetection applications, with a 

broad coverage of wavelengths from 300 to 1550 nm. Furthermore, the long-term stability of 

BSMX4 PD was evaluated by monitoring its temporal photoresponse after four months of 

storage under ambient conditions using an 808 nm laser with a power density of 6.3 mW cm-2, 

as depicted in Fig. 6.10(d). Remarkably, the device exhibited only a ~0.6% reduction in 

photocurrent after four months, demonstrating its excellent stability and reliability for long-

term photodetection in ambient environments. 
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Table 6.1. Comparison of the performance of our Bi2S3/Ti3C2Tx-based broadband PD with 

recently reported PDs. 

 

 

 

 

 

 

Photodetector 

materials 

Synthesis     

technique 

Wavelength 

(nm) 

Responsivity 

(AW-1) 

Detectivity 

(Jones) 

Refs. 

Bi2S3 nanosheet Chemical 

vapour 

deposition 

(CVD) 

NIR (785) 16 1010 33 

Bi2S3 NFM Hydrothermal NIR (850 and 

940) 

2.23×10-3 2.89×109 34 

Bi2Te3/Bi2Se3/ 

Bi2S3 

Sequential 

vapour phase 

deposition 

475 0.103 8.96 × 109 35 

Bi2S3 nanowire Vapour 

transport 

method 

360 -1064 32  36 

MXene/InGaN Dry ion etching 

and chemical 

Visible (470) 6 9 × 1011 37 

MoSe2/Ti3C2Tx Hydrothermal 554 - 780 6.58 × 10-3 

(Visible) 

9.82 × 10-3 

(NIR light) 

2.27 × 109 

(Visible) 

3.39 × 109 

(NIR) 

38 

ReS2/Ti3C2Tx Hydrothermal 

(ReS2) + MILD 

etching 

(Ti3C2Tx) + 

Spin casting 

(ReS2/Ti3C2Tx) 

Visible - NIR 40.8 

(Visible) 

 

26.9 

(NIR Light) 

1.07 × 1012 

(Visible) 

 

7.08 × 1011 

(NIR) 

39 

MoS2/Ti3C2Tx Monolayer 

MoS2 + Ti3C2Tx 

dispersion spin 

casting 

700 - 800 1.9 

(Negative photo 

responsivity) 

2.1 × 1010 40 

Ti3C2Tx-TiO2 Hydrothermal 300 - 800 0.078 × 10-3 8.4 × 104 41 

Ti3C2Tx/CsPbBr3 Spray Processed 450 - Visible 44.9 × 10-3 6.4 × 108 42 

Si/SnO2/Ti3C2Tx Electro 

spinning 

technique 

Visible 64 3.09 × 109 43 

Ti3C2/ZnO Spin casting 200 - 400 128.3 × 10-3 5.7 × 1011 44 

Bi2S3/Ti3C2Tx  Hydrothermal 

and spin casting 

300 - 1550 36.7 (300 nm) 

26.2 (780 nm) 

25.5 (808 nm)  

 

3.9 × 1012 

(808 nm) 

This 

Work 

TH-3801_196121015



 CHAPTER 6                                                                                                                                                  136 |                             

 

6.5. Conclusions 

Using the optimized Bi2S3/Ti3C2Tx composite, we successfully fabricated a high-performance 

broadband Schottky junction PD. The performance of the PD was characterized by using an 

808 nm laser source. At 808 nm, the peak responsivity, detectivity and EQE of 25.5 A/W, 

3.9×1012 Jones, and 3.9×103%, respectively, were achieved in the composite system. The 

broadband (UV-Vis-NIR) photodetector exhibits higher responsivity at 300 nm (~ 36.7 A/W) 

as well as at 780 nm (~ 26.2 A/W). The optimized BSMX4 planar PD exhibited very high 

storage stability in the ambient atmosphere. The above results confirm the superior 

photodetection performance of BSMX4 MXene composites in a broad range (300 -1550 nm); 

hence, it can be a potential candidate for broadband optoelectronic device applications. 
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Chapter 7 

Summary and Outlooks 
 

This chapter provides a comprehensive summary of this thesis's key contributions, emphasizing 

novel findings related to the functionalization of two-dimensional (2D) Ti3C2Tx nanostructures 

and their composite with earth-abundant semiconductor Bi2S3 and noble metal Ru. This study 

explores their applications in catalytic wastewater treatment, photoelectrochemical hydrogen 

production, and broadband photodetection. Additionally, potential directions for future 

research are discussed in the concluding section. 

7.1. Summary and Highlights of the Thesis Contribution 

We have conducted a systematic investigation into the modulation of surface defect states in 

Ti3C2Tx MXenes to evaluate their catalytic performance in the degradation of various organic 

pollutants, including the antibiotic ciprofloxacin (CIP), organic dyes, and 4-nitrophenol (4-NP) 

from wastewater. The optimization of chemical etching parameters, particularly hydrofluoric 

acid (HF) concentration, was carried out to achieve an accordion-like microstructure of Ti3C2Tx 

with a well-balanced combination of low valent Ti states (Ti3+) or oxygen vacancy (OVs)-rich 

surface defect states and their crystallinity. Furthermore, the catalytic activity of the accordion-

like Ti3C2Tx was explored in the degradation of organic pollutants as a Fenton catalyst (Chapter 

2). The beneficial impact of phosphorus doping in Ti3C2Tx MXene nanosheets has been 

investigated, particularly in reducing multilayer restacking, modulating surface oxygen 

vacancy (OV) states, and facilitating the formation of a porous aerogel structure. These 

modifications contribute significantly to enhancing the degradation efficiency of organic 

pollutants through advanced oxidation processes (Chapter 3). Formation of suitable composite 

material by integrating two-dimensional (2D) Ti3C2Tx MXene nanosheets with one-

dimensional (1D) Bi2S3 nanorods to enhance interfacial charge transfer and improve light 

absorption for effective catalytic reduction of organic pollutants and photoelectrochemical 

hydrogen production (Chapter 4). Ultrasmall Ru nanoclusters (NCs) anchored onto an oxygen 

vacancy (OV)-rich, nitrogen-doped Ti3C2Tx MXene nanoribbon support facilitate strong 

electron-metal support interactions, enhanced light absorption, and an improved photothermal 

effect. These synergistic effects collectively contribute to the enhancement of 

photoelectrochemical hydrogen production in an alkaline medium, as discussed in Chapter 5. 
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Finally, the role of Ti3C2Tx MXene nanosheets as a robust metallic support has been 

investigated, along with the formation of a local Schottky junction with cost-effective Bi2S3 

nanorods. This integration enhances broadband light absorption, minimizes photogenerated 

charge carrier recombination, and facilitates efficient separation and transport of charge 

carriers, thereby improving the broadband photodetection performance (Chapter 6). 

The significant contribution of the thesis is listed below. 

A. Surface Defect Engineered Multi-layered Ti3C2Tx MXenes as Advanced Fenton  

     Catalyst for Organic Pollutant Degradation  

We demonstrate a simple and effective approach to modulate the low valent Ti states (Ti3+) or 

OVs states in multi-layered Ti3C2Tx (m-Ti3C2Tx) by modulating the HF concentration. The 

catalytic performance of the m-Ti3C2Tx as a Fenton catalyst was subsequently investigated for 

the degradation of organic dyes, with methylene blue (MB) exhibiting the highest degradation 

efficiency. The influence of various parameters on MB degradation was systematically 

investigated. Under optimized conditions, complete degradation (100%) of MB was achieved 

within 24 min using only a minimal amount of H2O2 as an oxidant. Interestingly, m-Ti3C2Tx 

demonstrates enhanced degradation efficiency under both acidic and basic pH conditions 

compared to conventional Fenton catalysts that are primarily effective in acidic media (pH ~ 

3). This unique characteristic, coupled with good reusability, highlights its potential 

advantages. Furthermore, the negatively charged surface of m-Ti3C2Tx facilitates selective 

degradation of cationic dyes (MB and RhB) over anionic dyes (MO), promoting favourable 

electrostatic interactions. These observations underscore the potential of m-Ti3C2Tx MXenes 

as highly effective Fenton catalysts for wastewater treatment applications. This work has been 

published in ACS Appl. Nano Mater. 2022, 5(11), 16451-16461. 

B.   Phosphorous-doped Ti3C2Tx MXene/Carbon Foam Hybrid Aerogel for the   

       Degradation of Organic Pollutants Through Advanced Oxidation Process 

In this study, we presented an innovative and effective strategy to reduce multilayer restacking 

in Ti3C2Tx MXene nanosheets through phosphorus doping while simultaneously constructing 

a hierarchical three-dimensional (3D) porous aerogel by grafting the doped nanosheets onto a 

PVA-coated flexible melamine sponge. This porous aerogel serves as an efficient alternative 

to powder-based Ti3C2Tx nanosheets, which are prone to being washed away during multiple 

cycles and exhibit poor reusability. The phosphorous doping in Ti3C2Tx nanosheets effectively 
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reduces restacking, enhancing the active surface area for catalytic reactions and improving 

surface oxygen vacancy states, which act as active sites for the degradation of organic 

pollutants via advanced oxidation processes (AOPs). Under optimized conditions, with 

minimal peroxymonosulfate (PMS) addition, the degradation efficiencies of Ciprofloxacin 

(CIP) and methylene blue (MB) reached 96% and 98% within 21 and 12 min, respectively. 

Interestingly, the porous aerogel catalyst exhibited outstanding performance over a wide pH 

range (3-7) for CIP degradation, offering a significant advantage over conventional Fenton 

catalysts in practical applications. Furthermore, density functional theory (DFT) calculations 

provided deeper insights into the role of phosphorus doping in enhancing the degradation 

efficiency. In the case of organic dyes, cationic dyes were degraded more effectively than 

anionic dyes, attributed to the negatively charged surface of the aerogel and stronger 

electrostatic interactions with cationic dye molecules. Thus, the hybrid aerogel highlights its 

potential for environmental remediation applications, making it a promising candidate for 

addressing wastewater treatment challenges. This work has been published in Carbon 238, 

120258 (2025). 

 

C.  Bi2S3/Ti3C2Tx Nanocomposite for Efficient Reduction of Organic Pollutants and  

     Photo-Electrochemical Hydrogen Production 

Here, we investigated the interfacial charge transfer dynamics in 1D Bi2S3 and 2D Ti3C2Tx-

based composite material. Generally, Bi2S3 nanorods pose severe agglomeration in 

hydrothermal synthesis, but the surface groups (-F, -OH, and -O) of Ti3C2Tx act as nucleation 

centers and enable the well dispersion of Bi2S3 nanorods on its surface. Interestingly, fewer 

Bi3+ are reduced to metallic Bi nanoparticles, attributed to the self-reduction capability of 

Ti3C2Tx MXene, which is also supported by DFT calculation. The excellent catalytic reduction 

capability of organic pollutants 4-nitrophenol (4-NP), Methylene blue (MB), Methyl orange 

(MO), and Rhodamine B (RhB) by the composite was characterized in the presence of NaBH4, 

which demonstrates an outstanding reduction rate (up to 1.1 min-1) of 4-NP with long cyclic 

stability. The reduction mechanism and effective charge transfer were further supported by 

DFT analysis. Additionally, it demonstrates excellent photo-electrochemical HER performance 

under both dark and light illumination, with an overpotential of 87 and 73 mV, along with a 

Tafel slope of 113 and 84 mV/dec, respectively, attributed to the formation of a local Schottky 

junction, reduced radiative recombination and efficient separation of photogenerated charge 

carriers, further supported by DFT analysis. Therefore, the noble-metal-free Bi2S3/Ti3C2Tx 
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nanocomposite shows great promise for reducing organic pollutants and facilitating 

photoelectrochemical hydrogen production. This work has been published in ACS Appl. Mater. 

Interfaces 2024, 16, 32, 42007-42020. 

D. Synergistic Effect of Ru Nanoclusters on N-Doped Ti3C2Tx Nanoribbons for High- 

     Performance Photoelectrochemical Water Splitting 

In this study, we synthesized an ultrasmall Ru nanocluster (NC)-anchored hierarchical N-doped 

Ti3C2Tx (Ru@N-Ti3C2Tx) MXene nanoribbon (MXNR) composite. The high aspect ratio and 

oxygen vacancy (OV) defects in partially oxidized MXNRs provide abundant active sites, 

preventing Ru NC aggregation and enabling strong electron-metal support interactions. The in-

situ formation of TiO2 nanoparticles (TiO2 NPs) and OV defects during 1D structuring and N 

doping enhances visible light absorption, improving photocatalytic efficiency. Electrochemical 

studies demonstrate the exceptional hydrogen evolution reaction (HER) performance of 5% 

Ru@N-MXNR under both dark and illuminated conditions, with low overpotentials of 22 mV 

and 12 mV and Tafel slopes of 50 mV/dec and 34 mV/dec, respectively. These values surpass 

the performance of the commercial 20% Pt/C catalyst, which exhibits an overpotential of ~23 

mV and a Tafel slope of 42 mV/dec. The superior activity of 5% Ru@N-MXNR is attributed 

to the synergistic effects of Ru NCs' efficient water dissociation and strong electronic metal-

support interactions, facilitating rapid desorption of hydrogen intermediates (H*). Furthermore, 

under Vis-NIR illumination, enhanced charge carrier generation and photothermal effects 

improve electron mobility, further boosting HER efficiency. Additionally, these catalysts offer 

prolonged operational stability by maintaining a consistent current density, which is beneficial 

for stable hydrogen production. This study highlights the development of a MXene -based cost-

effective, high-performance photocatalyst as a viable alternative to commercial Pt/C. 

E. High-Performance Bi2S3/Ti3C2Tx MXenes-Based Schottky Junction Photodetector for  

     Broadband Photodetection  

Here, we investigate the role of Ti3C2Tx MXene nanosheets as a robust metallic support in 

enhancing the optoelectronic device performance of Ti3C2Tx-based composites. In this context, 

the Bi2S3/Ti3C2Tx composite material has been utilized, considering its low cost, exceptional 

light absorption properties, and efficient photogenerated charge separation capabilities. The 

fabricated low-cost Bi2S3/Ti3C2Tx-based Schottky junction photodetector (PD) exhibits 

outstanding broadband responsivity, covering a spectral range from ultraviolet to near-infrared 
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(300-1550 nm). The device achieves peak responsivity values of 36.7 A/W at 300 nm and 26.2 

A/W at 780 nm. Additionally, it demonstrates a high external quantum efficiency of ~ 3.9 × 

103% and a rapid response time of ~300 μs under an applied bias of 3 V, highlighting its 

remarkable performance. Moreover, the fabricated PD exhibits excellent long-term stability 

under ambient conditions. The formation of the Schottky junction was verified by ultraviolet 

photoelectron spectroscopy and supported by DFT calculations. The electronic band structure 

and electronic density of states were investigated to justify the excellent photodetection 

performance of the composite material. This study provides valuable insights into the superior 

charge transport properties and ultra-broadband photodetection capabilities of Ti3C2Tx MXene-

based composites, underscoring their potential for high-performance optoelectronic 

applications. This work has been published in Carbon, 216 (2024) 118515. 

 

7.2. Scope of Future Work 

This thesis focused on enhancing the catalytic activity of pristine Ti3C2Tx through various 

approaches, including the optimization of surface defect states via controlled synthesis 

parameters, doping, composite formation, and 1D nanostructuring, followed by 

functionalization. Furthermore, Ti3C2Tx-based composites have been investigated for 

broadband photodetection applications. The findings of this research provide a foundation for 

further advancements in multiple directions, as discussed below. 

1. In Chapters 2 and 3, it is observed that pollutant degradation through advanced 

oxidation processes leads to the partial oxidation of Ti3C2Tx, resulting in the formation 

of TiO2. While this transformation adversely affects its catalytic activity, TiO2 itself is 

a well-established photocatalyst. By strategically modifying the surface, particularly by 

tuning the oxygen vacancy states and optimizing the TiO2 content, the material can be 

repurposed as a photo-Fenton catalyst for long-term applications. This approach opens 

new avenues for further research in this domain. 

 

2. In catalytic advanced oxidation processes, the oxidation of Ti3C2Tx within an aerogel-

like architecture can degrade its performance. To overcome this issue, a co-catalyst 

layer can be introduced to shield the Ti3C2Tx nanosheets, ensuring enhanced interfacial 

charge transport. This strategy not only preserves the structural integrity of the 
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nanosheets but also improves their long-term cyclic stability, making it a promising 

direction for further investigation. 

 

3. This thesis primarily focuses on the degradation of organic pollutants for wastewater 

treatment. However, pollutant adsorption by catalysts is also an important area of 

research in this field. Ti3C2Tx MXene nanosheets exhibit the ability to adsorb various 

cationic pollutants due to their negatively charged surface functional groups. However, 

van der Waals restacking reduces their accessible surface area, thereby limiting their 

adsorption efficiency. In contrast, Ti3C2Tx MXene nanoribbons offer a significantly 

higher surface area and feature defective edges, which serve as beneficial active sites 

for enhanced adsorption. Therefore, investigating the adsorption behaviour of MXene 

nanoribbons can provide insights into their superior performance, while studying their 

adsorption kinetics and modelling may further elucidate the underlying mechanisms. 

 

4. The partially oxidized Ti3C2Tx MXenes obtained after the catalytic reaction can be 

reused as photodetector materials for UV light detection. The in-situ formation of TiO2 

facilitates UV light absorption while promoting efficient charge separation due to the 

synergistic interaction between Ti3C2Tx MXene and TiO2. Which can also be 

considered for further exploration. 

  

5. The fabrication and optimization of planar asymmetric junction photodetectors utilizing 

Ti3C2Tx MXene nanosheets in combination with suitable metals such as Al, Ag, or Au, 

along with transition metal dichalcogenides (TMDs) like MoSe2, WS2, and WSe2, can 

be promising for enhancing device performance. The incorporation of an asymmetric 

heterojunction structure can facilitate efficient charge separation, thereby improving 

the overall functionality of the photodetector. Further studies in this direction may 

provide valuable insights into optimizing the device's efficiency. 

 

6. The formation of a Schottky junction with a suitable hydrogen evolution reaction 

(HER) catalyst, such as Ni(OH)2, can be explored to evaluate its photoelectrochemical 

HER performance. This performance is expected to be enhanced by minimizing 

agglomeration, improving light absorption, and facilitating the efficient separation of 

photogenerated charge carriers. Further investigations in this area may provide valuable 

insights into optimizing the catalytic efficiency of the system. 
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