Volume 12
Number 2
February 2025
Pages 951-1698

Environmental
Science

Nano

rsc.li/es-nano

ISSN 2051-8153

0 CRITICAL REVIEW

Hicham Meskher, Soumya Kanti Hazra, Md. Shamim Ahamed,
ROYAL SOC' ETY Iseult Lynch et al.
“ O F CH EMIST RY Recent advances in applications of MXenes for desalination,

water purification and as an antibacterial: a review



Open Access Article. Published on 05 2024. Downloaded on 27/04/25 09:52:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Environmental
Science
Nano

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

CRITICAL REVIEW

Recent advances in applications of MXenes for
desalination, water purification and as an
antibacterial: a review

i '.) Check for updates ‘

Cite this: Environ. Sci.: Nano, 2025,
12, 1012

Hicham Meskher, © *@ Amrit Kumar Thakur, @ Soumya Kanti Hazra,*©
Md. Shamim Ahamed,*® Ahmed Mortuza Saleque, @ ¢ Qusay F. Alsalhy,®
Muhammad Wakil Shahzad,” Md. Nahian Al Subri lvan,®

Shuvra Saha? and Iseult Lynch @*"

Membranes have become a basis in tackling the global challenge of freshwater scarcity, notably in the fields of
desalination and water purification. MXenes, distinguished by their notable high aspect ratio, extensive surface area,
robust mechanical strength, and enduring chemical resiience, have emerged as highly promising materials for
membrane development. Recent progress in the research and application of MXene membranes, especially in the areas
of water desalination and treatment, marks a significant leap forward in this domain. This study conducts an exhaustive
analysis of the state-of-the-art developments in the creation and enhancement of MXene-based membranes. It delves
into their application in various desalination processes, including membrane-based desalination and solar-driven
interfacial steam generation, alongside their use in water purification. This analysis sheds light on their efficacy in
desalination processes, in addition to evaluating their antimicrobial properties and salt rejection efficiency. Moreover, the
review provides an in-depth examination of the mechanics behind MXene membranes and assesses their overall
impact, pinpointing both the current opportunities they present and the challenges they face. The primary goal of this
discussion is to enrich the collective understanding of MXene membrane technology and to drive continuous
improvement and innovation in this area. By doing so, it aims to contribute to the advancement of sustainable solutions
to water scarcity through the development of more efficient and effective membrane technologies.
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Environmental significance

Wastewater purification is a critical aspect in protecting the environment from toxic and hazardous materials, requiring efficient wastewater purification
membranes. Unfortunately, most wastewater purification methods rely on sophisticated systems that require huge energy consumption, expensive
maintenance, and suffer from various drawbacks such as fouling, permeability decrease and selectivity-related issues. To overcome these limitations,
improved water purification and desalination systems are using advanced membranes containing exceptional materials such as MXenes. The present study
highlights the key features of MXenes and their applications to prepare high performance membranes for desalination, utilising MXenes' fouling resistance
and their antibacterial activity. The review aims to explore opportunities to widen the environmental application of MXene-based-membranes including
reducing costs, and increasing scalability, stability and membrane reusability.

1. Introduction

considerable momentum, largely driven by the growing global

Recent advances in the application of MXenes for desalination,
water purification, and antibacterial uses have gained
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Among the various water purification techniques, membrane-
based processes are receiving significant attention from both
researchers and policymakers due to several advantages that
they offer.>* These include the exceptional properties of
membranes, their ease of maintenance, compact modular
design,” and the minimal chemical sludge produced during
treatment processes.”” However, a persistent challenge with
membrane technology is fouling, which leads to reduced
permeability and issues related to selectivity.*° Fouling results
in higher transmembrane pressure, which in turn limits the
membrane's permeability, reduces its lifespan, and ultimately
diminishes the overall efficiency of desalination and water
purification systems.*'" To counteract these limitations,
researchers have begun exploring the use of advanced
nanostructured materials’> such as zeolites,"”® metal-organic
frameworks (MOFs),"* and carbon-based materials to reduce
fouling."> These materials have distinct nanostructures that
improve the desalination efficiency by offering better surface
properties, separation performance, and hydrophilicity. Among
these novel materials, MXenes have emerged as a promising
class of two-dimensional (2D) inorganic compounds for water
treatment applications.

Produced through a range of different synthesis
procedures, MXenes are unique materials composed of
transition metal carbides, nitrides, or carbonitrides, which
feature metallic conductivity and hydrophilic surfaces
terminated with hydroxyl or oxygen groups (Fig. 1). This
combination of properties makes MXenes highly attractive for
purification."®™®  They  possess key
characteristics that are ideal for water desalination and
purification, including a large surface area, ease of surface
functionalization, impressive antifouling properties, robust
mechanical strength, and exceptional sieving and water
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transport capabilities.’®>* Ding et al.>* highlighted MXenes'
ability to swell in water and delaminate rapidly, due to
electrostatic forces and hydrogen bonding, which significantly
enhances membrane performance and separation accuracy.
To date, titanium-based MXenes (such as Ti;C,T,) have shown
the greatest potential for environmental applications. This is
primarily due to the abundance of raw titanium in the
environment and its non-toxic nature, making it a safe and
generally sustainable option for large-scale applications. The
innovation surrounding MXene-based membranes has been
substantial, with numerous experimental and theoretical
studies highlighting their ability to remove ions of varying
sizes and charges through their nanoscale channel
structures.>>*® However, producing vertically aligned MXene
membranes on a large scale has proven difficult.>’>° The
current research has largely focused on simulations of MXene
nanochannels due to the complexities involved in scaling up
these materials for industrial use. To enable widespread
commercial adoption of MXene membranes, it is crucial to
develop more efficient and cost-effective manufacturing
processes. Although MXene membranes exhibit outstanding
separation properties, challenges remain in scaling up
production to achieve large membrane areas with minimal
defects, which are necessary for practical desalination
applications. Therefore, future research should focus on
optimizing interlayer spacing and pore sizes to produce
MXene-based membranes at an industrial scale.

MXenes can also be incorporated into other membrane
systems, such as polyamide (PA) membranes, to further improve
desalination performance.*** The introduction of MXenes into
PA membranes results in composite MXene membranes that
exhibit enhanced stability and chlorine resistance, which is
crucial for long-term desalination applications. MXenes prevent
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Fig. 1 Advancements in the synthesis of MXene through various approaches. Reproduced from ref. 30 with permission from Wiley, copyright 2021.
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the reaction between PA membranes and chlorine,>**
significantly extending the lifespan and efficiency of the
membranes. Additionally, the integration of MXenes into these
membranes introduces new physical and chemical properties
that enhance water purification efficiency by improving factors
such as membrane durability, fouling resistance, and ion
rejection performance.**°

MXenes have also garnered significant interest due to their
rich surface functional groups, high electrical conductivity,
and excellent dispersibility, positioning them as efficient
materials for energy storage applications. Nevertheless, their
propensity to restack through van der Waals forces can limit
ionic kinetics and reduce the availability of active sites, thereby
impacting their overall performance. Transitioning from 2D
MXenes into 3D structures presents a promising solution to
these challenges, enhancing porosity, surface area, and ion
transport. Bashir et al.,>” have explored innovative methods for
fabricating 3D MXene architectures, highlighting their
potential applications in advanced energy storage devices
across various metal-ion batteries. Similarly, Zhao et al,*®
investigated MXene/CoO composites as electrocatalysts in
vanadium redox flow batteries, demonstrating a 23% increase
in energy efficiency when employing MXene composite-
modified graphite felt electrodes. This improvement is
attributed to the increased active sites and enhanced redox
kinetics facilitated by the MXene composite. Additionally,
MXene-polypyrrole  nanocomposites are emerging as
promising candidates for energy storage electrodes. Ezika
et al,”® utilized density functional theory to identify these
nanocomposites as viable anode materials for sodium-ion
batteries. Saeed et al,’® demonstrated that heterostructures
combining metal sulfides and MXenes can enhance
electrochemical performance, achieving a high Li-ion storage
capacity of 700 mA h g™* with stable cycling. Moreover, Xu
et al."" developed MXene-based electrodes that significantly
improved lithium-ion battery performance, achieving a specific
capacity of 1030 mA h g after 150 cycles. Density functional
theory calculations further revealed strong Li" adsorption and
improved ion kinetics. Lastly, Teenakul et al,** addressed the
challenge of competing reactions in vanadium redox flow
batteries by coating carbon electrodes with MXene. Their flow
battery tests at 130 mA cm > demonstrated stable discharge
capacity over 100 cycles, along with improved voltage and
energy efficiency compared to untreated electrodes.
Collectively, these studies underscore the significant potential
of MXene coatings to enhance electrocatalytic activity and
overall battery performance in vanadium redox flow batteries.

MXene membranes show exceptional potential in
separating a wide range of ions based on their charge and
hydration.>®***** By placing MXene laminates on polymeric
substrates, researchers have been able to optimize the
membranes' efficiency and separation performance. For
molecules larger than 2.5 nm, MXene membranes based on
anodic aluminium oxide substrates have demonstrated
remarkable separation capabilities.*>*® Further studies®’ >
have shown that MXene-based membranes exhibit high flux
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and excellent salt rejection properties, making them highly
effective for desalination. MXenes treated with
nanoparticles have also displayed impressive antibacterial,>
antifouling,”””* and dye removal characteristics,””> further
enhancing their suitability for water treatment applications.
A comprehensive review by Dixit et al.,>' explored the broad
range of MXene applications in water treatment and
desalination, highlighting their diverse properties and the
many ways they can be used in processes such as adsorption
and photocatalysis. While the review focused primarily on
water treatment, it also touched on desalination methods
such as electrochemical treatments and solar thermal
desalination. Despite the progress, there is still a need for
more in-depth exploration of MZXenes' potential in
desalination processes. Zhou et al.>® delved into MXenes' role
in interfacial solar steam generation for desalination,
examining the photothermal conversion behaviour of
MXenes, the dynamics of water transport, and salt resistance,
all of which contribute to the efficiency of solar desalination.

However, significant gaps remain in the current literature.
For instance, there is a lack of a comprehensive timeline that
outlines the development of MXenes and their potential
applications in desalination. Additionally, key challenges, such
as the scalability of MXene membranes and their
implementation in regions lacking centralized water
infrastructure, need further investigation. Much of the existing
research focuses on specific desalination techniques, which
limits the broader understanding of MXenes' versatility across
various approaches. This review aims to address these gaps by
providing a comprehensive overview of MXenes' applicability
across diverse desalination methods. It highlights the main
parameters that make MXenes ideal for water desalination
and purification, including their demonstrated antibacterial
properties. The review also presents a detailed timeline
depicting the evolution of MXene-based technologies, as well
as a summary of their potential applications in membrane-
based water desalination. Additionally, it discusses solar-
driven interfacial steam generation as an alternative
desalination technique, with a focus on MXene-based
advances in this area, especially their salt rejection
capabilities. Finally, the review outlines the key challenges that
must be overcome to facilitate the widespread use of MXenes
in desalination, including addressing issues related to cost,
scalability, stability, repeatability, and the development of
cleaner synthesis routes to reduce their environmental impact.

silver

2. MXene membranes for water
desalination

MXenes have piqued the interest of researchers working on
novel membranes for water desalination because of their
exceptionally long graphitic channels of nanoscale
diameter.** MXenes-based membranes are classified into two
categories: freestanding and composite MXenes.*® Compared
to old desalination membranes, such as reverse osmosis and
thin-film composite (TFC), MXenes-based membranes have

This journal is © The Royal Society of Chemistry 2025
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exhibited excellent performance and.”’”® MXenes can also
improve fouling resistance, desalination performance, water
flow, and other membrane functionalities because they
contain nanochannels that let molecules pass through for
“molecular-sieving”, which improves the selectivity of the
prepared membrane to separate the selected molecules.*”*®
Another advantage of composite MXene membranes over
vertically aligned (VA) MXene membranes is their ease of
manufacture and large-scale application.®*®> Next, we
present the synthesis routes of MXenes and the factors that
influence desalination.

2.1 MXenes synthesis approaches

The synthesis technique or route used in producing MXenes
substantially affects the resulting material's physicochemical
properties and the fields of application in which it can be
utilized. Generally, two main types of MXene synthesis
methods can be defined: top-down (etching) and bottom-up
methods.**"®> However, the top-down synthesis procedure is
considered the most widely used approach to producing
MXenes. In addition, there are numerous manufacturing
methods for top-down synthesis techniques, such as solution
processing, sonication, mechanical force, or selective etching
of bulk material. With top-down methods, the materials are
typically created in a less uniform way with a distribution in
the particle size, defect density, and consequently,
characteristics. ~ Top-down  strategies  benefit  from
conventional chemical engineering procedures. There aren't
many new obstacles to be overcome, and they are easily
scalable using present technologies, making them less
expensive and more suitable for large-scale production.®®
Most MXene synthesis reports follow a common method,
involving the utilization of MAX phases, which are
polycrystalline nanolaminates of ternary carbides and
nitrides. These MAX phases are denoted by their general
formula M,,,;AX,,, where M represents a transition metal, A is
an A-group element (typically ITIIA and IVA, e.g., Al, Si, and
Ga), X denotes C and/or N, and n ranges from 1 to 3. The
synthesis process entails the removal of the “A” atom from
the middle layer using various methods. Recent research
introduced new fabrication routes, including etching of non-
MAX phases or using alternative A-element carbide layers.>*
During the early phase of MZXene synthesis, fluorine-
containing compounds like HF (hydrofluoric acid) dominated
the process (HF in 2011, LiF + HCI in 2014, bifluoride salts in
2014, and molten salt in 2016). However, recent advances
have introduced electrochemical etching as a safer
alternative, eliminating the need for hazardous HF and
allowing better control over MXene surface properties.®
Electrochemical fluoride-free MXene synthesis using binary
aqueous systems, reported in 2018, marked a significant step
in reducing safety risks associated with MXene production.
Furthermore, molten salt etching, introduced in 2019-2020,
has emerged as a more scalable approach, producing MXenes
without the need for fluoride-based etchants.®® The synthetic

This journal is © The Royal Society of Chemistry 2025
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methods vary based on the required physical and chemical
properties, such as defect density, lateral flake size, and
surface functionality. Etching agents play a crucial role, as
this choice impacts surface chemistry, hydrophilic properties,
oxidation sensitivity, conductivity, and flake size.®” Notable
techniques include HF etching,®® alkali etching,®® halogen
etching,” and Lewis acid molten salt etching,”" each
producing MXenes for different applications. However, the
long etching times and hazardous solutions used in

traditional HF methods present significant challenges.
Recent advances include improvements in surface
functionalization, which significantly enhance MXene

oxidation stability. The addition of antioxidant agents during
synthesis has been shown to mitigate oxidation and increase
MXene membrane lifespan in aqueous environments, which
is crucial for desalination applications.®®

The HF etching synthetic method is used to obtain
MXenes for electromagnetic and electronic applications,”” for
mechanical applications,”” and for environmental and
sensing applications comprising trace metal adsorption,
chemical (liquid, gas) and membranes (gas and liquid)
separation.”* Note that for those fields of applications, there
are other possible synthetic methods to produce MXenes,
including alkali etching and halogen etching.®® In recent
years, newly developed MXene systems incorporating
transition metals such as molybdenum (Mo), vanadium (V),
and niobium (Nb) have exhibited unique characteristics and
applications."”” Mo-based MXene is also the first and only
success utilizing CVD as the synthetic method, whereas
V-based MXenes (e.g., V,CT, and V,C;3T,) can be generated by
a variety of top-down approaches.'® For V-based MXenes, for
example, the HF etching approach and the fluoride salt +
HCl etching method remain two of the most effective
procedures.”> However, the lengthy etching time and highly
poisonous solution are the key obstacles where synthetic
technique advancement is desired for safe and cost-effective
synthesis techniques to prepare MXenes with desired
functionalities.>* To date, layered Nb,CT, MXene may be
created using three different etching methods: HF etching,
LiF + HCI etching (HF-forming), and hydrothermal.>®

The success of synthesizing a new MAX phase, innovation
in the synthesis approach, and new understanding of the
synthetic method are all required for the discovery of new-
MXene. Top-down tactics, such as etching
procedures, continue to dominate because of their ability to
produce high-quality MXenes. Because of their excellent
etching effect, HF and HF-forming (LiF + HCI) procedures are
extensively used among these top-down strategies. However,
for safety and environmental reasons, the development of
non-HF methods such as the hydrothermal process is
preferable. Difficulty in controlling the number and species
of linked functional group is a major issue for the top-down
synthesis technique. The functional groups not only have a
profound influence on the electrical band structures of
MXenes, and hence on their physical characteristics, but they
also have an impact on the surface chemistry and stability of

various
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MXenes. To solve this difficulty, advances in top-down MXene
etching techniques and surface functionalization methods
are needed. Bottom-up strategies, particularly the CVD
process, are predicted to produce MXene with highly
regulated chemical compositions and architectures. Other
forms of mixed acid etchants, such as HF/H,SO,, and their
effects on the flake size of each MXene nanosheet can also be
mentioned, as MXene flake lateral size is an important aspect
of their membrane permeability, selectivity for target
pollutants, and fouling potential.*® Progress in this route of
CVD is encouraging, with Mo,C and MoN obtained. As, this
process produces a large area of ultra-thin MXene sheets with
a controlled thickness and defect density. However, the CVD
method's success is currently confined to Mo-based MXenes
with a poor understanding of the growth mechanism. It is
envisaged that fundamental understanding gained via
modeling and experimentation would encourage the
synthesis of various MXenes using this cleaner technology.
Using this method, giving priority to safety and
environmental considerations. In addition, the development
process will be directed to investigate alternative non-HF
methods. In particular, HF etching was the most frequently
used method for delamination of the bulky and rigid MAX
phase, without the limitation of a precursor containing “Al”
layers.”>’®  Additionally, several experimental factors,
including reaction time and etchant concentration, impact
the structure and properties of the produced MXene. Few-
layered Ti;C,T, and Nb,CT, have recently been produced by
etching a MAX precursor in one step while adjusting the
reaction conditions.”” But in HF-etched designs, the
production of MXene necessitates handling concentrated HF
and a time-consuming, multi-step process that produces a
toxic and caustic waste liquid.”® Consequently, techniques
utilizing HF etchants in situ have been promoted, such as the
addition of lithium fluoride (LiF) salt to hydrochloric acid
(HC]) or the use of a fluoride etchant such as ammonium
bifluoride (NH,HF,) salts. However, the use of extremely
hazardous etchants and lengthy etching times in standard
synthesis methods prevents further investigation of these
intriguing 2D MXenes, particularly limiting their biological
application. For instance, in hydrolysis or electrochemical
processes, the fluoride-residues on the surface of Nb,CT, are
prone to releasing HF.”® Fluoride also has an etching effect
that  degrades equipment, including capacitance.
Consequently, there is an urgent need to create safe and
efficient fluoride-free synthesis processes.

Chemical etching and other MAX phase exfoliation
techniques are often intrinsically electrochemical processes
that include electron transport as a component of the surface
reaction. As a result, electrochemical etching can be
considered as a good substitute strategy to HF etching.®
Furthermore, the preparation of MXene structures and the
resulting properties may be easily controlled by adjusting the
voltage, electrolyte, and other operational parameters. The
environmental friendliness, durability, and convenience of
the electrochemical etching process outweighs other

1016 | Environ. Sci.: Nano, 2025, 12, 1012-1036
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techniques.®” However, only a few noteworthy successes have
been accomplished, and there are still a lot of challenges and
issues with the electrochemical process that need to be
resolved. Due to electrochemical polarization, the conditions
of the electrochemical etching process for the delamination
of bulk MAX precursor are typically different from those used
in the conventional electrochemical scenario. This makes it
difficult to measure MXene growth and explore the
experimental mechanism.*> Additionally, flash freezing,
mechanical milling, or ultrasonication are routinely used to
help the delamination process in organic molecules or
inorganic salts, which is an effective approach to prepare
MXene. Performing delamination under sonication is one
approach to resolve the lengthy response time. Micro
explosion is a potentially useful strategy that will require
more research in the near future. There is a pressing need
for more methodical studies on condition optimization for
the exfoliation of multilayered MXene. While top-down
approaches are the most popular for obtaining MXene,
bottom-up approaches are also starting to gain traction.

The bottom-up approach directly creates MXene without
requiring derivation from the ternary MAX precursor. The
bottom-up approach can achieve more accurate control over
designable MXene structures as it builds novel materials
atom by atom.®* This can be useful for producing MXene,
which is hard to get using the top-down approach as
described above. Thus, several bottom-up techniques have
been extensively used to fabricate MXene with regulated
shape and thickness.®*® To create ultrathin MXene
materials, chemical vapor deposition (CVD), is the most
widely wused technique. Other techniques including
template-assisted growth and self-assembly are employed to
synthesize MXene with precise structure and form. Previous
papers state that MXene may be made on metal layers or
graphene using the CVD process, however, there are safety
and chemical risks involved due to the conditions needed
such as high temperatures or ultrahigh vacuum.®® There is
a need for more sophisticated, inventive, and flexible
methods of synthesizing MXene to facilitate future real-
world applications.

The current approaches have not yet been widely utilized
for full-scale commercialization because of their complexity,
high manufacturing costs, and limited efficiency.*” To
address the scalability of MXene production, researchers are
exploring  high-throughput and automated synthesis
methods. Automated chemical etching setups enable the
continuous production of MXenes, increasing yield while
maintaining high material quality.>* Novel MxXene
compositions such as Mo- and V-based MXenes have
emerged with enhanced ion selectivity and antimicrobial
properties, expanding MXene applications in environmental
treatment and desalination.?” For instance, V,CT, and V,C;Ty
MXenes generated through top-down approaches have shown
significant promise for selective ion transport. The
development of 3D MXene architectures has introduced
innovative solutions to improve water flux and desalination

This journal is © The Royal Society of Chemistry 2025
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performance. By increasing ion transport pathways and
mechanical strength, these structures are positioned as
promising candidates for future large-scale applications.
Additionally, MXene-polymer composites, such as MXene-
polyamide (PA) membranes, are emerging as solutions for
long-term desalination. These hybrid membranes offer
enhanced chlorine resistance, fouling resistance, and
durability, making them ideal for water purification.*®

2.2 Mechanisms and factors influencing desalination

MXene's hydrophilicity and charge characteristics can be
altered if the surface termination groups change, significantly
influencing the MXene membrane desalination process.
However, there are several challenges in managing the
surface terminations and size of the artificial MXene-based
membranes.** Tons intercalated between the interlayers may
have an impact on the intrinsic properties of MXenes, such
that MXenes generated by the LiF/HCl etching are more
suited for use in the creation of membranes. MXene's
distinct structure and surface functional groups, such as
hydr