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The development of innovative layered materials having economical and high specific surface areas could
offer effective solutions for sustainable development. In this context, MXenes, known for their high surface
area, tunable structures, and rich surface chemistry, combined with the light-absorbing and photocatalytic
properties of QDs, result in composites with enhanced conductivity, optical activity, catalytic efficiency,
and biocompatibility. The key objective of this research work is to investigate the recent advancements in
TizC, MXene modified quantum dot nanocomposites for energy conversion and environmental
applications. The authors intend to guide readers through various features, including the exceptional
properties, synthesis methods, and recent advancements related to MXene modified quantum dot (QD)
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nanocomposites. This review serves as a comprehensive resource for prospective researchers to deepen
their understanding of the applications of MXene modified QDs in various fields, including water splitting,
CO; reduction, and environmental remediation. Finally, the review addresses the on-going issues and
provides insights into future guidelines for research in MXene modified QD nanocomposites, emphasizing
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1. Introduction

The overconsumption of fossil fuels has obstructed
sustainable development, causing an energy crisis, climate
change, and social inequalities, making the transition to
renewable energy and sustainable practices essential for a
better future. Among the various green and renewable energy
technologies being explored, semiconductor photocatalysis
stands out as one of the most promising due to its capacity to
harness natural sunlight and its potential for photochemical
conversion. This makes it a highly viable alternative for
addressing the energy and environmental challenges of the
future. Harnessing clean, abundant, and renewable solar
energy through photocatalytic processes such as hydrogen
evolution, CO, reduction, and environmental remediation
offers a promising strategy to meet the growing energy
demand and address environmental awareness."”® Key
processes in photocatalysis include solar energy assimilation,
generation of photoinduced charge carriers, spatial charge
segregation, and heterogeneous charge transfer. Enhancing
these processes can improve photocatalytic performance and
optimize solar energy utilization.>® As a result, extensive
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their role in advancing sustainable photocatalytic technologies.

research focuses on developing photocatalytic materials with
extended solar spectrum absorption, numerous active sites,
and optimized charge segregation to maximize energy
utilization.””® Advancements in nanotechnology, especially in
the creation of nanomaterials with diverse structures and
morphologies, have significantly accelerated the development
of innovative photocatalysts.”'® Building on the pioneering
separation of graphene, two-dimensional (2D) materials have
alleviated the central concern of both scientific researchers
and industrial innovators over the past decade, owing to their
exceptional structural, optical, and electronic characteristics,
which set them apart from traditional materials."* ™ As a
result, a variety of 2D materials have continuously emerged,
including oxides, layered double hydroxides, hexagonal
boron nitride, black phosphorus (BP), graphite carbon
nitrides (g-C;N,), phosphorene, and bimetallene.*>°

Among the various 2D materials, MXenes, a new
intriguing family of two-dimensional (2D) transition metal
carbides/nitrides/carbonitrides, have gained recognition as a

highly promising alternative material for enhancing
photocatalytic  efficiency in renewable energy and
environmental remediation, offering remarkable

hydrophilicity, conductivity, and mechanical properties.*!
Following the pioneering work by Naguib and colleagues on
the synthesis of Tiz;C, MXene via wet-chemical etching of
Ti;AlC, in hydrofluoric acid, followed by exfoliation, a wide
variety of MXenes have since been synthesized using diverse
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methods and extensively investigated in research.*” To date,
MXenes have received substantial attention due to their
exceptional characteristics, including their highly metallic
nature, hydrophilicity, easily tunable composition, excellent
electrical conductivity, large surface area, and improved
oxidative resistance.**>* MXenes, represented as M,,.1X, T, (n
=1, 2, 3), consist of M as early transition metals (Ti, Cr,
Nb, Hf, Sc, Mo, etc.), X representing nitrogen (N), carbon
(C), or both (CN), T, being surface groups like -F, -O and,
-OH, and x refers to the number of surface groups per
formula unit. M,;X, T, sheets, bonded by van der Waals
forces and/or hydrogen bonds, consist of ‘n’ layers of X
sandwiched between ‘n + 1’ layers of M, such as Ti;C,Ty,
Nb,C3Ty, Zr;C,Ty, Hf,NT,, and Ti,CT,. MXenes are mainly
fabricated through acid etching, which selectively removes
the ‘A’ layer (composed of group 13 or 14 elements) from
their MAX or non-MAX phase precursors. In spite of
bottom-up and chemical transformation methods,* acid
etching is favored for its feasibility, control, high yield, and
low cost. Moreover, the 2D MXene layers, produced by
chemically exfoliating the “A” group layers from the parent
MAX phase, can display a range of surface functionalizing
termination groups, including -F, -O, -OH, and so on. The
interaction between the element M layers and surface-
induced functional terminated groups of MXenes drives the
targeted functionalization of their surfaces. This has led to
growing interest in the strategic blueprint and production
of MXene or MXene-modified photocatalysts for a variety of
photocatalytic processes, such as hydrogen evolution, CO,
reduction, and pollutant degradation.***®* More than 70
MAX phases of ternary carbides and nitrides have been
discovered, further broadening the MXene family, and to
date, more than 30 MXenes have been experimentally

synthesized, with many more predicted theoretically.**"**
Ti;C, MXene, with its layered structure, metallic
conductivity, tunable terminal groups, and ease of

morphological modification, is recognized for its significant
advantages in photocatalytic processes, highlighting it as a
leading co-catalyst to enhance photocatalytic performance.
Because of its lower Fermi level compared to conventional
semiconductors, metallic MXene is employed as a co-
catalyst in semiconductor photocatalysts.”®> Therefore, not
only Tiz;C, MZXenes but also Ti;C, MXene-modified
nanocomposites have been associated with substantial
research interest, with great interest in energy storage and
conversion.

MXene heterostructures with 0D, 1D, and 2D
nanomaterials enhance efficiency, with 0D nanomaterials
being particularly valued for their simplicity, flexibility, and
unique electronic properties. Quantum dots (QDs) are 0D
materials with dimensions smaller than the exciton Bohr
radius, exhibiting unique properties like quantum
confinement, visible light absorption, a multiexciton effect
under illumination, and numerous surface-active sites. These
characteristics make quantum dots (QDs) highly promising
for applications in catalysis, energy conversion, artificial
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photosynthesis, and chemical transformation. The quantum
confinement principle provides QDs a strong driving force
for proton reduction, enabling easy tuning of their band gaps
by altering their size and extending their light absorption
capabilities into the infrared spectrum. By adjusting the size
and composition ratio of QDs, their photon absorption can
be significantly broadened, potentially covering the entirety
of the solar spectrum. Additionally, QDs have symmetrical
and narrow emission spectra, which minimize interference
during polychromatic excitation. Again, compared to bulk
semiconductor materials, semiconductor QDs exhibit
inimitable multiexciton properties, enabling the generation
of multiple excitons from a single photon absorption.**™**
The small particle size of QDs facilitates rapid charge
separation and transmission due to the short distance from
the solid to the surface for photoelectronic transmission. In
photocatalytic reactions, the unique multi-exciton production
in QDs can lead to high quantum efficiency (even exceeding
100%), an enlarged specific surface area for interaction, and
improved light absorption capabilities due to a higher light
absorption coefficient. Due to their highly diverse properties,
quantum dots (QDs) have a comprehensive range of potential
applications, including sensing, cancer treatment, catalysis,
biomedical fields, optoelectronics, energy storage, and energy
conversion. Additionally, integrating QDs with 2D materials
in heterostructures further boosts their efficiency for an
extensive range of applications.”> Hence, the 0D-2D
coupled interfaces have garnered significant attention due to
their unique benefits, such as enhanced photocatalytic
activity, improved stability, self-cleaning abilities, high
efficiency in dye removal, and versatility across different
applications, especially when compared to 0D-2D, 0D-1D,
1D-1D, and 1D-2D interfaces. In this context, MXene-
modified QDs have sparked significant curiosity and have
facilitated new opportunities for an extensive range of
applications. The MZXene-modified QDs have intriguing
characteristics such as good biocompatibility, excellent
photoluminescence, natural hydrophilicity, relative ease of
functionalization, and high thermal/mechanical properties.
Recently, several reviews have been published on Ti;C,
MXene-modified materials for various applications. Reviews
on MXene-modified nanocomposites, such as MXene/LDH,
MXene/TiO,, and MXene/MOF, focus on enhancing
properties like conductivity, surface area, and stability for
improved performance in energy conversion and
environmental applications. The hybridization of quantum
dots with TizC, MXene to form Ti;C, MXene/QDs
nanocomposites  enhances  energy conversion and
environmental applications due to the synergistic properties
of both components. Therefore, a review dedicated explicitly
to TizC, MXene-modified QDs nanocomposites for
photocatalytic applications is highly anticipated, though it
has not yet been conducted. This work seeks to offer a
comprehensive and detailed summary of the recent ongoing
developments in TizC, MXene/QDs nanocomposites in the
field of energy conversion and environmental applications.
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This review provides an overview of recent advancements
in “MXene-modified quantum dots”, focusing on their
innovative applications and enhanced properties across
various fields. It explores the structural properties and
synthesis methods of Ti;C, MXene-modified quantum dots
and their electrochemical, optical, morphological, and
structural features in nanocomposites. The review also
investigates how combining the properties of Ti;C, MXene
and quantum dots in nanocomposites can significantly boost
performance in energy conversion and environmental
remediation. Although our group has published reviews on
QDs and MXenes separately, a comprehensive review on the
photocatalytic applications of MXene-modified QDs is still
lacking.*®*7*° In order to have a unified vision of the field, this
review attempts first to summarize how the performance of
TizC, MXene-modified QD nanocomposites can expand their
potential applications, and outlines future improvements in
energy storage, conversion, and other photocatalytic
applications.

2. Structural properties of MXenes
and quantum dots

MXenes exhibit distinct properties, including a high Young's
modulus, electrical conductivities, superior thermal stability,
variable band gaps, hydrophilic textures, and high metallic
conductivities, distinguishing them from other 2D materials
such as graphene oxide (GO).>®> Moreover, surface functional
groups and morphological alterations enable the tuning of
MXene properties and applications.>*”® However, bare
MXenes are metallic and inactive in photocatalysis.
Nevertheless, surface functionalization can transform them
into semiconductors by introducing new energy levels below
the Fermi level and shifting the Fermi level to a lower energy.
Although MXenes have a nearly zero bandgap, it can be
adjusted to some degree through surface adsorption groups.
DFT calculations by Tang et al. and his group indicated that
bare Ti;C, has a larger electron density near the Fermi level,
showing metallic characteristics,”® but when -OH and -F
groups are adsorbed onto the surface, the energy band
structure of Ti;C,T, MXene shifts, resulting in a bandgap of
0.03-0.04 eV for Ti;C,F, and 0.05-0.07 eV for Ti;C,(OH),.
Similarly, Naguib et al. and their coworkers reported band
gaps of 0.05 eV for the -F terminated Ti;C,T, and 0.1 eV for
the -OH terminated version.”” However, the continuous
electronic states that cross the Fermi level for -O and -F
terminated Ti;C,T, show excellent conductivity. As a result,
Ti;C,T, maintains its excellent electrical conductivity even
after being modified with various functional groups,
demonstrating its remarkable ability to transport charge
carriers.’® Therefore, metallic MXenes typically exhibit a work
function ranging between 1.8 and 8 eV. In contrast, MXenes
having semiconducting properties exhibit bandgaps between
0.05 and 2.87 eV, which can be controlled through
compositional adjustments. For example, theoretical studies
using PBE functional computations have predicted bandgaps
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for various functionalized MXenes as follows: Sc,CF, (1.03
eV), Sc,CO, (1.80 eV), Zr,CO, (0.88 eV), Ti,CO, (0.24 eV),
Hf,CO, (1.0 eV), and Sc,C(OH), (0.45 eV). On the other
hand, some MXenes, such as Cr,C and Cr,N, exhibit
magnetic properties, while others, like TizC,, TisC4, TisCs,
TazC,, TiyN;, V,C;, V5C,, Nb,C4, Nb,C;, and Ta,Cj, retain
their metallic characteristics despite different surface
functional groups. The work functions of MXenes are
influenced by charge transport across the interface between
the functional groups and the MXene surface, as well as by
shifts in the net surface dipole moments resulting from
surface relaxation. For instance, MXenes with -OH
terminations exhibit work functions between 1.6 and 2.8 eV,
while those with -O (oxygen) terminations exhibit higher
work functions between 5.75 and 6.25 eV. Hence, the work
function of MXenes, which influences electron trapping, can
be adjusted through careful design. Similar metallic
characteristics were observed for Ti;C,T, MXene,
emphasizing that surface termination can significantly
modify the optoelectronic properties of MXenes. The
fluctuations in bandgap energy resulting from different
surface terminations follow the order: -O, > -F, > —(OH),.
Again, a theoretical study showed that functional groups
can cause MXenes to shift from metallic to
semiconducting behavior, as seen in Sc,C(OH),, Sc,CF,,
Ti,CO,, Zr,CO,, Sc,CO,, and Hf,CO,. This transition
happens due to variations in electronegativity between the
transition metals and the X atom, along with the attached
functionalization. However, in thicker MXenes with
multiple transition metals, surface functionalization does
not alter their metallic properties, as seen in TizC,T,,
which  remains metallic and does not exhibit
semiconducting properties. Again, tailoring these surface
terminations can modify the catalytic properties and
carrier density of Ti;C,T, MXene. Different terminations in
MXenes can alter their metal work functions, as well as
their structural, electrical, and optoelectronic properties.
Further, the functional groups on MXene nanosheets are
distributed randomly across the surface, rather than being
confined to specific areas. The HF concentration
influences the chemical composition of these functional
groups; lower HF concentrations result in a higher -O/-F
ratio, while higher concentrations favor a higher -F/-O
ratio. For example, etching the Ti;AlC, MAX phase with
10% HF or LiF/HCl produces Tiz;C,T, MXenes with a
predominance of -O over -F, while using 50% HF leads
to MXenes with more -F groups than -0.>*°" Therefore,
this functionalization has a noteworthy effect on the
chemical and electrical properties of MXenes.®* Even
though controlling surface terminations is challenging,
experimental studies have shown that different etching
chemicals can influence the types of terminations. For
instance, -OH terminations can enhance photocatalytic
activity by promoting the formation of active TiO,, though
rapid oxidation could be a drawback. Further, advances in
Ti;C, Ty, MXene  preparation techniques, including
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delamination and intercalating agents, underscore its
versatility. Therefore, the interaction between termination
groups and the structure of Ti;C,T, MXene is crucial for
optimizing its catalytic performance. The type of
termination group in MXenes is influenced by several
factors: the technique used for the etching process, the
number of MXene layers, and the properties of the M and
X elements. Quantitative magnetic resonance
spectroscopy analysis revealed that Tiz;C,T, multilayers
produced through HF etching contained four times more
fluorine than those etched with HCI/LiF (ref. 62) and had
significantly lower OH terminating groups. Further, Voigt
et al. and coworkers® illustrated that multiple layers of
Ti;C,T, exhibited increased interlayer spacing when etched
with HF in combination with another type of acid, like
HCl and HBr, concluding that anions adsorbed along the
edges of the nanosheets contributed to the larger spacing.
Halim et al.®* conducted X-ray photoelectron spectroscopy
on various multilayer MXenes and found that most of the
termination groups are fluorine, although this changes to
oxygen over time. For titanium-based MXenes, altering “n”
from 1 to 2 or changing “X” from C to N only affects the
ratio of hydroxyl to oxygen terminations. Specifically,
increasing “n” from 1 to 2 enhances the O to OH ratio,
while decreasing the carbon content in favor of nitrogen
reduces this ratio. Additionally, the MXene termination
can be modified during the exfoliation process, as
demonstrated by the wuse of tetrabutylammonium
hydroxide (TBAOH) to delaminate HF-etched MXenes,®
which enhanced oxygen terminations at the expense of
fluorine, indicating that the latter is thermodynamically
unstable. The chemical properties of MXenes can also be
analyzed through post-synthesis methods. In situ heating
studies of Tiz;C,T, thin films showed that fluorine
terminations began to desorb at 500 °C and were
completely removed by 700 °C.°® Additionally, the fluorine
as a terminating group in MXene multilayers may react
with alkali hydroxides, replacing them with oxygen or
hydroxyl terminations.®” The effectiveness of MXenes in
photocatalysis often relies on their electrical conductivity
and work function, influencing hydrogen generation and
other photocatalytic activities. ~Functionalization and
intercalation can modify electronic properties, and
different types of termination groups and intercalating
agents impact these properties. Despite its unique
structural and morphological flexibility, Tiz;C, MXene
suffers from low oxidation stability, where titanium atoms
oxidize to form titanium dioxide, while the carbon atoms
remain unchanged.®® This formation of TiO, can be
advantageous in some technological applications, like
photocatalysis, because the active material generated
through oxidation can enhance the photocatalytic
properties of Ti;C, MXene, improving solar energy
conversion through synergistic effects between Ti;C, and
its oxide form.**’ Further, Ti;C, MXene is thermally
stable, with a decomposition temperature ranging between

nuclear
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2000-3000 °C,”' with the transition metal choice
influencing its stability and being crucial for optimizing
properties through heat treatment for specific applications.

Hence, customizing these properties is essential for
enhancing MXenes' performance in diverse energy
evolution and environmental applications.

Moreover, quantum dots (QDs) are semiconductor

nanosized materials with exceptional optical and electronic
properties because of their small size and quantum
confinement. As QD size reduces, their band-gap increases,
and the electron and hole form an exciton with lower energy.
When the QD radius approaches the exciton Bohr radius (rB),
electron-hole confinement leads to a blue shift in the band-
gap and luminescence. Smaller QDs have higher exciton and
biexciton binding energies compared to bulk materials. The
exciton Bohr radius depends on the material's dielectric
constant and the effective masses of the electron and hole.
Excitation of the material by photons, electric fields, or
electrons promotes the electron and hole to an excited state,
where they can recombine, releasing excess energy as either
radiative or nonradiative energy. Quantum dots (QDs) are
commonly classified according to their chemical
composition, which plays a vital role in shaping their
structural characteristics, chemical durability, and optical
performance. They are basically -classified under two
categories: carbon based QDs such as carbon, grapheme,
MXene and noncarbon QDs such as chalcogenide, oxides,
prosperous, perovskite, silicon, and noble metal. Among the
various types, semiconductor quantum dots are the most
thoroughly researched. These are generally composed of
elements from groups II-VI, III-V, or IV-VI of the periodic
table. These materials include cadmium selenide (CdSe),
cadmium telluride (CdTe), indium phosphide (InP), and lead
sulfide (PbS). Semiconductor quantum dots are unique due
to quantum confinement, where their tiny size (2-10 nm)
influences electron behavior, resulting in size-dependent
photoluminescence, enabling their emission color to be
adjusted from ultraviolet to infrared where smaller dots emit
blue light, while larger ones emit red. Cadmium-based
quantum dots like CdSe and CdTe are prized for their
brightness, narrow emission, and high efficiency, making
them useful in biolabeling, QLEDs, and lasers. However, their
toxicity limits use, driving interest in safer alternatives like
indium phosphide (InP) QDs. InP QDs offer similar
performance without heavy-metal risks and are increasingly
used in commercial products like next-gen QLED TVs,
providing vibrant, high-quality colors while meeting safety
regulations. The composition of semiconductor quantum
dots shapes their optical behavior, safety for biological and
environmental use, and commercial success. Efforts continue
to refine these materials for better performance, lower
toxicity, and greater long-term reliability. Carbon quantum
dots (CQDs) are made from carbon-rich materials like
graphite or organic compounds. They are biocompatible,
water-soluble, and environmentally friendly, with strong
photoluminescence and chemical stability. These properties
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make them ideal for bioimaging, drug delivery, and
environmental sensing. Graphene quantum dots (GQDs),
closely related to CQDs, are nanoscale fragments of graphene
or graphene oxide. They offer excellent electrical conductivity,
mechanical strength, and tunable emission, making them
suitable for Dbiosensing, photovoltaics, and flexible
electronics. Perovskite quantum dots, such as those made
from cesium lead bromide (CsPbBr;) or methylammonium
lead iodide (MAPDIL;), represent a newer class known for their
high light-emission efficiency, narrow emission spectra, and
color purity. These properties make them attractive for LEDs,
lasers, and solar cells. However, their instability and lead
content pose challenges for large-scale and long-term use.
Silicon quantum dots (SiQDs) are composed of elemental
silicon and are known for their low toxicity and compatibility
with existing semiconductor technologies. While their light
emission is not as efficient as that of traditional QDs, they
are valued for their biocompatibility, making them suitable
for medical imaging and biosensing. Lastly, doped quantum
dots are formed by introducing dopant atoms (such as
manganese, copper, or rare-earth elements) into the QD
structure. These dopants add new optical, magnetic, or
electronic functionalities, enabling advanced applications in
spintronics, MRI imaging, and luminescent tagging. In
conclusion, the composition of quantum dots significantly
influences their optical properties, toxicity, stability, and
application potential. While some, like Cd-based QDs, offer
high performance but raise toxicity concerns, others like
carbon and silicon QDs provide safer alternatives with
slightly lower efficiency.

3. Preparation methods of MXene-
modified QDs photocatalysts

MXenes play multiple key roles in photocatalytic
nanocomposites, enhancing their efficiency for many
applications such as water splitting, pollutant degradation,
and carbon dioxide reduction. Because of their lower Fermi
level and superior electronic conductivity, MXenes are
effective cocatalysts that improve the separation of charge
carriers produced by photon absorption. Again, as a
supporter, they stabilize and disperse other photocatalysts,
improving stability and maximizing light absorption. Further,
MXenes enhance charge carrier migration, increase active
sites, and can be modified to optimize surface properties for
specific reactions. Their high conductivity, large surface area,
and tunable properties make MXene-modified composites
highly effective in various photocatalytic processes.
Therefore, multiple heterostructures incorporating two-
dimensional MXenes have been developed for photocatalysis
and photocatalytic applications. Moreover, MXene-modified
quantum dot nanocomposites combine the unique properties
of quantum dots with the 2D structure of MXene, enhancing
the photocatalytic performance, charge separation, and
stability, while enabling tunable properties and increased
surface area for applications in energy storage and pollutant
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degradation. Based on different synthesis processes followed,
MXene-modified heterostructures can be categorized into:

1. Mechanical mixing/self-assembly.

2. In situ decoration.

3. In situ oxidation.

3.1. Mechanical mixing or self-assembly

Mechanical mixing or self-assembly is the easiest method for
preparing heterojunction photocatalysts for different
practical applications. This can be achieved by stirring two
nanocomposite components in a liquid phase or grinding
powders together to prepare the sample. Self-assembly of
component molecules at the nanoscale is a process observed
in nature, where soft materials naturally form structures such
as cell membranes, biopolymer fibers, and viruses. Recently,
scientists and engineers have harnessed this concept in the
laboratory to create nanostructured materials through a
bottom-up approach known as self-assembly. This method
involves the spontaneous organization of nanoscale materials
into well-defined superstructures, which can be used for
various applications. Self-assembly also refers to the process
where isolated samples spontaneously organize into
controlled structures to minimize the system's free energy.
Among the multiple methods, electrostatic self-assembly is
particularly popular due to its simplicity and effectiveness in
synthesizing hetero composites. This gentle process not only
ensures a narrow size distribution but also improves the
control over the morphology of the final product.

MXenes, being negatively charged due to their surface
functional groups, easily self-assemble with positively
charged photocatalysts. The mechanical mixing can be
achieved through sonication, stirring, or grinding. Self-
assembly typically occurs due to the inherent chemical and
physical interactions between the MXene layers and other
materials, leading to the formation of well-defined
heterojunctions. This method is straightforward, operates
under mild conditions, effectively prevents oxidation, and
preserves the surface functional groups. 2D MXene-based
heterojunction photocatalysts are popular due to their
enlarged surface area and unsaturated sites. Shi-Cheng Zhu
et al. mixed colloidal Ti;C,T, MXene with AET-capped CdSe
QDs in different weight proportions (0.5, 1, 2, and 4 wt%)
and stirred the mixture for 60 minutes, followed by
centrifugation, washing, and drying to obtain CdSe QDs-
MXene nanocomposites.”” In both processes, the properties
of MXenes are preserved by avoiding high temperatures and
using additional solvents or surfactants. Further, oxidation
and surface termination groups remain unaffected during
these synthesis processes. As a result, these methods are
found to be the simplest and enable synthesis under the
optimal mild conditions.

3.2. In situ decoration

Unlike composites made through mechanical mixing, in situ
decoration methods involve preparing a different material

This journal is © The Royal Society of Chemistry 2025
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directly on the surface of MXenes. This leads to a chemical
bond between the in situ synthesized substrate material and
MXenes, which leads to a significant advantage in many
applications. However, the range of viable synthetic
conditions for in situ decoration is limited, due to the
tendency of MXenes to oxidize in solution, particularly at
high temperatures. Thus, it is crucial to use mild conditions
to safeguard MXenes from oxidation, particularly when
working with mono- or few-layered MXenes. MXenes have
been in situ decorated with semiconductors like TiO,, C3Ny,
CdS, perovskites, etc. The synthesis process for MXene-
modified nanocomposites typically involves either doping
photocatalysts with MXenes or using MXenes as a support
material for the in situ decoration of semiconductor
photocatalysts. The chemical reactions involved during the
formation of the photocatalysts enhance the interfacial area,
thereby increasing the potential for the transport of light-
induced electrons. However, a significant drawback of this
process is the oxidation of MXenes during the photocatalytic
synthesis process. Despite the precise characterization being
challenging, the conditions employed during the
photocatalyst formation can be overly harsh, leading to
structural degradation of MXenes, particularly for single-
layered variants, which are less stable against oxidation.

3.3. In situ oxidation

In addition to mechanical mixing and in situ decoration, the
in situ oxidation method has also been investigated for
synthesizing MZXene-modified heterostructures. Common
routes for oxidizing MXenes to form metallic oxides include
chemical oxidation, hydrothermal treatment, calcination,
and high-energy ball milling. The hydrothermal method
involves the production of substances through chemical
reactions in a sealed, heated solution under high-pressure
and high-temperature conditions, surpassing ambient levels.
In 19th-century earth science, the term “hydrothermal”
refers to systems characterized by high temperature and
water pressure. This method offers several advantages,
including relatively moderate operating conditions, a one-
step synthesis process, environmental sustainability, and
efficient diffusion within the solution. Additionally,
hydrothermal synthesis is cost-effective in terms of energy,
equipment, and material precursors when compared to
other solution-based synthesis methods.

Typically conducted in a sealed autoclave at elevated
temperatures and pressures, this method produces hetero
composites with enlarged crystallinity and narrow size
distribution. Consequently, hydrothermal synthesis facilitates
the production of MXene-supported QD photocatalysts with
consistent performance, such as the TiO,QDs/TizC, hybrid
nanocomposite. Weiming Li and his group synthesized the
TiO, QDs/Tiz;C, MXene composite by mixing TiO, QDs and
Ti;C, MXene nanosheets in water, stirring, and ultrasonically
treating.”® After heating in an autoclave, the mixture was
centrifuged, washed, and dried to obtain composites.

This journal is © The Royal Society of Chemistry 2025
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Different composite variations were achieved by adjusting the
Ti;C, MXene concentration. The solvothermal technique
closely resembles the hydrothermal process, but instead of
using water, it employs organic solvents in the synthesis.
These methods are crucial for synthesizing nanocomposites
with high crystalline quality. The solvothermal approach is
particularly notable for its effectiveness in producing MXene-
supported semiconductor photocatalysts with
structural morphologies. In this process, the autoclave is
filled with organic solutions and subjected to high-
temperature and high-pressure conditions to promote the
reaction. The oxidation of MXenes differs from other
processes due to the residual carbon (primarily in an
amorphous form) remaining after oxidation, which leads to
the M element being transformed into a metal oxide
deposited on the carbon layer. Consequently, the resulting
nanocomposite consists of metal oxide/MXenes/C, with both
MXenes and carbon acting as co-catalysts in the
photocatalytic process. However, in this method, the ratio of
the photocatalyst to MXenes is carefully controlled within a
defined range, without introducing any precursor. Moreover,
this method is limited because only a specific range of
semiconductors, influenced by the metal element, can be the
photocatalyst.

various

4. Synthesis, design, and
morphological characterization of
MXene-modified QD photocatalysts

Various synthesis techniques of QDs incorporating MXene-
based heterostructures are discussed in this section.
Moreover, the characterization technique plays a crucial role
in exploring the properties and structure of the synthesized
material and whether the method was successful. In this
section various quantum dots (QDs) like phosphorus, oxide,
selenide, halide perovskites, platinum, sulfur, and carbon,
were combined with MXene to synthesize nanocomposites to
enhance their electronic and optical properties, opening up
new possibilities in photocatalytic energy and environmental
applications, making these heterostructures a key area of
research in materials science (Scheme 1). Among different
characterization techniques, the X-ray diffraction (XRD)
technique offers detailed insights into the crystal structure,
lattice parameters, phase, and crystalline grain size. X-ray
Absorption Spectroscopy (XAS), which encompasses both
Extended X-ray Absorption Fine Structure (EXAFS) and X-ray
Absorption Near Edge Structure (XANES, also known as
NEXAFS), is an element-specific technique that analyzes the
X-ray absorption coefficient to provide information on the
chemical state of species, interatomic distances, and
structural disorder (e.g,, Debye-Waller factors). X-ray
photoelectron spectroscopy (XPS) is a powerful quantitative
technique employed for elucidating the electronic structure,
elemental composition, oxidation states, and ligand binding
(surface-sensitive). An XPS analysis was conducted to
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Scheme 1 Schematic illustration for a timeline of recent progress of various MXene-modified quantum dots for photocatalytic energy and

environmental applications.

investigate the surface chemical properties of the samples. In
nanomaterial design, Fourier-transformed infrared
spectroscopy (FTIR) analysis gives evidence of molecular
vibration with data associated with the strength and
characteristics of the bonds and particular functional groups,
thus helpful in determining surface composition and ligand
binding. Another quantitative analytical technique used for
structural determination of nanosized materials is nuclear
magnetic resonance (NMR) spectroscopy. Essentially, the
concentration and organization of ligands, the configuration of
the electronic core, the elemental composition, the effect of
ligands on the nanoparticle’s geometry, and the particle's
dimensions are the basic findings of the NMR technique.
Again, the Brunauer-Emmett-Teller (BET) technique is used to
measure a gas's physical adsorption on the surface of a solid.
Similarly, thermal gravimetric analysis (TGA) provides detailed
evidence regarding the composition and mass of the stabilizers.
To understand the optical properties of photocatalysts with
additional information like size, agglomeration state,
concentration, and hints on nanoparticle shape, UV-vis
spectroscopy (UV-vis) is used. Similarly, photoluminescence
(PL) spectroscopy is another frequently used technique
investigating the emission phenomenon and its optical
properties concerning structural characteristics such as
composition, size, and defects. A higher PL peak indicates lower
efficiency in the migration and separation of charge carriers.
From morphological aspects, Transmission Electron
Microscopy (TEM) is an efficient technique to measure
nanoparticle size, aggregation state, monodispersity, detect,
and shape, and to localize/quantify nanoparticles in matrices,
along with studying growth kinetics. Similarly, high-resolution
transmission electron microscopy (HRTEM) gives all the
information from conventional TEM, along with the crystalline
structure of single particles, and differentiates between
amorphous, monocrystalline, and polycrystalline NPs. HRTEM

6982 | Catal. Sci. Technol,, 2025, 15, 6976-7003

measurements were conducted to further elucidate the samples’
internal structure. Scanning electron microscopy analysis (SEM)
is an electron microscopy technique that can provide high-
resolution images of a sample surface, allowing visualization of
details about less than 1 to 5 nm in size by scanning it with a
high-energy electron beam in a raster scan pattern. Energy
dispersive X-ray (EDX) is an analytical technique employed for
elemental characterization of the sample, whereas atomic force
microscopy (AFM) measures the thickness of the nanosheet
materials. To further elucidate the synthesized samples’
photoinduced charge carrier transfer ability and electronic
conductivity, transient photocurrent response curves and
electrochemical impedance spectra (EIS) were analyzed.

4.1. MXene-modified phosphorus-based quantum dots

Phosphorus quantum dots are ultrasmall nanoscale
semiconductor materials that exhibit distinct optical and
electronic characteristics due to the quantum confinement
and edge effect.”* Due to its excellent charge carrier mobility,
a different band gap, and high on-off current ratios,”” black
phosphorus (BP) has started gaining attention with its
puckered structures along the armchair direction and its
bilayer configuration along the zigzag direction.”® Zero-
dimensional black phosphorus quantum dots (BPQDs),
derived from bulk black phosphorus (BP) through liquid
exfoliation, possess unique photophysical and
electrochemical properties, providing excellent stability, high
photoluminescence quantum yields, and intense light
absorption, making them ideal for applications in lithium
storage, fluorescent probes, and organic photovoltaics
(OPVs). Their adjustable bandgaps, which can approach
nearly 3 eV, position them as promising candidates for
visible-light-responsive  photocatalysts. Additionally, the
smaller size of quantum dots facilitates easier formation of

This journal is © The Royal Society of Chemistry 2025
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contact interfaces compared to larger materials, which
improves the transfer of light-induced electrons and
improves absorption of visible light. Following the
solvothermal method, which synthesizes nanomaterials by
using a solvent at elevated temperature and pressure in a
sealed vessel near or above the boiling point of the reaction
medium, Yao et al. employed this method to synthesize the
hybrid nanomaterial BPQDs/Ti;C,@TiO, (BTTC).”” Again,
during the synthesis, the precipitation samples of Ti;-
C,@TiO, are accumulated and labeled as TC (without the
hydrothermal treatment) and TTC-x (x represents the
temperature in °C: 100, 120, 140, and 160). As depicted in
Fig. 1(a), the novel BPQDs/Ti;C,@TiO, composites are
created through the in situ growth of TiO, nanoparticles on
the surface of Tiz;C,, followed by the introduction of BPQDs
to form a heterojunction nanostructure. Moreover, the
surface of the BTTC-120 heterostructure becomes rough
due to TiO, NPs' formation, indicating their growth on
Ti;C, during the hydrothermal process, as seen in FESEM
images. Similarly, HRTEM images, Fig. 1(b-d), reveal the
production of a heterojunction between BPQDs and TiO,
nanoparticles on TizC,. Further, Fig. 1(e) demonstrates that
the BTTC-x heterostructure enhanced the light absorption

View Article Online
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optical performance due to hydrothermal oxidation.
Similarly, Fig. 1(f) shows that BTTC-120 has the largest
specific surface area (15.29 m”> g™') due to TiO, NPs on
Ti;C, nanosheets, enhancing reactant adsorption and
migration, compared to BTC (3.15 m* g™') and TTC-120
(10.55 m> g™").”® Again, from Fig. 1(g), BTTC-120 has a
higher photocurrent than BTC and TTC-120 samples,
showing improved separation of photo-generated carriers
due to BPQD loading and hydrothermal oxidation.

In addition, Song and his research group designed the
ternary BQ/TiC/UCN heterojunction using grinding and
sonication, which improves interfacial interaction and
visible-light capture capacity by enhancing solution mixing
and solid dissolution (Fig. 2(a)).”® Conventional bulk g-C;N,
faces several limitations, including low surface area, poor
adsorption  capacity, and significant charge carrier
recombination, all of which restrict its practical
implementation. Nevertheless, merely creating an ultrathin
2-C3N, nanosheet (UCN) is insufficient to significantly
improve the transport of light-induced exciton pairs and the
absorption of visible light. Again, integrating UCN with
other materials to construct a semiconductor heterojunction
offers a promising strategy to improve its photocatalytic

compared to the BTC sample, representing improved  performance. Further, when BP nanosheets are reduced to
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(@) Schematic illustration of the preparation of BPQDs/TizC,@TiO, composites, (b-d) HRTEM images of the BTTC-120 sample, (e) UV-vis

diffuse reflectance spectra (DRS) of as-synthesized BTC and BTTC-x (x = 100, 120, 140, and 160 °C, respectively), (f) N, adsorption-desorption
isotherms of the as-prepared BTC, TTC-120, and BTTC-120 powders, and (g) photocurrent response. Reproduced from ref. 77 with permission

from MDPI, copyright 2020.
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(a) Illustration of the synthetic process of the optimal BQ/TiC/UCN composite, (b) steady-state photoluminescence (PL) spectra of BCN,

UCN, TiC/UCN and BQ/TiC/UCN samples, (c) time-resolved PL decay profiles for BCN, UCN, TiC/UCN and BQ/TiC/UCN samples, (d)
electrochemical impedance spectra (EIS) of BCN, UCN, TiC/UCN and BQ/TiC/UCN samples, and (e) transient photocurrent responses of BCN,
UCN, TiC/UCN and BQ/TiC/UCN samples. Reproduced from ref. 79 with permission from Elsevier, copyright 2020.

less than 20 nm in diameter, they become BP quantum dots
(BQ), which offer enhanced edge effects, high absorption
coefficients, quantum confinement, and ease of hybridization
with other materials compared to their bulk counterparts.
Moreover, the study examines the photoluminescence (PL) and
charge transfer properties of various photocatalyst samples:
BCN, UCN, TiC/UCN, and BQ/TiC/UCN showing that BQ/TiC/
UCN exhibits significantly reduced PL intensity and shorter
charge carrier lifetimes compared to the other samples, showing
more efficient charge separation and reduced recombination as
depicted in Fig. 2(b). Similarly, time-resolved PL tests Fig. 2(c)
demonstrate that the lifetimes of BQ/TiC/UCN (z; = 1.81 ns, 7, =
5.32 ns) are shorter than BCN, UCN, and TiC/UCN, with average
lifetimes of 5.60 ns for BQ/TiC/UCN, compared to 13.95 ns for
BCN. The shorter decay time of BQ/TiC/UCN indicates enhanced
charge migration and reduced recombination of photogenerated
exciton pairs, facilitated by the interfacial interaction between
BQ and UCN through ultrathin TiC. Again, from Fig. 2(d),
electrochemical impedance spectroscopy (EIS) and transient
photocurrent measurement tests further confirm that BQ/TiC/
UCN has superior charge transfer efficiency and photocurrent
response. Additionally, the transient photocurrent response,
Fig. 2(e), was used to assess the improved charge transfer
efficiency.®

4.2. MXene-modified oxide-based quantum dots

Metal oxide quantum dots (MOQD) are nanoscale
semiconductors that exhibit quantum confinement, resulting
in unique optical, electronic, and catalytic properties. Their
energy band structure suggests that they can be a good
heterostructure due to their interaction with light, charge
carrier generation, and transfer. In this regard, Li and his
group designed ultra-small TiO, QDs coupled with large-

6984 | Catal Sci. Technol., 2025, 15, 6976-7003

sized TizC, MXene nanosheets and investigated their
photocatalytic properties.”* Furthermore, to confirm the
successful synthesis of ultra-small TiO, quantum dots (QDs),
Fig. 3(a) presents a low-magnification TEM image, showing
evenly distributed black dots smaller than 5 nm on the
carbon film. Fig. 3(b and c) presents the height profile of
delaminated MXene, measured by AFM, indicating a
thickness of approximately 3.8 nm, confirming the presence
of ultra-thin MXene nanosheets. The high-magnification
TEM image reveals clear lattice fringes of the TiO, QDs,
corresponding to the (101) lattice plane.’' Therefore, it is
evident that ultra-small photocatalysts have been effectively
anchored onto the surface of large-sized cocatalysts.

4.3. MXene-modified selenide-based quantum dots

Chalcogen-based quantum dots, such as transition metal
chalcogenides (TMCs: CdSe, CdTe CdS,), are highly efficient for
several reasons such as (1) strong light absorption in the visible
to near-infrared regions; (2) a large specific surface area
combined with short charge transfer distances; and (3) a tunable
bandgap that enables the emission of multiple electrons from
the valence band (VB) to the conduction band (CB) per absorbed
photon.®*%* Considering the efficiency of 0D TMCs QDs, Shi-
Cheng Zhu and coworkers designed a 0D/2D CdSe QDs/MXene
nanocomposite by a ligand-initiated electrostatic self-assembly
strategy, Fig. 4(a), wherein positively charged CdSe QDs were
anchored onto the negatively charged ultrathin Ti;C,T,
nanosheets (NSs)' framework, facilitating the anisotropic
unidirectional electron transport from CdSe QDs to MXene
NSs.”” The high conductivity of MXene facilitates the formation
of Schottky junctions with TMCs QDs,***® promoting efficient
electron transfer. After CdSe QDs are added, the MXene surface
becomes rough due to the uniform deposition of CdSe QDs,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3
with permission from Elsevier, copyright 2021.

forming a 0D-2D heterostructure. TEM images show that CdSe
QDs are spatially dispersed and self-assembled on MXene with
strong interfacial contact, Fig. 4(b). Again, Fig. 4(c and d)
displays the lattice fringes of CdSe QDs and MXene having
spacings of 0.35 nm and 0.26 nm, corresponding to the (111)
plane of cubic-phase CdSe and the (110) plane of Ti;C,T,
MXene, respectively. In this setup, CdSe Quantum dots are
evenly dispersed on the surface of the Tiz;C,T, MXene
nanosheets, ensuring strong interfacial adhesion and enabling
stable, robust performance in photoreduction catalysis.

4.4. MXene-modified inorganic halide perovskite-based
quantum dots

Metal halide perovskites, such as CsPbBr;, CH;NH;PbI;, Cs,-
AgBiBrg, etc., offer significant advantages such as a wide
adsorption range, high photoluminescence efficiency, large
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3.8nm

(a) TEM image of TiO, QDs, (b) height profile characterized by AFM, and (c) the corresponding height distribution. Reproduced from ref. 73

charge carrier motility, and long-hole diffusion length.®”~°° To
increase the catalytic sites and suppress the charge
recombination of halide perovskite, it is coupled with a low-
dimensional material such as 2D MXene due to its abundant
active sites, large specific surface area, layer-dependent
electronic structure, and intense interfacial contact. Moreover,
Zhang and his research group synthesize a heterostructure,
Ti;C,/CsPbBr; quantum dot (Ti;C,/CsPbBr; QD) through a self-
assembly method.”* The improved photocatalytic efficiency of
this composite can be credited to the superior light absorption
and the unique 0D/2D structure of the Ti;C,/CsPbBr; quantum
dot composites. Moreover, the UPS spectra of CsPbBr; QDs and
Ti;C, in Fig. 5(a—e) provide key electronic properties such as:
CsPbBr; QDs have a Fermi level depth of 4.35 eV, valence band
maximum (VBM) of 5.86 eV, and a band gap of 2.41 eV, and
Ti3C, has a Fermi level depth of 4.19 eV, a VBM of 4.77 eV, a
band gap of 1.77 eV, respectively. Therefore, this work provides
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(a) Schematic illustration for electrostatic self-assembly of CdSe QDs/MXene nanocomposites, (b) low magnified TEM, and (c and d) HRTEM

images of the CdSe QDs-2%MXene nanocomposite. Reproduced from ref. 72 with permission from Elsevier, copyright 2021.
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valuable insights into the design of heterojunction
photocatalysts based on halide perovskite quantum dot
materials for enhanced photocatalytic applications.

In this regard, Que et al. and their coworkers synthesized
another hybrid material consisting of FAPbBr; QDs
integrated with 2D MxXene through a facile method.”
Moreover, initial experiments revealed that formamidinium
lead bromide QDs (FAPbBr; QD) exhibited superior
photostability and longer electron-hole pair lifetime.”* In the
FAPbBr;/Ti;C, heterojunction, electron transfer from FAPbBr;
to TizC, creates a strong donor-acceptor interaction, leading
to charge separation and a naturally occurring electric field
at the interface. This behavior leads to other 0D-2D
nanocomposites, where electron transfer enhances charge
separation. As per Fig. 5(f), time-resolved PL measurements
showed shorter decay lifetimes for FAPbBr;/Ti;C, composites
compared to pure FAPbBr;, indicating efficient electron
transfer between FAPbBr; QDs and Ti;C, nanosheets.”*°”
Again in Fig. 5(g), FAPbBr; showed an exciton bleach at 513
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nm after a 400 nm pump pulse, indicating fast carrier
trapping within 95 PS followed by long-lived excitons.
Electrochemical impedance spectroscopy (EIS) showed that
the semi-arcs in the Nyquist plots of the FAPbBr;/0.2-Ti;C,
sample decreased in the low-frequency range. Hence, this
approach has paved the way for new research in the
development of metal halide perovskite-based photocatalysts.

4.5. MXene-modified platinum based quantum dots

Platinum nanoparticles (Pt NPs) are one of the most effective
cocatalysts in photocatalysis, where their size determines the
activity and the selectivity of the catalytic reaction. Moreover,
Pt QD dispersion optimization plays a crucial role in
photosynthesis with low Pt particle content. Therefore, as
shown in Fig. 6(a), Devarayapalli and his group synthesized
Pt-TiO,NW/Ti;C, heterostructures with improved interfacial
bonding between the different components by the photo
deposition method.’® Again, the XPS spectral data shows the
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Fig. 6 (a) Schematic of the step-by-step preparation of Pt-TiO,NW/TizC,, (b) photoluminescence emission, and (c) electron spin resonance

spectra of TizC,, TiIO,NW/TizC,, and 20Pt-TiO,NW/TisC,, (d) DOS plots of TizC,, with the partial DOSs of the Ti 3d and C 2p orbitals, and (e and f)
DOS plots of Pt-TiO,NW/TizC,, with the partial DOSs of the Ti 3d, O 2p, C 2p, and Pt 5d orbitals. Reproduced from ref. 96 with permission from

Elsevier, copyright 2023.

transfer of electrons from the Pt QDs to the TiO,NW/Ti;C,
surface, forming Schottky junctions that enhance charge
separation rates. Importantly, the absorption edge of the
TiO,NW/TizC, nanostructure remains largely unchanged
with the addition of Pt QDs. However, a significant spectral
shift in the spectrum from 461 to 456 nm in the visible
light range is observed for the 20Pt-TiO,NW/Ti;C,
heterostructure catalyst, which is attributed to the cocatalyst
effects of the Pt quantum dot.””*® The energy gap (E,)
values for TiO,NW/Ti;C, and 20Pt-TiO,NW/Tiz;C, are
determined to be 3.31 eV and 3.23 eV, respectively,
according to the UV-visible diffuse reflectance (DR) spectra.
Further, the negatively charged surface of TiO,NW/Ti;C, is
due to the abundance of surface termination groups, which
enables better interfacial contact between the Pt QDs and
TiO,NW/Ti;C,.”° Again, photoinduced carrier migration in
Tiz;C,, TiO,NW/Ti3;C,, and 20Pt-TiO,NW/Ti;C, catalysts was
studied using photoluminescence (PL) emission and
electrochemical impedance (EIS) spectroscopy as shown in
Fig. 6(b and c). The 20Pt-TiO,NW/Ti;C, catalyst showed
significantly higher photocurrent density, enhancing charge
separation and improving photocatalytic CO, reduction. PL
emission spectra revealed reduced PL intensity in the
20Pt-TiO,NW/Ti;C, catalyst, indicating better electron transport
efficiency. Electron spin resonance (ESR) spectra showed
increased oxygen vacancies in Pt-decorated TiO,NW/Ti;C,,
aiding electron-hole pair separation. These oxygen vacancies

This journal is © The Royal Society of Chemistry 2025

may effectively promote the separation of the photogenerated
charge carrier pairs, enhancing CO, photoreduction.'*”'!
Again, as per Fig. 6(d-f), the density of states (DOS) analysis
reveals the electronic structures of Ti;C, and Pt-TiO,NW/Ti;C,,
showing that Ti;C, exhibits metallic behaviour due to
overlapping valence and conduction bands. Pt-TiO,NW/Ti;C,
exhibits higher spin states in Ti 3d orbitals, contributing to
its metallic properties. The Ti, O, C, and Pt orbitals play
key roles in conductivity and catalysis, with Pt influencing
electron localization without changing the Fermi level's band
gap. Though, the surface area of TiO,NW/Ti;C, (5.76
m?> g") nanostructure is larger than TizC, (4.5 m*> g'), but
20Pt-TiO,NW/Ti;C, heterostructures show decrease in surface
area due to the incorporated Pt QDs covering the
peripheries of the open sites, indicating that the surface is
not the key factor influencing the photoactivity of the
catalyst.

4.6. MXene-modified sulfur based quantum dots

Sulfur quantum dot (SQDs), since their discovery in 2014,
have attracted much interest due to some special properties
such as low toxicity, good optical properties and facile
synthesis. Among various sulfur-based quantum dots,
including cadmium sulfide (CdS) and zinc sulfide (ZnS),
CdS stands out as the most efficient photocatalyst due to its
suitable bandgap, appropriate bandgap position, excellent
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response to visible light, and controllable morphology.
Moreover, Liu and his group synthesized a CdS QDs@
MXene/PVDF  photocatalytic heterostructure membrane,
where the XRD showed a shift in the (002) peak and an
increase in crystal plane spacing, confirming successful
MXene formation.'”> Moreover, AFM revealed a mean
thickness of about 1.4 nm, confirming MXene's 2D lamellar
nature, making it suitable for fabricating two-dimensional
membranes. Similarly, as per Fig. 7(a-d) SEM analysis of
MO and M3 membranes (0, 3 represents the composition of
the membranes) showed that the MXene membrane had a
lamellar structure, uniformly placed on the PVDF base
without any major defects. The separator layer thickness
was 2 um for MO and 8 pm for M3, indicating that CdS
QDs altered the membrane's uniformity. M3 had a rougher
surface and a looser, thicker separator layer, which
improved water molecule diffusion and penetration. Both
MO and M3 displayed characteristic finger-like and sponge-
like pore structures. As depicted in Fig. 7(e), EDS-mapping
of M3 confirmed the uniform distribution of C, S, O, Cd,
and Ti, indicating that CdS QDs and MXene were evenly
incorporated into the membrane. Further Fig. 7(f)
represents the fabrication technique of the nanocomposite
CdS QDs@ MXene/PVDF membrane.

Similarly, CdS QDs/Ti;C,T, nanosheets were fabricated by
Yang and his group in which MXene serving as a cocatalyst,

100pum

100um

100pm 100pm
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acts as a loading substrate for CdS to reduce aggregation
during the SILAR method. CdS QDs/Ti;C,T, nanocomposites
with varying amounts of CdS quantum dots were prepared
using 3, 6, 9, and 12 SILAR cycles, and designated as CT-x,
where x represents the number of SILAR cycles.'®® Moreover,
Ti;C,T, and CT-9 are both 2D stacking layers with large sizes,
which is shown in TEM results (Fig. 8(a and b)). Studying the
Fourier transform infrared (FT-IR) spectra provides insights
into the surface functionalization of the various samples.
Notably, a peak at 1284 cm™', which is attributed to the
stretching vibration of the covalent C-F bond in Ti;C,Ty,
disappears in the CT-9 sample, indicating the replacement of
-F groups by -OH during the CdS deposition process. The
abundance of -OH groups on the MXene surface is
beneficial, as they can enhance the electronic density of state
at the Fermi level, leading to reduced resistance and
improved electronic conductivity. This enhancement supports
effective separation of photoinduced charge carriers. HRTEM
analysis in Fig. 8(c and d) showed that Ti;C,T, and CT-9 have
two-dimensional stacked layers, with Ti;C,T, coated in CdS
nanoparticles. The CdS nanoparticles, sized around 30-50
nm, were more likely to agglomerate without Ti;C,T,, but the
presence of TizC,T, reduced this agglomeration and
controlled the size of the CdS particles. Additionally, the
semicircle radius of CT-9 is considerably smaller than that of
CdS, suggesting enhanced charge separation following the
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Fig. 7 Top-down SEM images of MO (a) and M3 (b), cross-sectional SEM images of MO (c) and M3 (d) (insets are enlarged cross-sectional images
of the corresponding membrane), (e) EDS-mapping of M3, and (f) CdS QDs@ MXene/PVDF membrane fabrication. Reproduced from ref. 102 with

permission from Elsevier, copyright 2024.
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incorporation of TizC,T,. This improvement in charge
transfer efficiency underscores the beneficial role of Ti;C,T,
in the composite. Therefore, the CdS QDs/Ti;C,T, composite
demonstrates enhanced photocatalytic activity compared to
pure CdS, with the optimal CT-9 catalyst achieving high
effectiveness in the degradation of carbamazepine (CBZ)
under simulated sunlight irradiation.

4.7. MXene-modified carbon-based quantum dots

Carbon quantum dots (CQDs) have been extensively applied
in numerous fields such as chemical sensing, bioimaging,
drug delivery, and photocatalysis. They have garnered
significant attention due to their excellent, efficient electron
transport, aqueous solubility, and exceptional light-
harvesting capabilities, enabling full solar spectrum
utilization. Further, green CQDs are drawing increasing
attention because of their nontoxic nature, higher
compatibility, good dispersibility, and outstanding chemical
stability. Moreover, Zahedi et al. synthesized a carbon
quantum dot (CQD) based heterostructure in combination
with  Ti;C,(OH), MXene (CQDs/MXene) for rapid
photodegradation of malachite green (MG) under visible light
irradiation.'® Again, Fig. 8(e and f) shows FE-SEM images of
MXene and its CQDs/MXene composite, revealing that the
compact, sheet-like morphology of MXene remained
unchanged after composite formation. Further,

energy
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dispersive X-ray (EDX) analysis of the CQDs/MXene
composite confirmed the presence of carbon, oxygen,

nitrogen, aluminum, and titanium elements, with respective
abundances of 30%, 23.89%, 16.99%, 6.72%, and 22.40%.
Similarly, as shown in Fig. 8(g), the XRD analysis confirmed
the formation of Ti;C,(OH), MXene after washing and drying
and exhibits characteristic peaks at 38° and 40°. A titanium
phase was also detected in the CQDs/MXene pattern. The
XRD of MXene prepared by the hydrothermal method
exhibited a broad peak at 28°, indicating Ti;C,T,, and sharp
peaks in the catalyst pattern indicated good crystallization of
the nanocomposite.

5. Applications of MXene-modified
QD composites for various
photocatalytic applications

5.1. Photocatalytic H, evolution

The reliance on fossil fuels as a primary energy source leads
to significant ecological challenges and is a key contributor
to human-induced climate change. The environmental
impact of fossil fuel dependence is closely linked to these
challenges, emphasizing the need for sustainable
alternatives. Hydrogen, as a cleaner and renewable energy
source, offers a promising solution with its large energy
density of 143 kJ g”* and the absence of secondary pollution.
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Fig. 8 TEM images of (a) TizsC,T, and (b) CT-9 and (c and d) HRTEM images of CT-9.1°* SEM images of (e) MXene (left) and (f) nanocomposite
(right); (g) XRD patterns. Reproduced from ref. 104 with permission from American Chemical Society, copyright 2023.
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Hydrogen can be produced through three main strategies:
biofuels, fossil fuels, and water splitting. However, hydrogen
production from fossil fuels generates CO, as a byproduct,
contributing to environmental pollution, and biological
hydrogen production at a large scale remains costly. In
contrast, hydrogen production via water splitting using
wastewater is an eco-friendly and sustainable approach. A
landmark discovery by Fujishima and Honda in 1972
demonstrated hydrogen evolution through
photoelectrochemical water splitting using TiO, electrodes
under UV irradiation.'®® This groundbreaking finding
sparked considerable scientific interest in photocatalytic
hydrogen generation through water splitting. As a result,
significant advancements have been made in developing
various solar-active photocatalysts, including TiO,, ZnO, CuO,
ZnS, CdS, and WO3;, to enhance the efficiency of this process
and meet future energy demands.

Based on natural photosynthesis, directly converting solar
energy into valuable fuels offers a promising strategy to
resolve the global energy crisis. During the photocatalytic
reactions, three primary steps are majorly involved: (i) the
photocatalyst absorbs light and evolved charge carriers
(electron-hole pairs); (ii) charge segregation and transfer
through the bulk of the photocatalyst; and (iii) the generated
exciton pairs transfer through the surface of the bulk
photocatalyst to participate in conjugative oxidation and
reduction photocatalytic reactions (Scheme 2). In this
process, a successful charge separation occurs when exciton
pairs migrate to the catalytic surface without recombination.
At the surface, oxidation occurs at the VB using the generated
holes to oxidize water, producing protons and oxygen, while
reduction takes place at the CB, where electrons reduce
protons to generate hydrogen. As outlined in the reactions
below, certain redox conditions must be met for efficient
hydrogen production (eqn (1)-(3))."%> %7

Oxidation: 2H,0 — O, + 4H" + 4¢” E°=1.23 eV (1)

H*

CONDUCTION BAND

e
nd Gap (Eg)
h* fnt @bt | b

VALENCE BAND

Scheme 2 Schematic representation of photocatalytic hydrogen
evolution.
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Reduction: 2H" + 2™ — H, E° =0.00 eV (2)
Overall: 2H,0 — O, + 2H, E°=1.23 eV (3)
Ti;C, MXenes possess several significant properties,

including excellent electrical conductivity, high thermal
stability, favourable optical characteristics, and versatile
surface termination groups, making them a perfect candidate
for coupling with other semiconductors to improve
photocatalytic performance. The charge transfer mechanism
between MXene and the semiconductor depends on the
relative work function of MXene with respect to the
semiconductor. Based on this relationship, different charge
transfer pathways, such as Schottky junction formation,
ohmic contact, or band alignment adjustments, have been
proposed to optimize charge separation and enhance
photocatalytic performance. With Ti;C, acting as a cocatalyst
alongside a semiconductor, a Schottky junction forms, which
helps separate charge carrier pairs. The close and intense
interaction between MXenes and the semiconductor creates a
Schottky Dbarrier, resulting in strong interfacial charge
accumulation across the metal-semiconductor boundary.
Under light illumination, the semiconductor absorbs
photons, leading to electron excitation from the valence band
(VB) to the conduction band (CB), generating exciton pairs.
Due to their higher work function and lower Fermi level
compared to the semiconductor, MXenes serve as electron
acceptors. Electrons migrate from the semiconductor (with a
larger Fermi level) to the MXene until their Fermi levels
become aligned, promoting charge separation and enhancing
the efficiency of photocatalytic processes such as water
splitting. DFT calculations have shown that O-terminated
Ti;C, has a near-zero Gibbs free energy for hydrogen
adsorption (DGH) and the most positive value of EF,
indicating high H, evolution activity and the capability to
capture photo-induced electrons.

5.1.1 MXene-modified QD  heterostructures for
photocatalytic H, evolution. To boost photocatalytic
efficiency, MXene plays the role of a co-catalyst for various
semiconductors that construct a binary heterostructure.
Recently, MXene has gained attention in
photocatalysis due to its superior electron-capturing ability,
which effectively facilitates efficient charge carrier separation.
In this advancement, Ti;C, MXenes are mainly introduced as
co-catalysts in photocatalytic water splitting, having higher
H, yields as compared to pure semiconductor materials.
MXene materials are metallic with the Fermi level near the
valence band center. Their work function, ranging from 3.5
eV to 5 eV, is influenced by surface terminations. Oxygen-
terminated MXenes typically have a higher work function,
indicating that surface chemistry significantly affects electron
removal. In this regard, Qi et al. fabricated a Ti;C, MXene-
modified TiO, QD binary heterostructure for photocatalytic
H, evolution.”® In this preparation strategy, small-sized TiO,
photocatalysts were attached to large-sized MXene
nanosheets, which offer a large number of active sites for

extensive

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cy00606f

Open Access Article. Published on 16 October 2025. Downloaded on 3/15/2026 3:31:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

capturing photoinduced electrons. The metallic MXene
effectively captures photo-excited electrons from small-sized
TiO, to obtain rapid charge segregation. Further to examine
the photocatalytic properties of TiO,@MXene composites,
Fig. 9(a) shows the hydrogen production, where a linear
relation between hydrogen production and reaction time can
be clearly observed. Maintaining the 4 h-hydrogen production
duration, the optimum photocatalysts showed a higher H,
production yield compared to pristine TiO, (Fig. 9(b and c)).
Again, as per Fig. 9(d and e), ESR signals are minimal
without light (dark conditions). Similarly, Fig. 9(f)
demonstrates the LSV curves of TiO, QDs, MXene
nanosheets, and the optimized composite, exhibiting a lower
onset potential of hydrogen evolution than that of TiO, QDs.
Moreover, Fig. 9(g) represents the schematically proposed
photocatalytic mechanism elucidated through spectroscopic
and electrochemical data.

Moreover, due to their unique characteristics, transition
metal chalcogenide quantum dots (TMCs QDs) show great
potential for solar energy harvesting and utilization. Still,
their instability and charge carrier recombination limit their
effectiveness. In this regard, 0D/2D CdSe QDs/MXene
nanocomposites were developed using a ligand-initiated
electrostatic self-assembly approach, where CdSe QDs were
anchored on Ti;C,T, MXene nanosheets.””> The CdSe QDs-
2%M nanocomposite undergoes considerably boosted

View Article Online
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facilitating unidirectional electron flow from CdSe QDs to
MXene, which prolongs charge lifetimes and improves
stability under light irradiation. As depicted in Fig. 10(a),
blank CdSe QDs exhibit a low photocatalytic H, evolution
rate of 91 pmol h™ g, which will increase with a larger
loading amount of Ti;C,T, MXene NSs. Further, among the
different agents such as ethanol, methanol, glycerol, ethylene
glycol, and lactic acid, lactic acid exhibited the maximum
efficiency, attributed to its strong deprotonation ability,
which effectively alters the surface behavior of the
photocatalytic heterostructure and controls the complete
adsorption process (Fig. 10(b)). Fig. 10(c) shows that the
photocatalytic activity of CdSe QDs-2%M increases with
rising light intensity, demonstrating that a photocatalytic
process drives the H, evolution reaction. Moreover, based on
the above results, the photocatalytic mechanism of CdSe
QDs-2%M is illustrated in Fig. 10(d). This finding offers new
insights into 0D-2D hybrid nanoarchitectures, where
intimate interfacial contacts and well-aligned energy levels
are crucial for boosting photocatalytic hydrogen evolution
efficiency.

Moving towards ternary heterostructures, Liu et al
constructed a BPQDs/Tiz;C,@TiO, photocatalyst, where
TiO, nanoparticles were in situ grown on Tiz;C, MXene
nanosheets and modified with black phosphorus
quantum dots (BPQDs) to form a ternary heterojunction

performance in photocatalytic reduction for H, generation  nanostructure.”” The BPQDs/TizC,@TiO,-120 composite
under visible light, compared to pristine CdSe QDs. This  exhibits optimized photocatalytic performance, with a
enhancement contributes to MXene's role as an electron trap,  hydrogen evolution rate of 684.5 umol h™ g™ under
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Fig. 9 (a) Photocatalytic hydrogen production of TiO, QDs coupled with different concentrations of MXene nanosheets as a function of reaction

time, (b) photocatalytic hydrogen production for 4 h, (c) photo-catalytic hydrogen production for 4 h with band-pass filters for the optimized
composite, (d and e) ESR spectra of TiO, QDs and the optimized composite for capturing -OH and -O; radicals, (f) LSV curves of TiO, QDs, MXene
nanosheets and the optimized composite, and (g) proposed photocatalytic mechanism. Reproduced from ref. 73 with permission from Elsevier,

copyright 2021.
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(a) Photoactivities of CdSe QDs-MXene nanocomposites with different percentages of MXene toward hydrogen production under visible

light (1 > 420 nm) irradiation, (b) photocatalytic hydrogen production performances of CdSe QDs-2%M in the presence of different sacrificial
reagents, (c) photocatalytic hydrogen production performances of CdSe QDs-2%M under visible light irradiation with different light intensities, and
(d) schematic illustration of the photocatalytic mechanism of CdSe QDs-M nanocomposites. Reproduced from ref. 72 with permission from
Elsevier, copyright 2021. (e) A possible mechanism for the photocatalytic H, evolution over the BQ/TiC/UCN composite. Reproduced from ref. 79

with permission from Elsevier, copyright 2020.

visible light, outperforming other samples.
Photogenerated electrons migrate from the conduction
band (CB) of BPQDs to TiO, and then to TizCy,

facilitated by the surface heterojunction, enhancing the
efficlency of  carrier  separation and  transport.
Additionally, the larger surface area of BPQDs/Ti;C,@TiO,
provides many active sites for the photocatalytic process.
This structure significantly boosts photocatalytic hydrogen
evolution, offering a promising approach for energy
applications. Similarly, Deng and his co-worker modified
metal-free BPQDs/g-C3N, (UCN) with ultrathin TizC,
MXene-based photocatalysts through an uncomplicated
approach.”” The TiC nanosheets are combined with black
phosphorus (BQ) and ultrathin UCN to form a 0D/2D
heterojunction,  enhancing  photocatalytic =~ hydrogen
production. The fine-tuned BQ/TiC/UCN composite
demonstrates intimate interfacial contact and optimized
visible-light absorption, significantly accelerating charge
transfer and exciton pair separation. Consequently, the

6992 | Catal. Sci. Technol,, 2025, 15, 6976-7003

composite with an AQY of 17.6% at 420 nm exhibits
47.2 times and 19.4 times larger photocatalytic activity
than pristine g-C;N, and ultrathin g-C;N,, respectively.
Moreover, the composite demonstrated excellent stability
after six consecutive reactions, confirmed by FTIR and
XRD analyses. Based on the above results, a possible
mechanism explaining the outstanding HER performance
of BQ/TiC/UCN is proposed and illustrated in Fig. 10(e).
This work provides valuable insights into MXene-based
catalysts for improving solar energy utilization. Table 1
summarizes the photocatalytic hydrogen evolution of
MXene TizC,-modified QD  nanocomposites under
different experimental conditions.

5.2. Photocatalytic CO, reduction
CO, reduction via photocatalysis to produce valuable

chemicals is essential for lowering greenhouse gas
concentrations and fulfilling the need for renewable fuels.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Represents the photocatalytic activity of MXene-modified QD nanocomposites towards various photocatalytic applications

SL Type of MXene Photocatalytic Photocatalytic activity Photocatalytic

no. modified systems Photocatalyst Method reaction condition of pristine materials  applications Reference

1. MZXene modified BQ/TiC/UCN Mixing and Light source UCN-0.95 mmol g™ Hydrogen evolution 79
phosphorous-based ultrasonication (300 W Xe lamp), h™", TiC/UCN-3.08 (18.42 mmol h™
QD sacrificial reagent mmol g™ h™ g

(triethanolamine  (UCN-g-C3N,)
(10 vol%))

2. MXene modified BPQDs/Ti;C,/TiO, Hydrothermal Light source TTC (Ti3C,/TiO,) Methyl orange (MO) 77
phosphorous-based (300 W Xe lamp), 120-324.5 umol h™"  degradation (93%)

QD sacrificial reagent g~', BTC (BPQDs/ and hydrogen
(triethanolamine) Ti;C,) sample - 60.3  evolution (684.5
pumol h™* g™* pumol h™* ¢g™)

3. MXene modified NiO QDs/TiO,/Ti;C, Thermal Light source — Rhodamine B (Rh 93
oxide-based QD decomposition (500 W Xe lamp) B) degradation

4. MZXene modified TiO, QDs/TizC, Hydrothermal Light source Pure TiO,-4.1 umol Hydrogen evolution 73
oxide-based QD (300 W Xe lamp), h™' g™ (62.5 umol h™* g™}

sacrificial reagent
(triethanolamine)

5. MZXene modified TMCs QDs/Ti;C, Self-assembled Light source (300 Blank CdSe QDs-91 Hydrogen evolution 72

selenide-based QD W Xe lamp), pumol h™* g™* (204 umol h™" g™)
sacrificial reagent
(lactic acid)

6. MXene modified FAPDbBr;/Ti;C, Physical mixing  Light source Pristine FAPbBr; CO, reduction 92
inorganic halide (300 W Xe lamp)  QDs-343.90 (717.18 umol g™
perovskites-based pmol h™" g™* h™)

QD

7.  MXene modified TizC,/CsPbBr; QD Self-assembly Light source CsPbBr; QDs —1.92 CO, reduction 91
inorganic halide method (300 W Xe lamp) umol h™' g™ (17.98 umol h™' g ™)
perovskites-based
QD

8. MXene modified PtQDs-TiO,NW/TizC, Photo-deposition Light source TiO,NW/Ti;C, (CO: Carbon dioxide 96
platinum-based QD (300 W Xe lamp) ~ 32.16 pmol h™ g™ reduction (CO and

and CHy: 25.89 umol  CH, production:
h™' ¢g7" after 10 h of ~ 38.14 and 36.12 1
irradiation) mol g

9. MZXene modified CdS QDs/Tiz;C, Ty SILAR method Light source — Carbamazepine 103

sulphur-based QD (300 W Xe lamp) (CBZ) degradation
(95.2%)

10. MZXene modified CdS QDs/Ti3C,/PVDF  Vacuum-assisted Light source — Organic dyes 102

sulphur-based QD self-assembly (365 W Xe lamp) (97.3% for Congo
red (CR) and 98.5%
for Rhodamine B
(Rh B))

11. MZXene modified CQDs/TizC, Self-assembly Light source — Malachite green 104
carbon-based QD process (300 W Xe lamp) degradation

(96.1%)
CO, photoconversion research began in the late 1970s, with ~ temperatures and pressures for its thermos catalytic

early
photosynthesis

studies

conducted
using

semiconductor

by Halmann.
photocatalysts

108

Artificial
to

conversion. The cleavage of the stable C=O double bond
(750 kJ mol™) requires using an external photosensitizer and

convert CO, into various chemicals is essential for addressing
energy needs and mitigating climate change. Converting CO,
into hydrocarbon fuels is a viable solution to resolve
environmental and energy concerns. As a result, extensive
research has been conducted on various semiconductor
materials for the photocatalytic reduction of CO,.
Semiconductors such as TiO,, GaN, Fe,03, WO3, ZnO, and g-
C;N, have been studied for their ability to reduce CO, into
products like CH;0H, HCHO, HCOOH, CO, and CH,. Carbon
dioxide is a highly stable and unreactive compound because
of the robust nature of the C=0 double bond, which has an
energy of 750 kJ mol™, and this stability necessitates high

This journal is © The Royal Society of Chemistry 2025

CO, activation co-catalysts, which effectively facilitate the
photocatalytic process. Photocatalytic activation of CO, has
the potential to be a more environmentally friendly process,
as it can be performed at lower temperatures and pressures,
reducing energy consumption. The redox potential associated
with the single electron reduction of CO, is —1.85 eV (vs. NHE
at pH = 7), making the process unfavorable due to the
difficulty in bending the linear CO, molecule and injecting
an electron and this potential is more negative than the
conduction band edge of the majority of semiconductors
(Scheme 3). However, some specific photocatalysts can bind
CO, in a bent configuration, which enhance -electron
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transport to form the CO,  anion. An effective photocatalyst
should generally have excellent charge separation, fast charge
transfer, high stability, low cost, absorption within the visible
spectrum range, and nontoxicity. By emulating the
photosynthesis process of green plants, CO, can be artificially
transformed into clean fuels such as CO, CH;CH,OH, CH,,
CH;0H, and HCOOH through the photocatalytic process

(eqn (4)-(8))."™*

CO, +2H" + 2¢” — HCOOH E° = -0.66 V (4)
CO, +2H" +2¢” — CO + H,0 E°=-0.53V (5)
CO, +4H' +4e” — CH,0 + H,0 E°=-0.49V (6)

CO, + 6H" + 6e” — CH;0H + H,0 E°=-0.40V ?)
CO, + 8H' + 8¢ — CH, + 2H,0 E°=-0.24V (8)

Furthermore, effective production of desirable hydrocarbon
fuels requires that the reduction potentials of CH, (-0.24 V)
and CO (-0.53 V) be well-matched with the conduction band
potential (Ecs) of the photocatalyst.'™® Research nowadays
has emphasized the potential of Tiz;C, as a highly efficient
co-catalyst in CO, photoreduction, because of its excellent
electrical conductivity, high structural stability, and effective
surface functionalization.""*™"'® Specifically, the ~-OH groups
on TizC, provide numerous basic sites that enhance the
adsorption and activation of carbon dioxide molecules,
leading to significant improvements in CO, photoconversion.
MXene-supported ~ semiconductor  photocatalysts  can
significantly improve the efficiency of photogenerated charge
carrier separation while maintaining their intrinsic redox

capabilities.
5.2.1 MXene-modified QD  heterostructures for
photocatalytic CO, reduction. Numerous studies have

reported MXene-modified quantum dot (QD) nanocomposites

e

View Article Online
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for photocatalytic CO, reduction, highlighting their wide
range of potential applications. Ti;C, MXene, recognized for
its excellent optical properties and enhanced electronic
conductivity, has emerged as a highly promising noble metal-
free co-catalyst for boosting the efficiency of photocatalysts in
CO, reduction. In this regard, Que and his co-worker
synthesized a FAPbBr;/Tiz;C, composite that was successfully
prepared through a simple process and tested as a visible-
light-responsive heterostructure for CO, reduction in purified
water.”> Fig. 11(a) shows that adding Ti;C, significantly
enhances the CO, reduction performance of FAPbBr; QDs,
with the FAPbBr;/0.2-Tiz;C, sample achieving the highest CO
yield, which is 1.84 times greater than that of the pristine
QDs. Additionally, the composite showed a notable
improvement in photocurrent density, from 0.034 to 0.170 pA
em™?, indicating enhanced charge separation and transfer.
Optical analysis demonstrated that FAPbBr; quantum dots
were attached to TizC, nanosheets via a Schottky
heterojunction, facilitating efficient photogenerated charge
separation and transfer. The performance improvements
were attributed to the construction of the Schottky contact,
which enhanced photocatalytic activity. Moreover, the
photocatalytic mechanism of FAPbBr;/Tiz;C, is illustrated in
Fig. 11(b). This work suggests a promising new avenue for
the advancement of metal halide perovskite-based
heterostructures. For instance, Liu et al. fabricated a novel
TizC,/CSPbBr; QD binary composite via a self-assembly
method, exhibiting exceptional photocatalytic CO, reduction
performance.” Fig. 11(c and d) shows that CH, is the
dominant product in CO, photoreduction by CsPbBr; QDs,
while Ti;C, shows lower overall yields of both CO and CH,
after 5 hours of light irradiation. Again, Fig. 11(e)
demonstrates that the CH, yield shows limited improvement,
likely due to competition with CO formation, as both
products compete for photoinduced electrons. The
composites achieve high yields of CO (17.98 pumol h™ g™)
and CH, (19.31 umol h™ g™), with 98.42% and 97.35%

-15 = EOOIIICO, -0.61V
1.0 4 EOICO2 -0.53V
E -0.5 + -0.48V
£ 00 +
@ -0.38v
-
— 0.5 ==
3 -0.24V
Z
s 10 = Valence Band
S +0.82V
15 =
7] om0
2.5+

Scheme 3 Schematic representation of carbon dioxide reduction.
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Fig. 11 (a) Photocatalytic CO, reduction performances in deionized water of FAPbBr3/x-TisC, (x = 0.0, 0.2, 0.5, and 1.0) under AM 1.5G (150 mW

cm™), (b) Schottky heterojunction photocatalytic system for CO, reduction in FAPbBrs/x-TisC,. Reproduced from ref. 92 with permission from
American Chemical Society, copyright 2021. CO, photoreduction yields of TisC,, CsPbBrs QDs, and TizC,/CsPbBrs QD composites after light
irradiation of 5 h: (c) CO, (d) CH,, and (e) combined, (f) cycling stability test of TizC,/CsPbBrsz QD composites after light irradiation of 3 h, and (g)
type II-2 heterojunction of the TisC,/CsPbBrs; QD composites: before contact, after contact, and after contact upon irradiation and charge
migration and separation respectively. Reproduced from ref. 91 with permission from American Chemical Society, copyright 2021.

retention of photocatalytic activity after three cycles,
respectively (Fig. 11(f)). The improved performance is due to
superior light absorbance, the formation of a type II
heterojunction with the existence of the IEF fields, and the
unique 0D/2D structure of the composites, which improve
electron-hole separation and facilitate efficient CO, reduction
by providing a larger surface area and a greater number of
active sites. Again, Fig. 11(g) shows that the Ti;C,/CsPbBr; QD
composites form a type II-2 heterojunction, enabling effective
charge transfer and separation, as shown by their band
positions and Fermi level alignment. These factors combine
to make Ti;C,/CsPbBr; QD composites promising candidates
for sustainable photocatalytic applications. By utilizing
MXene in this way, the photocatalyst can exhibit enhanced
light absorption, greater charge carrier mobility, and
improved catalytic performance, making it a promising co-
catalyst in various photocatalytic applications, including
carbon dioxide reduction.

Devarayapalli et al. prepared TiO,NW/Ti;C, binary metal
oxide phases that were synthesized through the oxidation of
Ti;C, MXene, and the effect of incorporating Pt quantum dots
(PtQDs) onto these nanostructures was investigated.”® By

This journal is © The Royal Society of Chemistry 2025

employing a simple one-pot oxidation process, PtQDs were
effectively bound to the TiO,NW/Ti;C, surfaces, substantially
enhancing CO, photoreduction performance. The electronic
structure analysis of the 20Pt-TiO,NW/Ti;C, catalyst revealed
conducting properties, with the Ti 3d, O 2p, C 2p, and Pt 5d
orbitals playing key roles in the catalytic activity. The optimized
20Pt-TiO,NW/Ti;C, catalyst demonstrated a  4.8-fold
improvement in CO (38.14 umol g™*) and CH, (36.12 umol g ")
production compared to bulk Ti;C, MXene. The improvement
was due to the efficient integration of PtQDs, which enhanced
solar-light absorption, promoted photoinduced exciton pairs,
and improved catalytic efficiency, as confirmed by various
characterization techniques. This strategy offers a promising
approach for improving highly efficient photocatalysts for CO,
reduction. Table 1 summarizes the photocatalytic CO, reduction
of the MXene Ti;C,-modified QDs nanocomposite under
different experimental conditions.

5.3. Photocatalytic pollutant degradation

With the rapid advancement of
population growth, energy crises

industrialization and
and environmental
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pollution have emerged as progressively critical global
challenges. Historically, industrial progress and
environmental protection have often been at odds.'"
However, with growing emphasis on environmental concerns
today, there is a significant push towards developing and
utilizing clean energy, especially renewable solar energy, to
address these environmental issues.'**™*° Industrial
activities contribute significantly to pollution, with
approximately 800000 tons of dyes produced globally yearly.
These dyes persist in water due to their aromatic components
and are highly toxic."**'*" Therefore, effectively addressing
dye contamination in water is crucial for ensuring safe public
water supplies. Photocatalysis emerges as a highly effective
and straightforward technique for treating dye pollutants and
removing organic contaminants due to its complete
degradation capabilities and broad applicability."*>™3*
However, this method's effectiveness depends on the
properties of the photocatalyst employed. Nanostructured
semiconductors are emerging as auspicious materials for
environmental remediation due to their ability to facilitate
photocatalytic oxidation processes. When exposed to solar or
UV light, these semiconductors can generate reactive species
that degrade  pollutants, effectively cleaning up
environmental contaminants. The photocatalytic process can
be broken down into three main steps. First, photocatalysts
such as TiO, are activated by light energy that meets or
exceeds the band gap energy, facilitating the generation of
photoinduced charge carriers. Electrons in the valence band
(VB) are excited to the conduction band (CB), leaving behind
holes due to unoccupied electronic states (Scheme 4).
Consequently, photoinduced electrons react with O, and H,O
to produce highly reactive superoxide and hydroxyl radicals.
The O, adsorbed on the photocatalyst's surface captures
electrons to form superoxide radicals (-O, ). These superoxide

Oxidation

@ Holes

@ Electrons

Scheme 4 Schematic representation of pollutant degradation.
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radicals can further react with water to create hydroperoxyl
radicals (HO,-). Additionally, water or hydroxide ions (OH)
adsorbed on the photocatalyst's surface are oxidized by holes
(h") to produce hydroxyl radicals (-OH). Third, these highly
reactive hydroperoxyl, hydroxyl, and superoxide radicals
oxidize organic pollutants (OPs) into CO, and H,O, thus
avoiding secondary pollution.

5.3.1 MXene-modified QD
photocatalytic  pollutant degradation.
photocatalytic ~ performance of a heterostructure is
primarily due to effective electron transfer, reduced
recombination, and enhanced light absorption and surface
area. Following a hydrothermal strategy, a double
heterojunction = BPQDs/Ti;C,@TiO,  photocatalyst was
prepared, which promotes the fast electron transfer within
the charge transport channels, resulting in considerable
development in the degradation of methyl orange (MO)
through the photocatalytic process, attributed to the
significant specific surface area of the nanocomposite.”
Furthermore, the enlarged specific surface area of BPQDs/
Ti;C,@TiO, offers an increased density of surface-active
sites and enhanced adsorption, significantly improving its
photocatalytic performance of 93% methyl orange (MO)
degradation in 60 minutes. These results highlight Ti;C,
MXene as a promising photocatalytic material and emphasize
the critical contribution of BPQDs in photocatalytic degradation.
Similarly, CdS quantum dots (QDs) have attracted attention in
photocatalysis for their specific size-dependent electronic and
optical properties, and based on these characteristics, the CdS
QDs/Ti;C,T, exhibit remarkable photocatalytic activity in
carbamazepine (CBZ) degradation, achieving efficiencies of
95.2%, 91.6%, and 91.7% in DI water, secondary effluent
originating from municipal wastewater, and associated

heterostructures  for
The improved

groundwater sources, respectively.

i
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The binary composite outperforms pure CdS in
photocatalytic activity, with the optimal CT-9 (9 SILAR cycle)
photocatalyst achieving high CBZ degradation efficiency
under simulated sunlight. In addition, the suggested reaction
mechanisms for CT-9-induced photocatalytic pollutant
degradation are presented schematically in Fig. 12(a).
Further, as shown in Fig. 12(b), several reactive oxygen
species (ROS), particularly superoxide radicals (-O, ), hydroxyl
radicals (-OH), and singlet oxygen ('O,), collectively
contribute to CT-9-driven photocatalytic CBZ degradation
under simulated sunlight, with -O,” playing the dominant
role. Spin-trapping ESR analysis validated the generation of
.0, , ‘OH, and 'O, over CT-9 under simulated sunlight,
supporting their key roles in the photocatalytic process as
represented in Fig. 12(c). Similarly, Fig. 12(d) demonstrates
the complete dye removal process of the CdS QDs@MXene/
PVDF nanocomposite in detail. Additionally, carbon quantum
dots (CQDs) have gathered significant interest in visible-light-
driven heterogeneous photocatalysis due to their outstanding
water solubility, efficient electron transport, and enhanced
light-harvesting properties, which allow the complete
utilization of the solar spectrum, leading to the development
of CQDs/MXene heterostructures.’® As depicted in Fig. 13,
the nanocomposite demonstrated exceptional visible-light
photocatalytic efficiency, maintaining excellent activity over
three photodegradation cycles and achieving 96.1%
malachite green dye (MG) dye degradation after 25 minutes

View Article Online
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of exposure. Again, this degradation kinetics follow a first-
order reaction and a rate constant (k) of 0.1382 min’, as
described by the Langmuir-Hinshelwood model. Further, Liu
et al. found a nanocomposite, where the CdS quantum dots
(QDs) with photocatalytic properties were integrated into
MXene channels to create a CdS QDs@MXene/PVDF
composite membrane, which demonstrated enhanced
separation capability with PVDF polymer serving as the
support layer.'” The composite membrane effectively
removed Congo red (CR) and Rhodamine B (Rh B) dyes,
achieving impressive removal rates of 97.3% for CR and
98.5% for Rh B, through the combined action of membrane
separation and photocatalysis. The CdS QDs imparted self-
cleaning properties, exceptional permeability, and selectivity
to the membrane, maintaining over 90% dye retention and a
permeate flux of 388.0 L m™> h™" after five photocatalytic
cycles, demonstrating excellent resistance to contamination.
Therefore, incorporating uniform-sized CdS QDs within the
interlayer channels of MXene enhanced the membrane's
structure with photocatalytic and antifouling properties for
stable and efficient dye removal from aqueous solutions.
Table 1 summarizes the photocatalytic pollutant degradation
of various MXene Ti;C,-modified QD nanocomposites under
different experimental conditions.

The varying performance observed in different TizC,
MXene-modified quantum dot (QD) heterostructure catalysts
can be primarily attributed to differences in interfacial
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Fig. 12

(a) Proposed mechanism of CT-9 for the photodegradation of pollutants, (b) effect of various ROS scavengers on the degradation of CBZ

by CT-9 and (c) ESR spectra of radical adducts trapped by DMPO or TEMP for CT-9, experimental conditions: [CBZ]0 = 10 mg L™, [CT-9] = 0.5 g
L%, T = 25 °C. Reproduced from ref. 103 with permission from American Chemical Society, copyright 2023. (d) Diagram of the dye removal process
of the CdS QDs@MXene/PVDF composite membrane. Reproduced from ref. 102 with permission from Elsevier, copyright 2024.
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Fig. 13 An illustration of the photocatalytic pathway for MG degradation by the CQDs/MXene nanocomposite. Reproduced from ref. 104 with

permission from Elsevier, copyright 2024.

interactions, electronic  structure alignment, surface
chemistry, and synthesis methods."**® One of the most
critical factors is the nature of the interface between the
Ti;C, MXene and the quantum dots. Strong interfacial
coupling facilitates more efficient charge separation and
transfer, which reduces electron-hole recombination and
enhances overall catalytic activity. This efficiency is further
influenced by the band alignment between the QDs and the
MXene. A well-matched energy level -configuration,
particularly type-Il band alignment, enables spatial
separation of photoexcited electrons and holes, promoting
higher photocatalytic or electrocatalytic performance.
Additionally, the surface terminations on the MXene (e.g,
-OH, -F, or -O) play a significant role in determining its
electronic structure, work function, and surface reactivity, all
of which impact the overall behavior of the heterostructure.
The composition and size of the quantum dots also influence
performance through their effect on bandgap energy, light
absorption, and quantum confinement effects. Smaller QDs
tend to have more tunable band positions, which can
enhance interfacial charge transfer if properly aligned with
the MXene. Moreover, morphological factors such as the
surface area and dispersion of QDs on the MXene surface
determine the number of accessible active sites and the
efficiency of mass and charge transport. Finally, the method
used to fabricate the heterostructure whether through in situ
growth, hydrothermal methods, or physical mixing affects
interface quality, defect density, and material integration.
Therefore, the performance differences across various MXene
modified QD catalysts are a result of the complex interplay
between these structural, electronic, and chemical factors,
often tailored further by the specific requirements of the
target catalytic or photocatalytic reaction.

Ti;C, MXene-modified quantum dot (QD) heterostructures
exhibit several fundamental similarities that enhance both
energy conversion and environmental remediation processes.
A key commonality is their ability to promote efficient charge
separation and transfer, as the metallic conductivity of Ti;C,

6998 | Catal Sci. Technol., 2025, 15, 6976-7003

MXene allows it to act as an electron sink, reducing charge
recombination in quantum dots. This facilitates more
effective photocatalytic reactions in pollutant degradation
and boosts performance in solar energy conversion.
Additionally, the combination of 2D MXene with 0D QDs
results in a high surface area structure that increases active
sites for redox reactions, enhancing both catalytic and
adsorption capabilities. Their broad light absorption range,
enabled by the tunable bandgap of QDs and the light-
harvesting properties of MXenes, further supports efficient
utilization of solar energy. Moreover, favorable band
alignment between QDs and MXene supports synergistic
charge transfer mechanisms like type-II or Z-scheme systems,
improving redox activity for both environmental and energy
applications. Lastly, the chemical stability and surface
functionality of Ti;C, facilitate strong interfacial interactions
with QDs, contributing to the structural integrity and
operational durability of the heterostructure across diverse
applications. TizC, MXene-modified quantum dot (QD)
heterostructures, while sharing several similarities, also
exhibit considerable differences in their formation and
function depending on whether they are applied to energy
conversion or environmental remediation. In energy
conversion systems, such as solar cells, the heterostructures
are often designed with precise band alignment and charge
transfer dynamics in mind, requiring careful control over
QD size, composition, and interface engineering to optimize
light absorption. In contrast, environmental remediation
applications, like pollutant degradation, typically prioritize
surface reactivity, adsorption capacity, and catalytic
efficiency over long-term charge transport optimization.
Additionally, the synthesis strategies may differ: for energy
applications, more sophisticated methods (e.g., epitaxial
growth or atomic layer deposition) are employed to ensure
structural coherence and stability, whereas for remediation,
simpler, scalable approaches (like hydrothermal synthesis or
in situ deposition) are favored for cost-effectiveness. The
choice of QD material also varies; semiconducting QDs with

This journal is © The Royal Society of Chemistry 2025
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optimal band gaps are selected for solar energy harvesting,
while QDs with higher surface catalytic activity or redox
potential (such as doped or defect-rich QDs) are more
commonly used in pollutant breakdown. These distinctions
in heterostructure design reflect the differing performance
demands of energy versus environmental systems, even
though both benefit from the unique properties of the Ti;C,
MXene-QD hybrid framework.

5.4. Role of MXene and quantum dots in different
photocatalytic applications

MXenes and quantum dots (QDs) have distinct roles in

photocatalytic systems. Ti;C, MXene often acts as a
conductive support, electron mediator, or co-catalyst,
enhancing charge transport, reducing electron-hole

recombination, and sometimes providing active sites. It can
also serve as an electron sink, promoting efficient charge
separation and utilization.

QDs play versatile roles in photocatalysis as
semiconductors, co-catalysts, and sensitizers especially when
paired with MZXenes. These synergistic composites offer
enhanced light harvesting, charge transport, and stability,
making them promising candidates for energy conversion
and environmental remediation applications.

Role of quantum dots

1. QDs as semiconductors. Quantum dots enhance
photocatalytic activity by improving light absorption, charge
separation, and electron mobility when integrated with
materials like MXenes. Studies demonstrate that such
hybrids  significantly = outperform  their  individual
components. For example, BPQDs/Ti;C,@TiO, and CdS
QDs/Ti;C,T showed superior performance in hydrogen
evolution, pollutant degradation, and CO, reduction,
primarily due to improved heterojunction formation, larger
surface areas, and more efficient charge transfer.

2. QDs as co-catalysts. QDs also act as co-catalysts, enhancing
reaction efficiency by accelerating charge separation, reducing
over potential, and stabilizing photocatalysts. For example,
when Pt QDs combined with TiO, nanowires and Tiz;C, MXene,
a 16.58-fold increase in CO, reduction compared to commercial
TiO, is achieved. However, excessive QD loading can hinder
performance by blocking light and active sites or promoting
charge recombination.

3. QDs as sensitizers. As sensitizers, QDs absorb visible
light and generate charge carriers, which are transferred to
MXenes to drive photocatalytic reactions. For instance, CdSe
QDs coupled with Ti;C,T, MXene significantly improved
hydrogen production and pollutant reduction due to strong
interfacial contact and efficient electron extraction. Optimal
MXene loading is critical, as excessive amounts can reduce
light absorption by QDs.

6. Outlook and future perspective

In conclusion, this review highlights advancements in the
design and development of MXene-modified QD composites

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

for exceptional photocatalytic applications, such as H,
evolution, CO, reduction, and pollutant detoxification, while
also discussing the fundamental principles and scalability of
these processes. It covers various synthesis methods and the
characteristics of MXene-modified QD nanocomposites. Due
to their 2D morphology, layered structures, and flexibility,
MZXenes are ideal candidates for multifunctional composites,
sparking increased interest in MXene-modified materials.
Despite the photocatalytic potential of QDs, issues like charge
recombination and instability persist, but MXenes address
these challenges, making MXene-modified QD composites
highly promising for energy conservation and environmental
applications. The combined effort between MXenes and QDs
enhances interfacial interactions, electronic coupling, and
improves conductivity, optical properties, and stability. These
composites have shown improved hydrogen generation, CO,
reduction with higher fuel yield and selectivity, and effective
photocatalysis for wastewater treatment. While significant
progress has been made, challenges remain in large-scale
fabrication, long-term stability, and optimizing interfacial
properties for maximum efficiency. Future research should
focus on cost-effective, scalable synthesis methods, novel
MXene-QD combinations, and a deeper understanding of
charge transfer dynamics to enable the practical
implementation of MXene-modified QDs in next-generation
energy and environmental remediation
technologies. The different aspects of future prospects and
outlooks are represented in Scheme 5. To achieve faster
progress in this area, it is crucial to concentrate on the
following key areas:

1. Exploring the synergistic effects of active metals in
MXene-modified QD composites: future research should
focus on synthesizing various binary and ternary MXene
materials incorporating metals such as Ni, V, Cu, Cd, Ce, and
Mn. These materials can be integrated with different
quantum dots, such as CdSe, PbS, and perovskite QDs, as
well as other functional nanomaterials like fullerenes,
selenium compounds, tellurides, and noble metals (e.g., Pt,
Au, Ag). This approach is expected to significantly improve
energy conversion efficiency in photocatalysis and expand its
functional applications.

2. Developing nanohybrids through innovative synthetic

conversion

methods: there is a significant demand for scalable
synthesis approaches to create MZXene-modified QD
composite catalysts, including mechanical mixing/self-

assembly, in situ decoration, and in situ oxidation
techniques. This will facilitate the systematic advancement
of improved MXene-modified QD catalysts. Therefore, it is
crucial to focus on the large-scale preparation of efficient
and durable MXene-modified QD composite catalysts using
various methods in the coming years.

3. Functionality modification: altering MXene by
introducing  defects, doping, and diversifying the
nanostructured morphology can address the limitations
of MXene and improve the catalytic performance of
MXene-modified QD composites. Carefully controlling
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Scheme 5 Different directions of outlook and future perspective.

the ratio of MXene to QDs during the preparation
process can enhance conductivity, boost activity, and
enable the formation of smaller, well-dispersed hybrid
materials.

4. Analyzing new advanced analytical techniques: to
explore the physicochemical properties of hybrid materials,
various advanced characterization methods such as scanning
probe microscopy (SPM), near-field scanning optical
microscopy (NSOM), and magnetic resonance force
microscopy (MRFM) should be employed. These techniques
provide valuable insights into the changes in interfacial,
chemical, and electronic properties within these hybrid
structures.

5. Examining the internal structure of the composite
through DFT studies: understanding the unique
characteristics of MXene is vital for different photocatalytic
applications, making it essential to investigate the
underlying mechanisms. Conducting theoretical modeling
of MXene-modified QD composites is particularly
important, as it offers valuable insights into electron
distribution within the MXene and the QD structure. By
integrating simulation results with experimental findings,
we can deepen our understanding of the photocatalytic
processes involved. A thorough examination of the internal
structure, morphology, crystallinity, conductivity, and
stability of MXene-supported QDs is crucial, as increased
interlayer spacing may lead to structural instability, volume
expansion, and related issues that can ultimately affect
photocatalytic performance. Therefore, DFT studies are
highly valuable in this context.

6. Exploring various applications: the mechanisms,
reaction pathways, and product selectivity in the
photocatalytic reduction of N, to NH; and the production of
H,0, using MXene-modified QDs are still not well
understood. Therefore, it is crucial to conduct a
comprehensive investigation to enhance our understanding
of photogenerated charge transfer dynamics during these

7000 | Catal Sci. Technol., 2025, 15, 6976-7003
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‘Analyzing new advanced
characterization technigues

photocatalytic processes
hybrids. Achieving large-scale applications and commercial

involving MXene-modified QD

viability for MXene-based materials with cost-effective
modifications remains a significant challenge for future
research.

7. Stability and conductivity enhancement: improving the
recyclability of hybrid catalysts is essential for their
sustainable and commercial use. Strengthening the internal
interactions between MXene and QDs can improve the overall
stability of the materials. Additionally, chemical
modifications of the composite materials can further boost
their conductivity. Various aspects of future prospects are
illustrated in Scheme 5. However, MXene modified
heterostructures are still in the preliminary stages of
fundamental research and require significant advancements
before realizing their full scientific and technological
potential.
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