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Versatile MXenes as electrochemical sensors for
heavy metal ions and phenolic moiety-containing
industrial chemicals: recent development

and prospects

G. Manasa and Chandra Sekhar Rout (> *

MXenes and their hybrid materials, with good physicochemical traits, have exhibited excellent performance
across numerous applications. MXenes with pre-eminent features, namely, facile surface modifications,
functionalization, larger-specific surface area, and conductivity, transcend the limitations of sensor devices.
MXene nanomaterials are ideal candidates for use as modifying agents in electrochemical (EC) sensor
fabrication. Hence, in this review article, we provide insights into the potential of MXene-based materials for EC
sensors compared to conventional materials. At first, we discuss the fundamentals of EC sensors, followed by
an introduction to the physicochemical properties of MXene as an efficient working electrode modifying agent
that acts as a direct transducing material. The review discusses the notable characteristics and fundamental
working principles of EC sensor devices and the significance of surface modification during the fabrication of
MXene-based sensors. The article emphasizes advanced sensors and outlines prospects in the field for target
analytes of interest: heavy metal ions (HMIs) and phenolic moieties containing toxic molecules. A
comprehensive summary of recent developments in MXene-based EC sensors for the molecules mentioned
above is critically reviewed, encompassing sensor device fabrication approaches, enhanced properties, results,
and discussion. The effect of different secondary organic and inorganic compounds, including carbonaceous
materials, polymers, and metallic nanoparticles, on the sensing performance of MXenes is analyzed through EC
techniques. Finally, we conclude by outlining the opportunities and obstacles associated with MXene-based EC
methods, addressing implications for future directions for progressive research in this field. We believe this
review will provide valuable information for those exploring nanomaterials to develop EC sensors.
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1. Introduction

Electrochemical (EC) analysis is a technique used for measur-
ing and characterizing the chemical and electrical properties of
the analyte, as well as the electrode surface itself. Here, the
electrode surface plays a crucial role in electrochemical pro-
cesses, and characterizing it is essential for understanding and
optimizing the performance of the electrochemical system.
In contrast to other methodologies, electrochemical sensing
technologies are often given preference for target analyte
determination, especially in continuous real-time, on-site ana-
lysis, and point-of-care applications.'™ They offer high sensi-
tivity and selectivity for accomplishing lower detection limits,
fast response time, and simple readouts due to their compat-
ibility with integrated circuit technology. The target analyte is
detected through oxidation-reduction reactions at the interface
of the specifically designed working electrode.” Although not
every analyte can elicit redox reaction mechanisms, external
mediators are required to induce an EC signal proportional to
the analyte concentration.” They fundamentally convert chemical
concentrations into quantitative electric signals. Recently, the
developed EC sensors have made outstanding achievements in
medicine, environment, and health monitoring.>® This broad
application of EC sensors is attributed to their cost-effectiveness, a
wide window of voltage and current, and the trace theoretical
detection limits conceived from faradaic currents. Other creden-
tials include its long-term stability and satisfactory biocompat-
ibility. The scenario of age-related diseases is expected to soar in
the coming decades due to aging societies worldwide. Thus, there
is a pressing need for strategies to impede an emerging global
epidemic. The most efficient method to address the issue is the
change of diet and lifestyle in combination with the possibility of
continuously monitoring the health characteristic index (glucose,
BP, and cholesterol) at a healthy level employing real-time EC
sensors.'®"> At the same time, the environment is continuously
contaminated by the people as a consequence of modern devel-
opments. Thus, the impact on future generations will hinge on
the present procedures for detection, laying down regulations,
and controlling the contamination.”

Therefore, from the perspective of growing interest in 2D
materials other than graphene, and MXene-materials compris-
ing a vast family of novel and exciting 2D materials, it was
deemed suitable to provide an investigative report on the recent
developments and the current state of affairs in MXene
research, constituting their structure, properties, and potential
application in EC sensor devices.'* Unlike the exploding
research on MXene-supercapacitors, only a few researchers
have addressed the potential of MXenes for EC sensing of
various analytes. The characteristics of MXenes include suffi-
cient surface terminal functional groups, high hydrophilicity,
and surface conductivity with robust mechanical strength. The
literature unveils numerous articles regarding the different
applications of MXenes.'>'® However, we categorized crucial
characteristics to comprehend the underlying chemistry, pro-
cedures, and phenomena in MXenes. We have attempted to
cover the fundamentals of MXene 2D materials in this review,
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from their types and properties to application aspects. We aim
to draw attention to the enhancing effects of the material on EC
sensing. The advancement of MXene-based sensors toward
commercial viability depends on this school of thought.

Therefore, the review is organized into several sections.
In Section 1, we introduce the readers to the featured principles
of EC transduction and their wide applications. In Section 2, we
provide a brief introduction to electrochemical sensors and
their methodologies, serving as a beginner’s guide. Section 3 is
devoted to the essential attributes of 2D materials with a special
focus on MXenes and their properties. Section 4 describes
the different approaches adopted to fining-tune MXenes for
EC performances. Section 5 briefly describes the methods of
electrode substrate modification and the fabrication of an EC
sensor. Section 6 reviews MXene-based sensors for heavy metal
ions (HMIs) and phenolic moiety-containing molecules as
reported in the literature concerning their fundamental design,
structure, properties, experimental results, and strengths and
weaknesses. Section 7 is dedicated to the broader perspective
of the EC field, outlining the opportunities and obstacles
of MXene-based EC methods and considering implications on
future directions for progressive research in this field.
We believe that this review will provide valuable information
to those exploring nanomaterials to develop EC sensors. Fig. 1
summarizes the content of this review article.

2. Basic working principle of
electrochemical sensors

The domain of sensors has evolved unprecedently attributed to
the integration of advanced materials. EC sensors detect mod-
ulations in faradaic current (voltammetry) or the interfacial
impedance in the case of electrochemical impedance spectro-
scopy (EIS)."” Voltammetric sensors detect the change in cur-
rent as a function of applied potential to the working electrode,
while few electrochemical sensors rely on potentiometric detec-
tion (detect the change in surface potential) or impedance
spectroscopy (modulation of impedance as a function of
applied frequency).'® Voltammetric sensors rely on various
techniques, including cyclic voltammetry (CV), linear sweep
voltammetry (LSV), staircase voltammetry (SCV), pulse voltam-
metry {normal pulse voltammetry (NPV) and differential pulse
voltammetry (DPV)}, stripping voltammetry {anodic stripping
voltammetry (ASV), cathodic stripping voltammetry (CSV) and
adsorptive stripping voltammetry (AdSV)}, amperometry (AMP),
square wave adsorptive stripping voltammetry (SWASV) and
rotating disk voltammetry, among others. DPV, SWV, and
stripping techniques are much more sensitive than CV as their
sampling method minimizes the non-faradaic (charging) cur-
rent. In a foresight, during differential pulse voltammetric
examinations, the potential is scanned with a series of pulses,
and the current is measured at two points for each pulse. The
initial measurement is taken shortly before the application of
the pulse, while the second is at the end of each pulse. These
sampling points enable the decay of non-faradaic current,
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Fig. 1 Summarized illustration of the content of this review article.

favoring greater sensitivity of the technique than CV (sensitive
to residual current).

To conduct EC measurements, the primary requirement is
an electrochemical cell in which the redox reaction occurs,
apart from an EC analyzer equipped with appropriate circ-
uitry and software (Fig. 2). Another principal component is
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the three-electrode configuration constituted by reference,
working, and auxiliary electrodes (RE, WE, and AE, respec-
tively). Among them, the WE (carbon paste electrode, glassy
carbon electrode (GCE), diamond electrode, gold (Au) electrode,
platinum (Pt) electrode, and screen-printed electrode (SPE)) is
the core of this configuration as the redox reactions take place
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Fig. 2 Working principle and methods involved in electrochemical sensors.
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at this electrode. The current is generated as a result of the
reaction flow through the WE and AE (Pt electrode), while the
potential of the WE is controlled in relation to the RE (saturated
calomel, Ag/AgCl), which has a constant and reproducible
potential.’®*° More importantly, since the reactions are detec-
ted only in proximity to the WE surface, the electrode plays a
significant role in the overall performance of the sensor. This
EC sensor comprises an EC transducing element denoted as an
EC transducer and a recognition layer. The detection ability of
the sensor is based on the characteristics of the electrode
material, dimensions, and the recognition layer (surface
modification).”* This recognition layer is modified in compli-
ance with the requirements as it is pivotal for interacting with
the analyte of concern to yield an EC signal. The recognition
layer might contain either nanomaterials or biological compo-
nents, or both.?>>3

Thus, the work function of a chemical sensor is to detect
the target analyte qualitatively and quantitatively, followed by
transferring the detected signal into useful analytical informa-
tion. Conventionally, sensitivity (limit of detection - LOD),
linear sensitivity, accuracy, selectivity, and response time are
the standards for quantitative assessments of chemical sensors.
Here, sensitivity implies the ratio of the detected analyte’s
concentration to the detected signal’s intensity before satura-
tion of the signal, while the linear sensitivity is a measure of the
reliability of the sensing mechanism and saturation concen-
tration. The LOD is associated with the sensitivity and noise
ratio. It is computed through theoretical assessment of the
target analyte concentration at which the signal-to-noise ratio
(SNR) is three. Besides, selectivity denotes the specificity (selec-
tivity) of the sensor towards the target analyte, even in the
presence of other co-existing molecules. Among these, the LOD
estimation is crucial in fabricating a sensor. Therefore, to
magnify the LOD, the sensor’s sensitivity must be enhanced,
and the primary method to do so is to surface modify the
electrode substrate with various types of nanomaterials that
impart excellent physicochemical properties to the electrode.

2.1. The necessity of working electrode surface modification

Developing an EC sensor is a novel strategy that contrasts with
conventional analytical techniques. The introduction of nano-
materials in fabricating sensors emerges as an efficient analy-
tical tool for determining numerous analytes.**” The EC
method for analysis depends on the nanomaterials (modifying
agents) used, their physicochemical traits, and optimization
upon modification of the sensing substrate. Indisputably, EC
measurements are based upon charge transfer at the hetero-
geneous electrode-electrolyte interface; thus, appropriate elec-
trode surface modification results in improved electrocatalytic
properties, sensitivity, reproducibility, and system stability.
Such modifications reduce the electrode surface’s passivation
and the so-called ‘chemical noise’ caused by impurities dis-
charge and charging currents. To resolve this issue, modifications
of the bare WE are widely investigated.”®**' This modification
process accelerates the electrode kinetics and enhances the
selectivity and sensitivity of determination. A survey of the
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literature revealed that EC sensors were increasingly built using
2D materials that included graphene-based materials, transi-
tion metal dichalcogenides (TMDCs), black phosphorous (BP),
hexagonal boron nitride (h-BN), metal-oxides (MO), metal-
organic frameworks (MOFs), 2D carbides and nitrides of transi-
tion metals (MXenes)."®**?#3273¢ Their unique physicochem-
ical properties are to be exploited and employed in fabricating
EC sensors for enhanced selectivity and sensitivity. Modern EC
sensors utilize various features to determine the physical,
chemical, and biological aspects of day-to-day life. An ideal
sensor exhibits high sensitivity with a lower LOD and a com-
prehensive linear response, low hysteresis and fabrication cost,
and is miniaturized and compact for portability. EC sensors
measure the EC reactions and determine them as a conse-
quence of electrode-analyte interactions.

3. 2D materials and MXenes for
electrochemical sensors

Carbon nanostructures are pioneering materials. The classifi-
cation of materials is based on their nanoscopic dimensions:*”
(i) If all three dimensions (x,y,z) of the material are nano-sized
(no dimension is more significant than 100 nm), it is consid-
ered a 0D material, more frequently termed as a nanoparticle/
quantum dot (quantum dots, nanospheres, and nanoclusters).
(ii) If the two dimensions (x,y) of a material are nanosized,
while the other dimension is significantly larger (outside nano-
scale), then it is denoted as a 1D material or nanowire/nanotube
(nanofibers, nanorods, and carbon nanotubes). (iii) Furthermore,
if only one dimension (x) is nano-sized, while the other two are
outside the nanoscale, then it is considered a 2D material
resembling a large but fragile sheet (nanolayers, nanofilms, and
nanocoatings with nanometer thickness). (iv) The material not
confined to the nanoscale in any direction is designated as a 3D
material (3 arbitrary dimensions above 100 nm). Here, the nano-
material comprises multiple arrangements of nanosize crystals in
various orientations, including dispersions of nanoparticles, bun-
dles of nanotubes/nanowires, and multi-nanolayered structures in
which 0D, 1D, and 2D structural elements are in intimate contact
with one another, forming interfaces. Ever since the exfoliation of
graphene, the tremendous application of its characteristics has
driven rapid advancements in the field of 2D materials. It has
paved the way for other layered materials and structures. The
traits of these materials are a function of chemical bonds, shape,
and dimensionality. Carbon has four valence electrons in the
ground state, two each in 2s and 2p subshells. Bond formation
occurs with other carbon atoms via sp hybrid orbitals when one of
the 2s electrons migrates to an unfilled 2p orbital. Likewise, there
are different types of sp hybrid orbitals, namely, sp, sp?, and sp®,
and carbon atoms possessing those hybrid orbitals establish
bonds with other carbon atoms in their vicinity. Hence, the
upcoming section is focused on carbon atoms containing sp*
bonds. On the other hand, apart from graphene, different 2D
materials have received much interest among researchers due to
their exceptional physicochemical characteristics. 2D materials,
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composed of atomically thin sheets with weak interlayer bonding,
are isolated from bulk phases of layered materials, forming a
finite library for discovering new materials.*® By selecting consti-
tuent elements and substrates, novel 2D materials can be synthe-
sized, providing access to a broader range of properties. Of
particular interest are 2D MXenes, attributed to their unique
properties. Hence, in this review, we investigate the progress
made in the synthesis and sensing applications of MXenes,
followed by challenges and perspectives.

3.1. Advantages of 2D materials and MXenes for
electrochemical sensing

Comprehensively, 2D materials exhibit a larger surface-to-
volume ratio than 0D, 1D, or 3D analogs and ensure good
sensitivity at trace concentrations of the target analyte. Their
distinct features arise from the crystalline nature of a single or a
few layers of atoms and the rare blend of ceramic and metallic
properties. Due to their good chemical, electrical, thermal,
structural, and mechanical properties, 2D materials are widely
explored for EC sensing. Typically, 2D materials are categorized
based on their structure such as graphene, TMDC (MoS,,
MoSe,, WS,, and WSe,), hexagonal boron nitride (h-BN), black
phosphorous (BP), MOs, layered (LDHs), graphitic carbon
nitride (g-C3N,), metal nitrides/carbides (MXenes), perovskite-
oxides, transition metal-halides/oxides and others.*® The fun-
damental phenomenon of these materials continues to be
researched, and the development of effective device architec-
tures is now pushing 2D materials toward innovative techno-
logical applications. Currently, the paradigms that comprehend
research and development of EC sensors enable the investiga-
tion of new materials, manufacturing methods, and strategies
to improve the sensitivity and detection limits. 2D materials
have been proven to enhance the performance of EC
sensors.”®*%*! They are often utilized to modify the transducer
surface, aiming to enhance charge transfer, facilitate prepara-
tion procedure, ensure compatibility with biological molecules,
achieve good reproducibility, and provide large specific sur-
faces. 2D layered materials are characterized by atomically thin
crystalline solids without dangling bonds, thus rendering good
intralayer charge transport.*>

Material science and engineering is a branch of science
considered to manipulate and maneuver atoms/molecules with
a diameter up to the nanometer range. Based on this concep-
tion, the development of hybrid nanomaterials with different
properties from primitive nanomaterials has caught the atten-
tion of researchers. Due to their application in nano- and
atomic-scale devices, 2D materials are significant. Several stu-
dies have been conducted on the growth of free-standing 2D
materials.”* Thin sheets of 2D materials can be grown over
various substrates to meet device applications.** The potential
application of 2D materials such as h-BN, MOs, metal halides,
and MXenes may help address various limitations in different
devices. This is because nearly all the atoms on the surface of
these materials are exposed after exfoliation; consequently, the
surface area of 2D materials is noticeably enhanced.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Graphene, a single layer of carbon atoms hexagonally bound
in a honeycomb lattice, is an eminent member of the primitive
2D layered material class, possessing excellent properties exten-
sively described in the literature.***® The integration of
graphene-based materials into the EC transducer offers merits
that include an improved charge transfer rate, conductivity, and
an increased surface-to-volume ratio of the transducer.*”***’
Additionally, graphene’s capability to functionalize with functional
groups and heteroatoms is integral to its superior properties.
Furthermore, the chemical and electronic properties of
graphene-based materials are influenced by the content of oxygen
functional groups. Due to the presence of oxygen-containing
groups and hydrophilicity, graphene oxide (GO) and reduced
graphene oxide (rGO) enable broad possibilities for functionaliza-
tion. Additionally, the intercalation of inorganic hosts (clays,
graphite, dichalcogenides, and others) has also garnered attention
due to their distinct physical and chemical conditions.*” The de-
intercalation of these compounds under specific conditions or
reactions in the interlayer space led to the formation of extensively
applied exfoliated graphite and 2D materials. Not long ago, were
MXene materials extracted from A-elements for layered ternary
carbides (Ti3AIC, and other MAX phases) with numerous exorbi-
tant properties, mainly electrochemical properties, surpassing
those of graphene.*® 2D titanium carbide (Ti;C,) MXene was the
first material to be identified among several others from the
MXene family; it has demonstrated conductivity, surface area,
facile tuneable structures, and film forming ability. Another strik-
ing property is its greater intercalation capacity compared to other
2D materials. Other MXenes, like Ti;CN, Mo,C, Mo,TiC,, and
Hf;C,, have also been prepared and investigated for their physical
and chemical characteristics.*

Since in this review, we will discuss the potential of MXene
nanomaterial as electrode modifiers, here are a few attributes
we would like to discuss regarding the advantages of MXenes
over graphene, the most commonly employed 2D material for
EC sensing. Of course, the applications of graphene nanosheets
are irreplaceable; however, we aim to comprehend the primary
advantages of emerging new material MXenes. The most sig-
nificant advantage of MXene over graphene lies in the surface
chemistry of the former. It is rich in several surface terminal
groups, which are a by-product of synthesis processes. Due to
the nature of each of the surface terminations and inherent
transition metals, the MXene surface can be functionalized
with a multitude of molecules. In contrast, graphene mainly
comprises oxygen and hydrogen-terminated functionalities,
limiting its functionalization possibilities. Furthermore, com-
pared to other 2D materials, MXene has an obvious merit of
high electrical conductivity, essential for accelerating the rate
of heterogeneous charge transfer. Generally, MXenes comprise
more than one element (Ti;C,T, with titanium and carbide),
unlike graphene, which includes only one element (C). Hence,
a heterogenous catalytic process benefits from the presence of
multiple elements due to their different affinities for the target
molecules. Furthermore, since the MXene core is metallic and,
upon surface functionalization, it retains its conductivity,
unlike graphene, whose conductivity is disturbed upon surface
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treatment. This feature of MXene makes it unique among other
2D nanomaterials such as TMDs, boron nitrides, phosphorene,
and others.>® MXene could be dispersed in common solvents
(DMF, ethanol, water, and others) with high stability for a
few days. Additionally, its dispersion stability is improved by
functionalization.” In contract, in its pristine form, graphene
tends to agglomerate and achieving a stable dispersion is a
tedious task. Although the functionalization of graphene can
yield stable dispersions in a few solvents, it may compromise
electrical conductivity. Therefore, MXenes offer stable disper-
sion while retaining their electrical conductivity, which is
crucial for applications wherein the physical coating is essen-
tial, as in the case of GCE modification. This kind of well-
dispersed, stable nanomaterials will form a homogenous film
over the electrode surface, facilitating a larger surface area and
equal access to target analytes to approach the surface of the
working electrode.

The emergence of novel 2D materials besides graphene has
depicted promising applications across diverse technologies.
The redox properties of metal-oxide nanomaterials are crucial
in engineering electrochemical sensor platforms, as they exhi-
bit interesting physiochemical properties attributed to their
size, stability, and high specific surface area. Moreover, hybri-
dizing metal oxides with other materials enhances electrical
conductivity, electron transfer kinetics, and stability during
electrocatalytic reactions.’>™* These principal factors ensure
greater sensitivity of the sensor materials in detecting the target
analyte molecules. Yet among all the other 2D materials,
MXenes stand out with their thickness (can possess a single
unit thickness of M-X-M trilayer or several units thick), rich
surface chemistry, high aspect ratio, electroconductivity, tune-
ability (of the thickness of single unit of M,X), making them an
ideal candidate for sensor construction.”> MXenes enable the
tailoring of their properties for numerous applications, includ-
ing supercapacitors, water purification, catalysis, fuel cells, gas
sensing, EC biosensing, and many others.’® > Because MXene,
a promising layered structure, possesses atomically thin struc-
tures, high ion intercalation nature, electronic and quantum
confinement effects, high surface area and charge transfer
enhanced sensitivity and selectivity, and robust, nontoxic nat-
ure, they suffice as one among the transducer materials.

The literature survey showed us that titanium carbide has
been the most explored MXene compared to other members
due to its remarkable ability to delaminate multi-layered Ti;C,
into few-layered nanosheets, which significantly enhances the
EC performance of Ti;C,; second, the facile etching process
results in numerous active sites, and third, Tiz;C, not only
possesses all the merits of the MXene family but also features
facile preparation and structural stability compared to other
types of MXenes.®® Significantly, given these merits, Ti;C, is
popularly employed for EC sensor fabrication. To cite a few
applications, Ti;C,/MXene immobilized with an enzyme was
applied for phenol detection, sensing of H,O, and small
molecules was achieved using MXene decorated with Pt nano-
particles, and a mediator-free biosensor comprised a TiO,/
Ti;C, MXene nanocomposite encapsulating hemoglobin.®***
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The literature survey unveiled a few reviews about the MXene-
based EC sensors. However, their central attention was differ-
ent, or they emerged a couple of years before. For instance,
Kailasa, Wang, and Shazad have discussed, through their
review, MXene-based sensors for the detection of small mole-
cules (dopamine and uric acid) pesticides like (carbendazim
and methamidophos), bromate ions, nitrite, naphthalene, dyes,
neurotransmitters, small molecules, pharmaceuticals, cancer
markers, and others.®**® Ho and team have provided a gist of
MXene-sensors categorized under physical, chemical, and bio-
logical sensors.”® Rhouati and researchers have reviewed the
MXene-based biosensors (enzymatic and affinity) for environ-
mental pollutants such as pesticides and nitrates.®® There are
several reports on MXene for biosensing, and many discuss the
role of MXene in biomedical applications.®””””> While not all
MXene-based sensing reviews have prioritized EC technology,
they heed a range of technologies including magnetic reso-
nance imaging, computed tomography photoacoustics, biosen-
sors, optical biosensors, adsorption strategies, etc.”>”’® The
other reports are dated to have been published a few years ago.
Therefore, there is a necessity for an updated review of
MXene-based EC sensing applications. Through this review
and in the upcoming sections, we pragmatically discuss the
chemistries and properties of MXenes for sensing. We also
prioritize the utilization of MXenes either standalone or as a
composite (to render a magnified sensing signal) for target
analyte detection. Furthermore, we identified a research gap in
the existing literature, indicating that MXene-EC sensors for
HMIs and phenolic moiety-containing toxin detection are
unexplored review topics. Successively, we focused on bridging
this gap by discussing the state-of-the-art MXene-based EC
sensors for HMIs and other miscellaneous toxic molecules.

3.2. Chemistries and properties of MXenes for
electrochemical sensing

It is noteworthy that MXenes are a relatively new and emerging
family of 2D materials that pave the way for excellent research.
As a predecessor of MXenes, MAX phases are conventionally a
series of layered compounds in which ‘M’ is a transition metal,
while ‘A’ is an element of group 13-15 in the periodic table, and
X is nitrogen and/or carbon. Hence, the structure and composi-
tion of MXenes rely on the MAX phases.”’

MXenes are obtained by selectively chemically etching the
element ‘A’ in MAX phases. Unlike graphite, which allows
exfoliation, M-A metallic and M-X covalent bonds in the
MAX phase are relatively strong. Thus, to break bonds to make
MXenes, strong etchants like hydrofluoric acid (HF), ammo-
nium hydrogen bi-fluoride, lithium fluoride-hydrochloric acid
mixtures, and other novel etchants are used.”® A reaction with
these etchants will break the M-A bonds and selectively remove
A-element layers, eventually resulting in multi-layered MXene
with a generic formula M,,.;X,,T, (n = 1, 2, or 3). T, are surface-
termination functionalities, while the suffix “ene” in the
MXene is because MXene properties are analogous to 2D
graphene material with morphological, mechanical, and elec-
trical properties.”” Generally, MXenes have more than one ‘M’
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Fig. 3 MXene precursors: crystal structure of M,AX, M3zAX,, and M4AXs phases.

element and two structural forms, namely, solid solutions and
ordered phases. Fig. 3 summarizes different MXene precursors
and the crystal structure of the M,AX, M;AX,, and M,AX;
phases. The former depicts an arbitrary arrangement of two
different transition metals that is witnessed in the ‘M’ layers,
while the latter is composed of single or double layers of a
single transition metal sandwiched between the layers of
a second transition metal of a 2D carbonitride structure.
However, if in the MAX phases, the value of ‘»’ is in the range
of 1 to 3, then the resulting MXenes are obtainable in three
possible lattice structures, namely, M,X, M;X,, and M,X, (3, 5/7
atomic layers). In M,X, ABABAB (hexagonal close packing
sequence) is the order observed in transition metal atoms,
whereas ABCABC (face-centered cubic sequence) is witnessed
in M;X, and M4X;.%° As a consequence of their ceramic trait,
MXenes display a monolayer (few-layer/multilayers) structure,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and good chemical, and mechanical stability. Hence, among
the two structural forms, it is established from the DTF
examinations that ordered MXenes forms are energetically
more stable than their solid-solution counterparts for a few
compositions of transition metals.®!

Typically, MXenes exhibit accordion-like several layered
structures.®>®* MXenes with various structures are also synthe-
sized (scroll-like, flower-like, nanoribbons, etc.). On the other
hand, MXene terminations are generally mixed with random
distribution, which hinges on the transition metal elements,
synthesis conditions, and post-synthesis treatments (Fig. 4).
These terminal functional groups induce hydrophilic MXenes,
allowing them to be prepared and utilized as colloidal or film-
form in their pristine form or combined with polymer matrices
to result in nanocomposites. The free-standing films formed using
delaminated MXenes give rise to films with good conductivity.
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Likewise, there are notable review articles on MXenes and their
synthesis schemes; the reviews provide a wealth of information on
the MXene and its properties for EC sensors.””

The versatility of MXene compositions and the capability to
tailor the material for specific sensing needs make them
eminent nanomaterials in fabricating sensors. Although several
reviews involving MXenes for EC sensors have been published,
they have prioritized material preparation. Currently, the
literature unveils several carbides-MXenes for sensing with
considerable potential for exploring nitride and carbonitride-
MXenes.

3.3. Advantages of MXenes for electrochemical sensors

The feasibility of using various techniques for recognizing the
analyte of interest and transduction of signals has empowered
EC sensing devices to adapt to the matrix environment and
nature of the target species. The WE engineering with various
nanomaterials is pivotal for designing a robust sensing system.
This is because the conventional transducers exhibit low sur-
face area and require high overpotentials besides the sluggish
electron transfer kinetics and mass transport limitations. To
overcome this, diverse materials including combinations of
metals, metal-oxides, polymers or carbonaceous nanomaterials
in composites and hybrids are explored. 2D materials, despite
their elementary application as energy materials (supercapaci-
tors and batteries), are receiving unparalleled attention from
the sensing research community.

The primary cause for their expanding role in sensor science
is directly associated with their chemical characteristics
and surface versatility. As discussed in the previous section,

90 | Mater. Adv, 2024, 5, 83-122

regardless of its excellent conductivity, integrating graphene
with electrode systems is challenging due to restacking of
sheets and low hydrophilicity. Fig. 5 illustrates the properties
of MXenes for sensor application. MXene nanomaterials, on the
other hand, with ample surface moieties (-F, -O, and -OH) to
anchor other functional materials, proffer relatively high hydro-
philicity. MXenes exhibit high conductivity (850-2410 S cm™ %),
excellent surface characteristics, and metal-like traits, making
them a modified agent of choice when fabricating an EC
sensor. They are classified based on the nature of the output
signal, and among them, EC sensors have gained recognition.
In contrast, the application of MXenes in gas, biosensors,
fluorescent sensors, and chemiluminescence is gradually
increasing. MXenes, with their compositional counterparts,
modest synthesis recipe and tuneable surface properties are
highly favorable for sensor applications. MXenes and TizC,T
simultaneously act as charge transfer facilitators with catalytic
traits during EC reduction or oxidation reactions. Therefore, in
this section, we have discussed the EC sensors that employ
MXenes and their composites/hybrids as direct or indirect
redox transducers and as an electrocatalyst.

4. Important electronic properties of
MXenes for sensors

The excellent electronic features of MXenes (TizC,T,) are attri-
butable to the availability of narrow band gaps and excellent

conductivity, bringing about rapid electron transfer. The
MXene structure is composed of three sections: (i) an intralayer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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skeleton layer, wherein Ti and carbide atoms are alternately
stacked through ionic bonds; (ii) an interlayer region, where the
layers interact via hydrogen bonds between -F and -O atoms
bound to the surface and via van der Waals forces, (iii) surface
terminal moieties are randomly distributed on the MXene
surface.””

Individual MXene flakes are metallic, and the electrical
behavior of MXene films is determined by the type of con-
ductivity among layers. Typically, high conductivities can be
achieved if the contact between large MXene flakes with few
defect concentrations is good. MXenes have displayed excellent
structural traits which could make them a potential group of 2D
materials for sensors, such as® (i) MXenes possess planar
structures, good hydrophilicity, chemical, and structural stabi-
lity in aqueous solutions, (ii) a significant number of -O and
-OH moieties on the surface of MXene, establish strong corre-
lation with numerous analytes, (iii) metal sites exposed at the
terminals of MXene facilitate strong redox activity, (iv) good
electrical conductivity of MXenes enables efficient electron
transfer, and (v) with their large surface area they boost the
catalytic activity.

4.1. Factors affecting the properties of MXenes

EC sensors are employed to convert the chemical properties of
an analyte into electrical signals. Hence, MXenes are gaining
prominence in the fabrication of sensor devices, as their pro-
perties demonstrate enhancement effects. Through this section,
we have highlighted that during MXene synthesis, various etching
and delamination processes result in the surface functionalization
of MXenes with different functional groups. We have described
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the structure of MXenes, and after that, we shall discuss the
exfoliation process of MXene from MAX and the properties
derived through this approach.

Eliminating the ‘A’ element from the MAX phase generated a
variety of MXenes, which when intercalated, MXenes undergo
exfoliation/ delamination upon interaction. The fundamental
bonds in the structure of MXenes are responsible for their
unique traits, whereas M-X bonds include a combination of
covalent and ionic interactions. Besides, the nature of the M-A
bond is entirely metallic, unlike other 3D layered materials.
Furthermore, post delamination, the delaminated single-layer
2D materials often display different properties compared to
their bulk counterparts, which is attributed to significant
enhancement in the surface-area-to-volume ratio of the 2D
flakes that dramatically affect the physical and chemical prop-
erties of the material.”® 8%

(i) Insights on the effect of etching. Currently, over 150
variants of MAX phases have been identified, and different
MZXenes with excellent characteristics have been prepared. As
aforementioned, the Ti;C,T, type of MXene is the most widely
explored 2D MXene.?® Conventionally, the synthesis of MXene
transpires in three stages, involving the formulation of the
TizAlC, precursor MAX phase, Al layer etching, intercalation,
and exfoliation. MXenes are prepared by etching the ‘A’ ele-
ment layer, which imparts good electrical properties.®”
Although the most commonly used etchants are HF and LiF/
HC], numerous parameters influence MXene’s chemical and
physical properties.®®®° For instance, the etchant’s moiety,
concentration, duration of etching, the surfactant employed,
stirring, sonication time, and etching temperature manifest
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variations in the resulting MXene architecture.’® Consequently,
the optimization of the synthesis procedure is crucial. Hence,
through this subsection, we briefly describe the effect of the
synthesis procedure on the structure, defects, and surface
terminations in the resulting MXene-based materials.

Etchant. Ever since the introduction of nanolayered MXenes
through a wet etching procedure with HF to achieve multi-
layered flakes of Ti;C,T,, progressions in MXene synthesis and
MXene-nanocomposite synthesis resulted in numerous ele-
mental compositions and surface-functionalities. The most
appropriate combination involved the use of the etchant LiF/
HCl with the minimally intensive delamination method (MILD)
instead of sonication to synthesize large MXene flakes with
minimal defects.®””*' Hence, the optimized etching process is
cardinal to access individuals to a few layers of Ti;C,-MXene
nanoflakes. The water molecules and surface functional groups
influence the MXene crystal structure.®® Therefore, rationally
tuning the etching agent will result in regulation of the water
content in the solvent, which will assist in controlling the
lattice constant and thereby tuning the crystalline structure.
Unlike TMDs and graphite (which possess weak van der Waals
interactions among layers), MAX phases are bound by stronger
van der Waals, and their exfoliation is intricate.®>® Hence, wet-
chemical etching in the presence of HF or HF-containing
solutions led to the displacement of the strong M-A bonds by
weaker -F, -O, and -OH bonds, generating much more stable
and closely packed M,;X,,T, layers.”® Thus, etching and exfo-
liation procedures generate functionalities on the MXene sur-
face, with plenty of -F, -O, and -OH containing functional
moieties, leading to enhanced hydrophilicity.”> Peng et al.
demonstrated that O-functionalized MXenes exhibited mechan-
ical flexibility attributed to the charge transport between the
internal Ti-C bonds and the surface Ti-O. However, when
functionalized with -OH groups, it demonstrated a stronger
interlayer coupling than MXenes terminated by -O or -F attrib-
uted to the hydrogen bonds. Therefore, the -OH functionalized
surface might possess a greater effect on MXene characteristics
and tailoring the -OH functionalization surface is an efficient
and feasible strategy to modify the properties of materials.”®

Furthermore, the various synthesis methods include etching
in halogen, molten states, non-aqueous etchants, a mixture of
fluorides, and different acids.”” However, to avoid the utiliza-
tion of hazardous HF, a modified etching assay with a combi-
nation of lithium fluoride (LiF) and HCI is currently employed
as a substitute.”®*® This mild reagent imparted hydrophilic
characteristics with good mechanical stability as an outcome
of Li intercalation. Interestingly, fluoride termination-free
MXenes have been reported for application in biomedicine
fields.'*'°" This goal of producing MXenes without hazardous
acids is a blossoming research field. For further specifics
concerning synthetic routes followed to make MXenes, we recom-
mend our readers to other reviews in the literature.'®"** None-
theless, with the advancements in MXenes, various methods such
as hydrothermal, thermal reduction, chemical vapor deposition
(CVD), spray drying, and electrochemical techniques are effectively
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used to generate 2D MXenes devoid of hazardous etchants. The
various types of MXenes that are synthesized based on the MAX
phase can be referred to in detail from other reports in the
literature.*®

It is relevant to note that Lipatov and co-workers have
substantiated that the metal layers in the MXene structure
are an important factor in impacting the electronic character-
istics of MXene.'” While Anasori et al have verified the
existence of a subtle balance between the etchant’s activity
and temperature, it must be sustained; the electronic function-
ality, from metallic to semiconductor-like, could be regulated
by modifying the outer transition M-layer of a 2D carbide."*®
MXenes, constituted by early transition metal carbonitrides
and carbides, not only possess conductivity comparable to
copper but also harbor the traits of nitride/carbide. Density
functional theory investigations have aided in understanding
the MXene’s electronic density of state and energy band struc-
ture. It has been revealed that the pristine MXene single layer is
foreseen to be a metal layer possessing high electron density
close to the Fermi level.'*”1%®

(i)
are indispensable steps to inflate the interlayer spacing of
multilayer MXene flakes to produce a few or individual 2D
MZXene sheets. The delamination process involves the isolation
of individual layers of MXene by adding salts and organic
solvents (tetrabutylammonium hydroxide, NH,, HF,, etc.) dur-
ing preparation resulting in delaminated MXene layers. Addi-
tionally, exfoliation increases the contact angle between the
interface and the electrolyte, resulting in better EC sensing.
Hence, many compounds are utilized to achieve intercalation
(cetyltrimethylammonium bromide (CTAB), dimethyl sulfoxide
(DMSO), metal cations/hydroxides, alkylamines, etc.) that
significantly tailor MXene functionality. The intercalation of
these guest molecules magnifies the c-lattice parameters and
weakens the van der Waals forces and hydrogen bonds between
2D MXene layers; consequently, the multilayered MXene flakes
get delaminated. These delaminated MXene layers demonstrate
a larger specific surface area than multilayer MXene stacks.

Conventionally, the MXene structure is composed of weak
hydrogen bonds. van der Waals’s interaction between the Ti;C,
layers results in restacking and aggregation, causing great
difficulty in research works and limited EC activity. Hence, it
is crucial to synthesize MXene-based nanocomposites to mag-
nify the EC performance purposefully. After extensive research,
the introduction of interlayer spacers is established as an
effective strategy. Some carbon materials, including alkaline
cations, fullerenes, carbon nanotubes (CNTs), and graphene
nanosheets, have been employed as anti-pile layers and inter-
calators to mitigate the stacking issues of Ti;C,-MXene to some
extent and improvise the stability and reusability. This process
also magnifies the EC response towards the target analyte.**®
Typically, MWCNTs form a uniform network over the MXene
sheets’ surface, impeding oxidation, and they are intercalated
between the sheets to amplify the electrical conductivity and
provide increased active sites.''® For example, Zhen et al. des-
cribed that MWCNTs have hollow structures, good electronic

Intercalation/delamination and intercalation®>. These
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transport capacity, and larger specific surface area, enabling
their use as spacers in the synthesis of Ti;C,-MWCNTSs nano-
composites to improve the EC performance of individual Ti;C,.
This incorporation into the hierarchical Ti;C, ensured large
open spaces and exposed active sites. While on the other hand,
alkaline cations (K, Na", Mg, and Li") have demonstrated
spontaneous and feasible intercalation between Ti;C, sheets.
This alkaline cation intercalation modified the MXene charac-
teristics by enlarging the interlayer spacing and improving
structural stability that greatly favored good practical
applicability."™" ™" Also, Shankar et al. described the MXene/
graphite composite paste with greater adrenaline quantifica-
tion sensitivity.""* Also, Karaman et al. recorded an amplified
signal for fatty acids utilizing Cd, sZn, 5S/D-TizC,T,-MXene
composites.''

(iii) Surface termination groups. The surface functional
groups of MXenes affect their ion transport and electronic
features that are directly linked to their conductivity and
heterogenous charge transport process occurring on the
surface.” Experimentally, MXene’s surface termination depends
on the synthetic conditions, like etching, delamination condi-
tions, nature of the ‘M’ element, post-synthetic procedures, and
storage."'® Furthermore, theoretical investigations recommend
that MXenes should have numerous specific properties in addi-
tion to good electronic conductivity, chemical stability, and
hydrophilic surface traits.""”"*® To impart unique conductive,
electrical, and EC capabilities, surface functional groups are
specifically tailored to the features of MXenes.”® For instance,
the surface termination with oxygen tends to foster the highest
capacity in contrast to H or/and OH-terminated MXenes.'"
Besides, other investigations have led to the expansion of the
surface terminations with methoxy groups P and Si.'*° These
surface functional groups alter the surface electronic structure,
creating a synergistic effect with the catalyst. It is also documented
that MXenes with terminations furnish lower electron transfer
resistance for proficient charge migration during the electrocata-
lytic process.*" Furthermore, attributed to the higher electrone-
gativity contributed by N than C, nitride or carbonitride MXenes
with M-N bonds are stronger than those with M-C bonds. Hence,
M-N MXenes possess distinct electronic features compared to
M-C MXenes."**

(iv) Defects. Furthermore, the synthesis process affects the
vacancies and defects in the MXene anatomy. It influences
the electroconductivity due to the surface termination and
defects.'**'>* Foreseeably, higher concentrations of HF intro-
duce more defects into the MXene flakes. The greater the
defects, the lower the electroconductivity MXenes possess due
to the destruction of the ordered structure. Hence, these defects
are regulated by doping various atoms. Furthermore, the
defects of charge imbalance are generated via the exchange
of ions with different electronic densities. Because of the
commonly used HF-etching solution, the surface of MXenes
generally contains -O, -F, and ~OH functional groups. So, if the
surface terminations are modified, there is a possibility that
small molecule adsorption can lead to the amplification of
electrical conductivity of MXenes.'*>2¢
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(v) Hybrids or heterostructures. Through this review, we
have come across several excellent characteristics of MXene; to
recap, the prominent ones include high hydrophilicity, metal-
like electronic conductivity, and greater specific surface area
with abundant terminal groups. Appropriate surface modifica-
tion and functionalization are essential for optimum use, as
they will primarily magnify the chemical stability. Typically,
surface modification and functionalization are accomplished
through covalent (molecule attachment) and non-covalent
interactions (electrostatic and physical adsorption). Consider-
ing the ease of the process, the latter is widely applied.
To exemplify, positively charged molecules quickly form com-
posites with MXene as its surface is abundant with -OH and
-F ions.

Although MXene portrays interesting features and combina-
torial flexibility, it also possesses some hereditary demerits,
such as restacking after delamination and modest air stability.
MXene’s stability is crucial for different applications and long-
term stability. Hence, hybridization has the potential to
enhance the MXene’s stability. To circumvent these con-
straints, researchers have attempted the synthesis of MXene
nanocomposites, including carbonaceous materials, conduct-
ing polymers, MOFs, MOs, TMDCs, and others."?” This process
also amplifies the MXene sensing performance as it is inferred
from the literature that atoms or molecules with different
structures selectively interact with the surface of MXenes
through electrostatic attractions or physical adsorption.'*?

Nanoparticles of various morphologies are termed second-
ary nanoparticles that can be bonded to the MXene flaky
surface, resulting in a mixed-dimensional heterostructure.
The nanoparticle size can be <100 nm, technically called a
nanoparticle with zero dimensionality. Typically, the bonding
of 0D nanoparticles onto the MXene’s surface is achieved using
salts like SbCl;/AgNO;. Attributed to their electrostatic attrac-
tions in an aqueous environment, the cations of each of these
salts are absorbed by the MXene layers. At the same time,
0D nanoparticles, such as Ag nanoparticles, are formed via a
reduction reaction."®® These secondary nanoparticles can be
rod or tubular-shaped structures (1D nanoparticles) such as
carbon nanotubes. The sheet-like structures are denoted as 2D
nanoparticles like MXene or graphene. An example of a 2D-2D
heterostructure is the hybridization of MXene with rGO. The
aforementioned electrostatic attraction strategy is also employed
to modify the MXene with secondary 1D and 2D nanoparticles to
form various heterostructures. Likewise, the secondary nano-
particles are functionalized utilizing a modifier like a silane
coupling agent to endow the material with the positive charge
of the MXene surface. These mixed-dimensional MXene struc-
tures have broad applications in sensor fabrication technology.'*®
Considering the excellent properties of MXenes, there are several
reports on the preparation and application of 0D, 1D, 2D, and 3D
MXenes.'**"*! 0D MXene Ti;C,T, quantum dots are employed for
ultra-fast and narrow laser fiber production, while 1D MXene
fibers, 2D Ti;C, MXene nanosheets, and 2D MXene architecture
are used for efficient sensing applications. Their accessible greater
specific surface area that leads to interactions, selective binding,
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and the capability of transducing these interactions into recogniz-
able analytical signals make them an ideal sensing material.
Similarly, to enhance the conductive network of MXenes, Au
NPs were tagged to design a composite heterostructure and serve
as signal amplifiers and reusable sensing platforms.'*>'** Such
tagging of Ag or Au onto the MXene surface influences the EC
capacity of MXenes."** Furthermore, a hybrid MXene/carbonna-
nohorn/beta-cyclodextrin/metal-organic framework composite
was fabricated through electrostatic self-assembly accompanied
by surface charge interaction, and also a blend of metal alloy
loaded MXene with CuCl, nanowires on a metallic-nonmetallic
electrode was designed for the enzyme-free EC sensor that
demonstrated excellent sensitivity for the target analyte,'*>"'%¢

Furthermore, a thorough blending with different types of
dispersion leads to a positive zeta potential and negative sur-
face charges on MXene flakes, resulting in flocculation and,
consequently, the formation of hybrids.'*” The literature
reveals the utilization of metal-oxides, graphene, CNTs, silicon
carbide nanowires, polymers, and others for chemically mod-
ifying MXenes, imparting a positive surface charge.****° The
MXene surface can be patterned through electrostatic inter-
actions between chitosan/polyaniline/polypyrrole, forming a
nanocomposite via negatively charged Ti;C,T, MXene and the
positively charged polymer.'*® Another important parameter is
electrochemical impedance spectroscopy (EIS) of pristine
MXene and hybridized MXene, wherein the hybridized MXene
depicts the lowest R.; value over the pristine one.

5. Methods of electrode surface
modification

A prerequisite for fabricating the sensor is homogeneously
dispersing the nanomaterial in an appropriate solvent. It must
be noted that the synthesis route and the type of terminal
functional groups on MXenes affect their dispersibility. Hence,
solvents like N-methyl-2-pyrrolidone (NMP), ethanol, DMSO,
and dimethylformamide (DMF) are suitable carriers of MXene
nanosheets. Dispersing MXenes in non-aqueous polar solvents
minimizes their interaction with dissolved oxygen and/or water,
extending their shelf life and stability."*! It is crucial to mention
that a modified electrode can be constructed via electropolymer-
ization, covalent bond formation, and surface adsorption.'*?
In brief, during electropolymerization, the pre-treated WE was
immersed into an electrochemical cell system with a definite
concentration of monomer and electrolyte. During electrolyza-
tion, the electrically active monomer undergoes transformation
into ions and free radicals, initiating polymerization to form a
stable, uniform polymer film. Covalent bond formation is the
attachment of modifying agents onto the sensing substrate via
covalent adsorption. The adsorption method of surface modi-
fication of the WE can be performed via chemical adsorption
(mutual adsorption between the solution and the solid material
interface), self-assembled monolayers (SAMs synthesized through
chemical and physical interactions among the film-forming
molecules’ functional moieties, or via spontaneous adsorption),

94 | Mater. Adv, 2024, 5, 83-122

View Article Online

Materials Advances

and coating (dip, spin and dispense coatings). Fig. 6(a) illustrates
the admirable characteristics of modified EC sensors.

Several methods are utilized to deposit nanomaterials as
thin films, mono/multilayers, onto the electrode substrate.
Typically, experimental parameters, including choice of solvent,
particle volume, and concentration, affect the deposition process,
which is tuned to achieve a film with the desired thickness and
morphology. On occasions when continuous conductive films
that are thin are required, direct coating methods demonstrate
facile routes with pleasing versatility. These methods include but
are not limited to drop cast coating, dip coating, spray coating,
spin coating, etc. Herein, we briefly describe the methods of
electrode surface modification as illustrated in Fig. 6(b).

(i) Drop cast coating™*®

The most popularly used method of electrode surface modifica-
tion is drop cast coating. A drop of liquid composed of particles
or nanomaterials of interest is first deposited on the electrode
surface and is left to dry (evaporation of solvent) without
spreading. It is the most straightforward film-forming techni-
que as it does not involve specific equipment. However, the film
thickness and properties hinge on nanomaterial concentration
and volume of dispersion cast. Additionally, this method
requires solvents other than water for dispersion.

(ii) Dip coating**

The dip-coating process has the following steps: dipping, immer-
sion, deposition, draining, and evaporation of the solvent. This
method allows the layer-by-layer assembly process through elec-
trostatic interactions. For example, dipping the substrate in a
poly(diallyldimethylammonium chloride) and MXene/MXene-
composite dispersion has facilitated the construction of bendable,
stretchable, and conductive films for wearable sensors.

(iii) Spray coating'*

The literature reveals that delaminated MXene aqueous dispersions
are generally employed for an ethanol-based colloidal solution,
whereas non-aqueous MXene dispersions are limited. The sprayed
delaminated MXene nanosheet films, known for their excellent
mechanical and electrical properties, are utilized as electrical
contacts for thin film transistors (gate, source, and drain), bottom
electrodes for triboelectric nanogenerators, etc.'**'*”

(iv) Spin coating™*®

The spin-coating methodology, also known as the solution
processing method, leads to the production of thin and homo-
genous films from dispersions. In this method, the substrate is
spun at high RPM, and a known concentration and volume of
material is introduced into the center. Spin-coated films pos-
sess better flake alignment (without wrinkles) than films fab-
ricated by other methods. This is attributed to the centrifugal
force applied on the liquid layer that forces the suspended
nanosheets to comply and align parallel (in the direction of
outward centrifugal force). In brief, the dispersion wets the
substrate’s surface, and then the liquid layer spreads over the
substrate on rotation, resulting in a thin layered film.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(v) Screen printing"*®

Screen printing is employed for depositing 1 to 100 pm thick
films. It can be carried out in a flatbed automated mode, wherein
the screen, with a narrow gap on the substrate, is filled with
the flooded ink. Subsequently, a squeegee is traversed across the
screen to expel the thrust out of the ink and transfer it to the
electrode substrate. The construction of screens is straightforward
and serves as a rapid prototyping method.

6. Recent developments in 2D MXenes
for electrochemical sensing of HMIs
and phenolic moiety-containing toxic
molecules

Several traditional techniques, such as inductively coupled

plasma mass spectroscopy, inductively coupled plasma atomic
emission spectroscopy, atomic adsorption spectroscopy, GC,

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Graphical representation of modified electrochemical sensor properties. (b) lllustrations of methods of electrode modification.

GC-MS, HPLC, and many others, are available for the quanti-
fication of HMI and enlisted phenolic moiety-containing mole-
cules with good accuracy and sensitivity. However, they have
several drawbacks, such as'®° (i) prolonged sample prepara-
tions, (ii) bulky instruments that do not favor on-site analysis
and require professional personnel to operate, (iii) inability to
detect multi-metal elemental analysis simultaneously, making
them not cost-effective for wide application. Hence, EC sensors
have garnered attention and found broad applications owing to
their advantages, attributable to their straightforwardness,
reasonable sensitivity, and cost-effectiveness.

The advancements in EC sensors fundamentally rely on the
charge transfer phenomenon among the various nanomaterials
deposited onto the WE surface. While the key features of the
nanomaterials include electrical conductivity, specific surface
area, electrocatalysis, electrochemically enhanced signal-to-
noise strength, and mass transport, their activities play a
pivotal role in regulating efficient sensing results. The forth-
coming subsections of the article describe the MXenes and
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their hybrids for EC sensing of HMIs and toxic phenolic
molecules in various environmental matrices. HMIs are non-
degradable and persistent in the environment, which is hazar-
dous to the ecosystem.'*® Meanwhile, phenolic groups contain-
ing molecules continuously infiltrate the ecosystem through
industries and sewage draining, which are toxic in terms of
teratogenic, carcinogenic, and mutagenic features that pose
severe health complications. Several anthropogenic activities
have contributed to their accumulation. These emerging con-
taminants are widely used, and their associated risks to
humans and the environment have been well-documented.">"
Fig. 7(a) and (b) depict the adverse effects of HMIs and
toxicities of phenolic moiety-containing industrial chemicals
on humans."”*® Through this review, we have attempted to

View Article Online
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outline the status of MXene EC methods for determining
emerging contaminants, focusing on HMIs and phenolic
moiety-containing industrial chemicals, since EC sensors are
field-ready, cost-effective, and enable rapid analysis.

6.1. MXene EC sensors for HMIs

Although trace HMIs are fundamental for living organisms for a
healthy life, their excessive environmental levels are detrimen-
tal. Several inorganic species are the major ecological contami-
nants frequently detected in water bodies. HMIs, also known as
trace elements such as Pb>*, Hg”>*, Cd**, As**, Zn**, and Cu™,
are significant contaminants released by anthropogenic activ-
ities in domestic, chemical, and other technological
applications.””"® Acute or chronic poisoning can occur
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(a) Adverse effects of HMIs on humans and their limits set by WHO in drinking water. (b) Toxicities of phenolic moiety containing industrial
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following exposure to these elements through air, water, and
food as they disrupt cellular events. Although various techno-
logies have been developed for the de-pollution and monitoring
of HMIs from different environmental media, they have
inevitable setbacks.'”®™*®' Hence, there is a demand for facile
and quick detection of these analytes from ecological systems.
The literature depicts several reports on HMI detection using
inorganic material-modified WEs, micro-, macro-, and nano-
particle-based biosensors to detect HMI, functionalized layered
double hydroxides, and several others.'*>'®>'®* Hence, the
literature lacks a review MXene-based sensors for HMIs.
MXene-based sensors are excellent candidates for sensing
HMIs, as their multi-layered structure generally comprises
elements that possess high-affinity properties to HMIs. As
noted from the literature, MXene-based EC sensors for HMIs
commonly employ the SWASV technique. This technique is
readily amendable for the determination of HMIs. It typically
involves two steps: (a) EC deposition or accumulation of HMIs
at a steady potential, pre-concentrating the analyte on the
electrode surface and (b) stripping or dissolving the deposited
analyte from the electrode surface.

Mercury, released from industries, enters living organisms,
causing grievous and detrimental effects on human health and
the environment.'®* Hence, monitoring the excessive accumu-
lation of Hg>" is beneficial in mitigating the associated risk.
Cheng and researchers synthesized a PANI-Ti;C, composite to
develop an EC sensor for Hg”"."®> The composite was prepared
by initially dispersing TizC, in an HCI solution, followed by
sonication, into which pure aniline was introduced. Later,
ammonium persulphate dissolved in HCI was added dropwise
into the abovementioned solution while stirring in an ice bath
for 6 h. The product was then washed, freeze-dried, and used to
fabricate an EC sensor. PANI-Ti;C,/GCE showed good sensitiv-
ity towards Hg®" with a LOD of 0.017 ug L™, and the recovery %
from natural water samples was acceptable in the 97.2% to
100.6% range.

Arsenic is present in water (groundwater, drinking water,
and surface water) in the forms of As*" and As®>*. World Health
Organization recommends that the concentration of As** must
not be more than 10.0 pg L' in drinking water and 50.0 pg L™"
in surface water. Therefore, more recently, Xiao and researchers
have synthesized an iron-metal-organic framework/TizC,T,-
based MXene composite (Fe-MOF/MXene) via a facile solvother-
mal procedure for the determination of arsenic species for the
first time."®® MOFs are suitable electrode materials due to their
tunable properties, large specific surface, stability, and active
transition metal redox centers. It has been suggested that the
Fe-MOF exhibits good adsorption features for As** owing to the
coordination interaction between them. On the other hand,
MXenes possess numerous active sites capable of intense
bonding with the organic ligands of MOFs and a few inorganic
compounds. In this context, they have been employed as
adsorbents for arsenic removal by forming As-O bonding
between the OH groups on the MXene surface and arsenic
species. Furthermore, MXenes display ion insertion capability,
making them an ideal material for fabricating high-performance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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EC sensors. Fe-MOF/MXene was prepared by first dissolving
FeCl;-5H,0 in DMF under vigorous stirring, and then adding
2-NH,-BDC and stripped MXenes. This mixture was transferred
into a Teflon-lined autoclave to set the hydrothermal reaction and
obtain the desired product. To check the optimum ratio, various
mass ratios of FeCl;-5H,0/MXenes were also prepared, which
were designated as Fe-MOF/MXene-2 (2:1), Fe-MOF/MXene-1.5
(1.5:1), and Fe-MOF/MXene-1 (1:1). Next, the sensor was con-
structed on a precleaned GCE platform. 4 mg of Fe-MOF/MXene
powder dispersed in DI water via sonication was drop-cast coated
onto the GCE and dried to obtain Fe-MOF/MXene/GCE as illu-
strated in Fig. 8(a) and the SEM image of Fe-MOF/MXene is shown
in Fig. 8(b). Similarly, the comparative electrodes were prepared.
At the beginning of this section, we have described the two-step
SWASV process for analyte detection. To substantiate the case of
arsenic detection, during the preconcentration step, As** in
solution was adsorbed on the Fe-MOF/MXene/GCE surface via
coordination with -OH groups from Fe-MOF and MXene and then
transformed into zero valence As(0) through reduction. The
proposed Fe-MOF/MXene/GCE with a mass ratio of 1.5 delivered
a strong stripping current with a well-defined peak shape and
peak signal. This was attributed to the synergistic effect of MXene
and Fe-MOF for As**, which facilitated the adsorption and bond-
ing of As*". XPS investigations were conducted to determine the
interaction mechanism of Fe-MOF/MXene and As’*. Since it is
conceptually interesting, we briefly describe the XPS analysis
results herein. The successful formation of the Fe-MOF was
ascertained by the presence of satellite signals at 720.0 and
730.0 eV. In summary, no evident transformation of Fe**/Fe**
was witnessed for the As adsorbed Fe-MOF/MXene, implying that
Fe species acted as adsorption sites rather than oxidation agents.
Next, the oxidative stripping signal of arsenic was captured
through a positive potential scan. The LOD estimated using
SWASV (Fig. 8(c)) was down to 0.58 ng L™'. Furthermore, the
selectivity examination was performed more vigilantly with Cu®*
because its stripping potential is close to that of As*", and the
results indicated that Cu®* did not interfere significantly. A 100-
fold excess of other ions, such as Pb>", Mn**, Cd>*, Hg*", Fe**, CI ™,
and NO; ™, was tested, and the results showed no apparent peak
response variation for arsenic. This selective trait of the sensor
favored its performance in natural water systems (taps, rivers, and
lakes) with acceptable recoveries in the range of 97.4% to 98.4%.
The sensor also exhibited good reproducibility and repeatability
with an RSD of 3.9% and 2.19%, respectively. However, this report
lacks a long-term stability study of the proposed sensor. Finally,
yet importantly, the Fe-MOF/MXene composite preserved the
original octahedral structure in the Fe-MOF. Due to the synergistic
effect of the Fe-MOF, MXene promoted arsenic deposition and
drastically amplified the detection response of As®* at Fe-MOF/
MXene/GCE.

Chen and team synthesized a 3D Fe-Co-LDH/Ti;C,-based
MXene composite as a modifying agent for the GCE platform
for the sensitive detection of As*".'®” LDHs are 2D inorganic
nanomaterials with good activity and a larger specific surface
area. Out of various bimetallic components of LDHs, Fe-Co was
used as an excellent electrode material due to its variable
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Elsevier (2017).

valences. The synergy between the Fe-Co bimetallic center and
the layered structure of LDH significantly contributed to an
accelerated charge transfer rate via a shorter ion transport path,
leading to an amplified EC sensing response. To prepare the
modifying agent, initially, MXene was synthesized employing
the LiF etching method. Next, the solution composed of
Co(NO3),-7H,0 and FeSO,-7H,0 in DI water, NH,F, urea, and
the as-prepared MXene was introduced with vigorous stirring.
This mixture was later transferred into a tetrafluoroethylene-
lined autoclave for a hydrothermal reaction to obtain Fe-Co-

98 | Mater. Adv, 2024, 5, 83-122

LDH/MXene. This nanocomposite was suspended in DI water
and drop-cast coated on the pre-cleaned GCE surface, dried at
RT, and used for further analysis. The sensor was soaked in a
phosphate buffer solution (PBS, pH 5.0) containing a known
concentration of As®>". After the preconcentration step, a SWASV
scan was performed to get stripping signals for As®*". Strong
stripping signals were obtained due to (a) MXene’s well-charged
transfer kinetics and conductivity, (b) abundant OH groups
in both MXene and Fe-Co-LDH that facilitate the exchange
of arsenite oxoanions, improving analyte adsorption, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(c) the Fe-Co-LDH surface featuring ample Fe atom centers,
forming strong Fe-O-As bonds. Furthermore, the mechanism
of solid binding of the sensing electrode with As** was inves-
tigated using an XPS scan, similar to the abovementioned
research on As® detection. The results suggested that the
exchange reaction between hydroxyl groups and arsenite oxy-
gen anions occurs on the surface of Fe-Co-LDH/MXene, and
the hydroxyl groups are exchanged via arsenite, thus improving
the adsorption capacity of As**. The sensor depicted good
sensitivity with an LOD of 0.9 ppt and selectivity even in Cu**
forming intermetallic compounds. This strong anti-inter-
ference ability was mainly due to the specific interaction of
As®* with Fe-Co-LDH/MXene, as verified through XPS investi-
gations. In addition, the presence of 10 ppb Fe*", Hg*", Cd*",
and Pb*>" did not affect the stripping signals for As®*. Fe-Co-
LDH/MXene depicted good recoveries of As®>" from spiked tap,
lake, and river water samples, verifying its feasibility for As**
determination in aqua systems.

These are numerous reports on individual detection of HMI
based on MXene-modified electrochemical sensors. Further-
more, real-time and onsite analysis is a significant challenge
because mutual interference is observed due to the formation
of intermediate alloys and electroactive sites undergoing com-
petitive adsorption. Hence, several researchers have developed
MXene-based EC sensors to determine HMI simultaneously.
Zhu et al. reported the first simultaneous detection of Pb*",
Ccd**, Hg™", and Cu®"."®® In their work, the MXene surfaces were
modulated through alkaline intercalation between the nano-
sheets, which improved the adsorption capability of heavy
metals. This phenomenon can be attributed to the exfoliation
and alkalization process of MXenes, which significantly enhances
its binding energies and adsorption capabilities. A pictorial
representation of the parental Ti;AlC, MAX phase and the post-
etching MXene before and after alkalization treatment is
depicted in Fig. 8(d). It represents the process of alkalization
that magnified the c lattice parameter of Ti;C,T, from 19.741 A
to 26.187 A, with unique morphology and modification in
surface chemistry. The sensor was fabricated on the GCE
substrate by drop casting the alkalization intercalated Ti;C,
(Alk-Ti3C,) homogenous suspension on its surface. Compared
to the pristine Ti;C,-sensor surface, the Alk-Ti;C, exhibited a
greater peak current with a well-defined peak shape, indicating
that the latter surface possessed distinct surface chemical
properties and morphology. They demonstrated well-resolved
voltammetric peak potentials for each HMI without significant
mutual interference (even with increased metal ion concentra-
tions) through SWASV. Electrostatic interactions amplified the
charge transfer to the negatively charged Ti;C, from cationic
heavy metals. Hence, the sensor acted as a reliable platform for
sensing Cu**, Hg*", Cd*", and Pb*", and the individual LODs
were 0.032 pM, 0.130 uM, 0.098 pM, and 0.041 pM, respectively.
This study observed intermetallic interference for synchro-
nously determining the co-existing Cu®*, Hg**, Cd**, and Pb>*
metal ions. The correlation coefficients, LOD, and sensitivities
shifted from the determination response of individual metal ions,
and the stripping signals were amplified during co-existence.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It was observed that when metal ions co-existed with metal, the
response signal of the other component was amplified. More
interestingly, as illustrated in Fig. 8(e) and (f), all four species
displayed well-resolved peaks. This determination promotes
the presence of one metal over the other, and hence, when
they co-exist in real samples, the exact concentrations are
difficult to determine. The sensor’s reproducibility was
assessed for the simultaneous determination of Cu®', Hg*",
Cd?**, and Pb?*" metal ions, and their corresponding RSD values
are 2.16%, 4.05%, 6.57%, and 0.80% respectively. Furthermore,
the sensor’s storage stability for 3 weeks produced satisfactory
RSD values of 96.3%, 93.8%, 90.5%, and 94.3% for Cu>", Hg*",
Cd**, and Pb*", respectively.

In the subsequent years, Zhu and collaborators attempted to
reduce the cost of sensor fabrication and micromachining with
good precision computer numerical control (CNC) as a promis-
ing substitute.'®® The as-synthesized nanomaterial was micro-
milled into a microgrid structure and integrated into a micro-
electrode assembly. Researchers synthesized Bi@d-Ti;C, by
initially dispersing Ti;C, in ethanol via sonication and subse-
quent addition of NaBH,. Later, a Bi(NO;); solution prepared in
ethylene glycol was introduced dropwise into the d-TizC,
solution and stirred for 2 h to obtain the required product.
This nanocomposite Bi@d-Ti;C, was incorporated into graphite
inks and NMP solvent through blending in an agate mortar to
achieve a homogenous paste. The paste was then pressed onto the
polyethylene terephthalate (PET) substrate. After that, the micro-
grid electrode was constructed by curing the prepared substrate at
150 °C to eliminate NMP, followed by engraving to the designed
pattern utilizing a CNC milling machine. d-Ti;C, nanosheets
exhibit good EC characteristics with a huge contact area at the
interface and rapid charge and ion transport kinetics. Also,
bismuth nanostructures prevented the d-Ti;C, nanosheets from
restacking and facilitated abundant active sites to form alloys with
target HMIs. Moreover, compared to conventional carbon/bis-
muth composites, the preparation method employed in this work
did not require thermochemical reduction reactions, thus
decreasing the energy expenditure. Comprehensive characteriza-
tion studies verified the electrostatically induced self-assembly
between negatively charged d-Ti;C, nanosheets and positively
charged Bi cations. As depicted in Fig. 9(a), the microgrid
structure remarkably improved the diffusion of the target analyte
through hemispherical diffusion in preference to conventional
planar diffusion, thus facilitating the accumulation of HMIs
during the cathodic reduction process. Under optimized condi-
tions, Bi@d-Ti;C,/MSA was utilized to determine Pb**, Cd*', and
Zn”* via SWASV simultaneously, and their LODs were 0.2, 0.4, and
0.5 ug L', respectively. The inherent high current density and
small IR drop characteristics of the microelectrode structure
magnified the signal-to-noise ratio. A 100-fold excess of Na*, K',
Mg>*, Ca**, Fe**, and Ni**, and a 50-fold excess of Cu®" were added
to the 0.1 M HAc-NaAc solution containing Cd**, Pb**, and Zn**.
The results demonstrated the high resistance of Bi@d-TizC,/MSA
to the added interferences. The sensor demonstrated suitable
long-term stability (after 2 weeks of storage) with RSD values
of 96.67%, 97.53%, and 96.30% for Cd**, Pb**, and Zn*,
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respectively. The reproducibility of SWASV (RSD: +2.5%) and
three different electrodes (RSD: 7.55%, 8.01%, 8.34% for Cd>",
Pb*, and Zn”") depicted satisfactory RSD values. Finally, the
sensor was validated for trace concentration and simultaneous
determination of Cd**, Pb**, and Zn*" from the spiked tap and
drinking water samples with acceptable recoveries ranging from
86.0% to 112.0%. Theoretically, 112.0 recovery % is unacceptable
for validating the sensor’s good sensitivity. However, the work
demonstrates the attempt to construct an integrated miniaturized
system for sensitive, portable, and affordable EC monitoring of
heavy metal contaminants from aqueous solutions. The strategy

100 | Mater. Adv., 2024, 5, 83-122

employed to synthesize the nanocomposite is the accretion of Bi**
via electrostatic interaction on the surface delaminated Ti;C,
nanosheets followed via in situ growth of bismuth nanorods.

Lv and the team reported the synthesis of Ti;C,T, with
protonated carbon nitride, namely, H-C3N4/Ti;C,Ty."”° Due to
enhanced electrostatic interactions, a large amount of H-C3N,
was distributed on the Ti;C,T, surface. The advantages of this
synthesis process were: (i) excellent conductivity derived from
the synergistic interaction between H-C;N, and Tiz;C,T, with
abundant electroactive deposition sites for the HMIs and
(ii) good stability of the nanocomposite attributed to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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protective H-C3N, coating. The nanomaterial was prepared by
taking an appropriate amount of Ti;C,T, dispersed in 100 ml of
deionized water assisted by 1 h sonication in an argon atmo-
sphere. Subsequently, H-C;N, was added and ultrasonicated for
about an hour, followed by stirring for 24 h. Finally, the
suspension was suction-filtered and lyophilized to obtain the
desired product. A schematic illustration of the synthesis and
structures is depicted in Fig. 9(b). Furthermore, to modify the
electrode surface, a suspension of the nanomaterial mentioned
above was prepared in 5 mL of DI water and drop-cast coated on
a pre-cleaned GCE. SWASV aided in detecting Pb*>" and Cd>*
taken in 0.1 M acetate buffer solution (HAc-NaAc) of pH 6.0.
Initially, the preconcentration step was carried out by applying
a negative voltage of 1.2 V with continuous stirring to achieve
the deposition of HMIs. The proposed H-C3N,/Ti;C,T, sensor
depicted remarkable sensitivity for the simultaneous determi-
nation of Pb>* and Cd*>*. Here, the homogeneous dispersion of
H-C;N, on the Ti;C,T, surface amplified the stability of Tiz;C,T,
and provided active sites for the ions under investigation. At the
same time, TizC,T, served as an efficient support, reinforcing
the conductivity and charge transfer. Therefore, the H-C3N,/
Ti;C,T,/GCE displayed better sensitivity during simultaneous
detection than individual detection of Pb*>" and Cd*". Further-
more, the addition of a 100-fold excess of interferent ions and
organic molecules did not affect the peak currents of Pb** and
Cd**, while the reproducibility and stability (for 15 days) RSD
values were 0.45%, 1.79%, and 1.42%, 1.52% for Pb*>" and Cd*",
respectively. The fabricated sensor was examined in a real tap
water sample with acceptable recoveries of 98.0-97.8% and
101.0-102.0% for Cd*" and Pb*", respectively. In conclusion,
the formation of intermetallic compounds improved the peak
current response at low concentrations, while competitive
deposition partially offset the affinity at higher concentrations.
This work provided a facile method to enhance the stability of
the MXene composite and demonstrated the good functionality
of the EC sensor for the determination of HMIs.

Furthermore, He et al. prepared BiNPs@Ti;C,T, nanocom-
posites by admixing Ti;C,T, nanosheets with Bi sequentially for
Pb>" and Cd*' detection from the tap and lake water.'”"
Initially, Ti;C,T, was dispersed in ethylene glycol via ultraso-
nication, followed by the addition of CcH;Naz;O-. Subsequently,
Bi(NO3)3-5H,0 was added to the mixture and stirred for 12 h.
Next, NaBH, was introduced via shaking, and the solid pro-
ducts were precipitated using centrifugation, followed by wash-
ing and drying for further application. Furthermore, the sensor
was constructed by drop cast coating the BiNPs@Ti;C,T,
nanocomposite dispersed in a 0.2% chitosan solution onto
the GCE surface and allowed to air-dry. A schematic representa-
tion of sensor fabrication is presented in Fig. 9(c). Fig. 9(d)
depicts the TEM image of BiNPs@Ti;C,T,, wherein the Bi
nanoparticles are dispersed on the surface or interlayer of
Ti;C,T, nanosheets. The constructed sensor was investigated
for the mutual interface between the two target analytes, and
the SWASV responses demonstrated the good anti-interference
trait of the sensor. However, in the presence of interfering Cu**,
the response signals decreased, attributed to the formation of
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intermetallic compounds. The authors then added ferrocyanide
to eliminate interference from Cu**. Furthermore, the reprodu-
cibility RSD values were 4.0% Pb*>" and 4.6% Cd>', and the
6-day storage stability RSDs were 95.2% and 94.5%. The good
stability achieved was attributed to the binding strength and
structural stability of the BiNPs@Ti;C,T, modified GCE.
Finally, the sensor was validated successfully in tap and lake
water samples via the standard addition method, with the
recovery % in the range of 98.3-106.3. Considering the effective
surface area and good conductivity of BiNPs@TisC,T,, the
nanocomposite is depicted as a good sensor material.

Wen et al. harnessed the presence of oxygen vacancies and
surface defects in metal oxides to develop a sensor for Pb*" and
Cd**.'”> These defects absorb O, molecules, and the oxides
furnish electrons to combine O, to form O,* ", thereby offering
active sites for the adsorption and charge transfer of HMIs.
However, these metal-oxides with abundant oxygen vacancies
are commonly poor conductors. Hence, this work combines
CuO nanoparticles with 3D MZXenes, typically prepared by
hybridizing MXenes with other nanomaterials (like GO). Initi-
ally, TizC,T, and graphene-oxide (GO) were combined via
sonication, and later, ethylenediamine (EDA) was added. This
mixture was then transferred into a Teflon reactor to assemble
the MXene aerogel. Next, CuO nanoparticles were formed by
dissolving Cu(NO3),-3H,0 and C¢H3(COOH); in DMF, and this
precipitant was heated in a tubular furnace for 5 h. The two
precursors were mixed with a precleaned flexible carbon cloth
(CC) for 0.5 h at 500 rpm. The obtained MXA-CuO/CC was sliced
into 0.5 cm x 0.8 cm MXA-CuO/CC WE. Fig. 10(a) illustrates the
fabrication steps of the MXA-CuO/CC sensor, and Fig. 10(b)
shows the SEM image. The proposed sensor’s feasibility was
tested for the detection of individual Cd** and Pb*" via a series
of differential pulse anodic stripping voltammetry (DPASV)
measurements in an acetate buffer solution (ABS) (Fig. 10(c)
and Fig. 10(d)). In this work, bismuth ions were combined to
form alloys with Cd** and Pb**, indirectly improving their
adsorption. Hence, the DPASV signals depicted a good linear
relationship for Cd*" and Pb**, and the calculated LODs were
0.5 ug L' and 1.0 pg L™, respectively. Furthermore, the sensor
was investigated for its ability to detect Cd*>" and Pb**, and the
attained LODs were 0.3 pg L' and 0.2 pg L', respectively
(Fig. 10(e)). The observed results were attributed to (a) the huge
specific surface area of MXene, (b) the introduction of Bi** that
served as a stable binding site, and (c) abundant oxygen
vacancies offered by CuO to capture electrons and its string
affinity for metal ions enhanced the reduction of metal cations
on the surface of the electrode to elemental metals. MXA-CuO/
CC was examined for selectivity with various metal ions,
namely, H,PO™, SO,, Fe**, cr’", NH*', Mg**, zn**, Hg*", K,
and Ca*', and also for mutual interference. The results depicted
excellent anti-interference characteristics of the sensor. The
reproducibility and intra-day stability RSDs were 5.25% and 3.82%
(Cd** and Pb®") and 1.6% and 1.64% (Cd** and Pb*"), respectively.
MXA-CuO/CC sensor’s practical applicability was evaluated in
grain (94.5% to 107.4% (Cd*") and 96.8% to 110.2% for (Pb>"))
and water (94.5% to 107.4% (Cd**) and 96.4% to 111.5% for
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Fig. 10 (a) Fabrication steps of the MXA-CuO/CC sensor and schematics of the simultaneous detection of Pb?* and Cd?", (b) SEM image of MXA-CuO/
CC and DPASV response curves for (c) individual Cd?* and (d) individual Pb?*, and (e) simultaneously Pb?* and Cd?* 12 (f) Construction sequences of the
TizC,T,/MWCNT/AuU/PET sensor, (g) photographs depicting the flexibility of the proposed sensor, (h) working mechanism for HMI determination, and
(i) SWASV responses of Cu?* at the developed electrode and the comparative electrodes.'’® Reproduced with permission from ref. 172 and 173. Copyright

Elsevier (2022) and American Chemical Society (2020).

(Pb®")) samples with satisfactory recovery %. However, the authors
have not justified the reason for some of the above accept-
able range recovery % values and lack of long-term stability.
In conclusion, the authors have reported for the first time the

102 | Mater. Adv., 2024, 5, 83-122

detection of Cd*>" and Pb*" through DPASV and, more importantly,
synergistic adsorption of oxygen vacancies and Bi*'.

Hui and group have proposed a layer-by-layer Ti;C,T,/MWCNT
nanocomposites modified gold/polyethylene terephthalate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(TizC,T,/MWCNTSs/Au/PET) electrode to detect zinc and copper
ions (Fig. 10(f))."”® The two modifying agents were prepared by
first etching Ti;C,T, from its MAX phase. Next, Ti;C,T, and
MWCNTs were dissolved separately in the DMF dispersant.
Then, the two mixtures were sonicated for 90 minutes. Next, the
three-electrode configuration was patterned through photo-
lithography, as illustrated in Fig. 10(g). The sensor was fabri-
cated on a PET platform, coated with two metal layers of Cr and
Au sequentially via electron beam evaporation. Finally,
MWCNT dispersion was homogenously coated on the WE sur-
face, and upon drying, Ti;C,T, was drop-coated for further
applications. The SWASV measurements were performed via
simultaneous in situ accumulation of Sb films, and target metal
ions were taken in an ABS with a pH of 4.6. The working
mechanism comprises three steps schematically represented in
Fig. 10(h). An optimum concentration of Sb*" added to the
analyte facilitated an inflated response signal attributed to the
formation of alloys or intermetallic compounds. Fig. 10(i) pre-
sents the SWASV responses of Cu®* at the developed and
comparative electrodes. The sensor depicted a good detection
range of 350.0-830.0 ppb and 10.0-600.0 ppb for Zn>" and Cu*,
respectively. At the same time, the estimated detection limits
were 1.5 ppb and 0.1 ppb, respectively. MWCNTs, with good
conductive and electrical properties along with a greater spe-
cific surface area were introduced as anti-pile layers and
spacers, which mitigated the aggregation of Ti;C,T, layers as
MWCNTs filled the empty surface area that was not covered by
Ti;C,Ty, further improving the effective surface area of the
electrode and facilitating facile charge transfer. Additionally,
the repeatability test exhibited an RSD value of 1.71%, while the
10-day stability was satisfactory, demonstrating the sensor’s
accuracy. Zn** and Cu®" were successfully quantified from
spiked biological fluids. Thus, incorporating MWCNTSs exposed
MXene’s larger surface area and active sites effectively, favor-
ably enhancing the EC performance via synergistic interactions.
In situ, Sb>* electrodeposition was performed to amplify the
sensitive performance via alloy formation. In conclusion, a
flexible device was constructed to determine Cu®** and Zn>*
contents in biological fluids, which can be further applied for
on-site analysis.

Lead (Pb) is commonly utilized in diverse anthropogenic
activities and industrial processes. Pb** ions are known to
cause severe biological toxicity and environmental hazards
due to their high accumulation at contaminated sites. Hence,
to individually detect Pb**, Rasheed et al fabricated an
Nb,C;T,-modified GCE sensor. Nb,C;T, is another member of
the MXene family synthesized via HF etching Al from the
Nb,4AIC; MAX phase.'”* Nb,C;T, comprises niobium (Nb) as
the transition metal and carbon (C) as the carbide component.
Like TizC,T,, it is also terminated with functional groups (T,)
on the surface. Rasheed et al. compared the sensing perfor-
mance of Nb,C;T, and Nb,C;T, on GCE. Initially, the etched
multilayered-Nb,C3T, (ML-Nb,C;T,) and ML-Nb,C;T, MXenes
in DI water were probe sonicated to obtain delaminated-
Nb,C;T, (DL-Nb,C;T,) and DL-Nb,CsT,. The device was fabri-
cated as shown in Fig. 11(a) by drop-cast coating of the
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nanomaterials on the GCE substrate for stripping analysis of
Pb**. The SWASV response for Nb,C;T, was higher than that for
Nb,C;T,, attributed to the larger interlayer spacing and high ¢
lattice parameter value than those of the latter. Moreover, the
EIS R value for Nb,C;T, was lower compared to Nb,C;T,.
Furthermore, quantification with Nb,C;T,/GCE generated a
linear relationship in the concentration range from 0.025 uM
to 0.5 uM with a LOD of 12.0 nM (Fig. 11(b)). The sensor
depicted no significant impact of interfering metal ions such as
Cd** and Cu®* when concurrently determining Pb*". Next, the
stability assessment of the proposed sensor involved five repe-
titive measurements with the same electrode, resulting in an
RSD of 2.34%, while the 7-day stability RSD was 3.15%. Finally,
the practicality of the sensor was validated in spiked bottled
drinking water and tap water with good recovery % (Fig. 11(c)).
The analytical performance of Nb,C;T, was compared with that
of previously discussed modified Ti;C,T, and alkaline inter-
calated TizC,T,."**”® In conclusion, the high conductivity,
greater interlayer spacing, and large c lattice parameter of
Nb,C,T, allowed for the accommodation of Pb*>" ions without
annihilating the layered electrode structure. Thus, the potential
application of the Nb,C;T, type of MXene for EC sensing was
demonstrated for the first time. Table 1 summarizes the devel-
oped MXene sensors for HMIs and their significant results.
Adsorption is considered the most effective approach to remove
HMIs, as we can note from the table that HMIs are detected
using adsorptive stripping voltammetry. Due to the presence of
MXene’s abundant active sites on their surface, HMIs can
absorb metal ions through electrostatic and chemical interac-
tions. This review shows us that MXene and its composites are
good adsorbents for HMI electrochemical detection.

6.2. MXene electrochemical sensors for phenolic
moiety-containing environmental samples

The phenolic molecules targeted for this review article are the
bisphenol family, phenol, chlorophenol, nonylphenol, paraben,
triclosan, naphthol, resorcinol (RES), bisphenol (BP), nitrophe-
nol (NP), catechol (CAT), and hydroquinone (HQ).

A variety of phenolic compounds persist in our environment
as widespread organic pollutants, introduced through agricul-
tural irrigation, application of pesticides, industrial sewage
draining, and others. US-EPA and the EU have classified these
as priority pollutants that must be regulated.'”” This enlistment
is due to the pieces of evidence that these chemicals are toxic
and possess severe short- and long-term effects on the ecosys-
tem. Therefore, the occurrence of phenolic compounds in the
ecosystem is not only objectionable and undesired but also
poses hazardous effects. Consequently, numerous techniques
have been developed for their detection and management.
However, some of these techniques are not feasible for field
investigations. Hence, EC sensors play a pivotal role in that
aspect, with the advantages they possess as described in the
first and sixth sections of the manuscript. Several articles and
reviews have been published in this regard; however, they have
not prioritized MXene-based sensors.””®*®" Thereby, the only
MXene-based biosensor reported in the literature was designed
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by Wu et al., wherein an MXene-based tyrosinase biosensor was
used for the sensitive detection of phenol.'®* MXene’s
graphene-like 2D nanostructure was exploited to immobilize
tyrosinase, a mediator-free biosensor with excellent analytical
performances with high sensitivity, rapid response, and lower

104 | Mater. Adv, 2024, 5, 83-122

LODs for phenol quantification. A large group of phenolic
compounds have been proven to have wide industrial applica-
tions and persist as organic pollutants in our ecosystem.'*?>*?”
6.2.1. Bisphenol A. Bisphenol A (BPA) is a well-documented

endocrine-disrupting chemical widely employed for synthesizing
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standard epoxy resins, plastic products, and many others. BPA
leaches into food and drinking water, increasing the risk of cancer,
heart disease, and diabetes.**'®* These findings necessitate the
regulation of BPA.'®* Therefore, detecting them by applying facile
and sensitive methods is crucial. Researchers Rasheed et al. con-
structed an MXene-based nanocomposite by reducing Pt salt into
Pt nanoparticles Pt-NPs on the MXene nanosheet surface through
self-reduction.’® This is the first report on MXene-based sensors
for BPA determination. The delaminated Ti;C,T, was initially
synthesized via acid etching of the Ti;AlC; MAX phase with
subsequent sonication. Next, into the Ti;C,T, aqueous solution,
different Pt loadings and specific volumes of chloroplatinic acid
hydrate were added dropwise under constant stirring. This was
followed by bath sonication of the reaction mixture for 1 h, which
was later purified by centrifugation. Various Pt loadings were
examined during the nanocomposite synthesis, and the EC
potential was analyzed. Among them, 10% Pt/Ti;C,T, depicted
the highest EC activity; this nanocomposite was drop-cast coated
onto the GCE surface to detect and quantify BPA, a known
environmental pollutant. CV illustrated an irreversible electron
transfer for BPA as shown in Fig. 11(d), while Fig. 11(e) presents
the TEM image of 10%Pt@Ti;C,T,. The sensor displayed a LOD of
32.0 nM and a wide linear range under DPV-optimized conditions.
This sensor was triumphantly employed for evaluating BPA from
water and milk samples. Due to the electrical conductivity and
sheet-like structure of MXene, the presence of PtNPs improved the
surface-to-volume ratio which, in turn, amplified the sensor
response. The 10%Pt@Ti;C,T,/GCE electrode produced an RSD
value of 2.1%, verifying its good reproducibility, while the stability
response was examined for 7 days with an RSD of 3.2%.
Rajendran et al. have fabricated a 2D hybrid graphene/
Ti;C,T, (Gr/MXene) electrode for BPA.'®® The nanohybrid was
synthesized via a top-down method. The authors initially pre-
pared the MAX phases and etched them with HF solution.
An EC exfoliation method was employed to prepare graphene
dispersion by applying +7 V between the graphite electrodes
dipped in buffer (PBS 7.4) for 40 minutes. During the exfolia-
tion process, the graphene sheets were peeled and settled in
PBS. This reaction solution was thoroughly rinsed with water
through vacuum filtration, ultrasonicated in DI water for
60 mins, and centrifuged to obtain the top supernatant as the
graphene sheet dispersion. Finally, a known amount of gra-
phene dispersion was combined with MXene dispersion, which
was probe-sonicated for 30 minutes and continuously stirred at
RT for 24 h. Next, 6 pL of this homogeneous dispersion was
drop-coated onto the precleaned GCE and used as the sensor
(Fig. 11(f)). Before coating the nanomaterial onto the WE
surface, graphene/Ti;C,T, was characterized via HR-SEM
(Fig. 11(g)), demonstrating the incorporation of MXene with
graphene. It is evident from the voltammograms shown in
(Fig. 11(h)) that the proposed sensor exhibited an electrocata-
Iytic effect compared to other comparative electrodes. The
authors have validated their sensor by two methods, DPV and
AMP, and the LODs were 0.35 pM and 4.08 nM, respectively.
Furthermore, BPA anodic currents observed upon adding inter-
fering molecules/compounds were plotted to establish the
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selectivity change, indicating a negligible change of only 3%.
The repeatability RSD value for the sensor was 0.8%, while,
even after 20 days, it retained its stability up to 74.3%. Although
the stability is not exceptional, their reproducibility was
satisfactory.

6.2.2. 4-Nitrophenol. Aromatic molecules anchored with
nitro moieties are widely utilized in pharmaceuticals, indus-
tries, dyes, pesticides, and others. Typically, aromatic molecules
with nitro derivatives are more carcinogenic to the biosphere.
Among nitrated phenol derivatives (namely, 2-nitrophenol,
3-nitrophenol, and 4-nitrophenol (4-NP)), 4-NP is the most toxic
phenolic derivative and a significant chemical intermediate with
vast applications in producing textiles, plasticizers, paints, dyes,
pesticides, and explosives.'®” However, due to its negative impact
on the biosphere, 4-NP is considered the primary toxic pollutant
by the US Environmental Protection Agency (EPA).'*® Hence, the
quantitative determination of 4-NP is the need of the hour for
monitoring the environment and, in particular, water quality.

Krishnamoorty and co-workers*®® have emphasized the sig-
nificance of controlled Ti;C,T,-MXene, devoid of external sur-
face treatment, to boost the EC and catalytic traits, invoking
efficient sensitivity and LOD of the target analyte, 4-NP. Layered
2D MXene was synthesized from 3D ceramic MAX in the
presence of etchant HF. After etching for 36 h, the exfoliated
MXene was extracted via continuous water wash through cen-
trifugation, and the final cake-like wet MXene was vacuum-
dried. The MXene powder was used for EC experiments without
further modification via drop-cast coating onto the GCE sur-
face. The electrode depicted a sensing mechanism of the 4-NP
reduction process as presented in the following equations: (a)
TizC,Ty +4e~ — (TizC,T,)* and (b) (TizC,Te)* +4-NP+4H" —
Ti;C,T, + 4-HAP + H,0. To substantiate, during the electrode
reaction, MXene was initially EC reduced, and subsequently, 4-
NP was chemically reduced to 4-hydroxylaminophenol (4-HAP)
without intermediate formation (Fig. 12(a) and Fig. 12(b)). The
proposed sensor depicted excellent EC performance for the
catalytic reduction of 4-NP with a DPV sensitivity of 16.35 pA
UM~ cm” and the detection range of 0.5-100.0 uM L~ " along
with a LOD of 42.0 nM L™ " The excellent performance is
attributed to (i) surface-exposed titanium integrated with the
robust carbon elemental composition of Ti;C,T, that generated
conducting channels for charge transfer, (ii) the presence of
abundant surface functional groups with a negative surface
charge of MXene that favored the detection of positively
charged molecules, and (iii) stacked layers of bulk MXene
exfoliated from MAX possess large active surface sites. Further-
more, the selectivity investigation depicted in Fig. 12(c-h)
exhibited minor changes in the reduction peak current for
4-NP, validating the sensor’s anti-interference properties. The
selective trait is ascribed to the presence of the nitro group in
4-NP at the para position to the OH group, which feasibly
underwent an electrophilic substitution by the -OH group. This
electrophilic substitution reaction occurred only in 4-NP and
not among other phenolic derivatives. Furthermore, the sensor
could detect 4-NP in spiked tap water samples with good
recoveries in the 95.09-99.15% range. The work does not
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present a report on the reproducibility and stability of RSD.
In conclusion, the application of stacked Ti;C,T, layers through
a controlled exfoliation procedure with good sensitivity, selec-
tivity, and detection limit was demonstrated. The key para-
meters were optimally controlled chemical etching conditions
for producing bulk-stacked 2D MXene with functional moieties.
The sensor was validated for the determination of 4-NP from
the low pH soil-water system.

Chen and workers have reported the reduction studies of
4-NP to 4-aminophenol (4-AP) on carbon quantum dots@M-
Xene.'®” Here, MXene acted as an ideal support to reduce the
accumulation of nanocomposites during the catalysis process
as observed in UV-vis absorption studies. Thus, the only other
EC reductive detection of 4-NP based on MXene sensing was
reported by Wang and researchers who prepared the Tiz;C,T,-
MXene/graphene composite.'®® The restacking of 2D layered
materials (like MXene and graphene) leads to spontaneous
aggregation triggered by interlayer interactions. This phenom-
enon may also lead to a decline in active surface area and
electrical conductivity, further restraining its EC performance.
Thus, the MXene/GR composite was synthesized through self-
assembly to reduce the restacking of MXene and graphene, as
MXene or graphene were considered interlayer spacers for one
another. Initially, the delaminated MXene was synthesized by
the optimized MILD method, followed by the self-assembly
method to form D-Ti;C,T,/graphene composites (D-TizC,T,/
GR). Here, the optimized etching route involved LiF/HCI, with
Li" serving as an intercalant, and no sonication was employed
for the delamination process. Later, post drying, D-Ti;C,T, was
added into graphene solution in DMF and sonicated until a
homogenous suspension was achieved. This suspension was
coated onto the GCE surface as an EC sensor, as illustrated
schematically in Fig. 12(i). D-Ti3C,T,/GR depicted an excellent
4-NP reduction detection limit via a sensitive DPV technique
with an LOD of 0.16 puM. Furthermore, the anti-interference
performance was evaluated by adding a 100-fold excess of
Na,SO,, KNO;, CaCl,, and a 10-fold concentration of 2,4-DCP,
p-CP. The results unveiled that the introduction of the afore-
mentioned high concentration of inorganic ions and chlori-
nated phenolic molecules did not significantly influence the 4-
NP response signal. Finally, the practicality of the constructed
sensor was demonstrated through spiked tap and seawater
samples, exhibiting excellent recoveries. The reproducibility
of the sensing device was examined for five parallel detectors,
and the RSD value was 1.98%. The storage stability for 10 days
was satisfactory (89.28% of the initial current). The sensor
depicted good sensitivity; however, further investigation is
essential concerning stability and restacking issues concerning
MXene and GR.

Furthermore, the hydrothermally assisted exfoliated multi-
layer oxidized Ti;C,T, MXene for simultaneous detection of
4-chlorophenol (4-CP) and 4-NP from water samples has been
demonstrated with good sensitivity and LOD by Lei and
team."®" The report presents, for the first time, the utilization
of NaF/HCI solution for hydrothermal exfoliation of MAX into
multilayered Ti;C,T, nanosheets, which were coated onto the
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Fig. 12 (a) Schematic representation of electrochemical 4-NP reduction at MXene, (b) cyclic voltammograms of 4-NP at bare and MXene modified
electrodes, and differential pulse voltammograms for 4-NP in the presence of interferents: (c) 4-NP, (d) chlorophenol, (e) aminophenol, (f) phenol,
(9) benzoic acid, and (h) inorganic ions.*®° (i) Schematic representation of the D-TisC,T,/GR/GCE sensor fabrication process for detecting 4-NP.*9°
(j) Fabrication process of TizC,T, nanosheets coated onto the GCE platform as a sensor. Reproduced with permission from ref. 189, and 190. Open
access ACS Omega (2022), Copyright Elsevier (2022).

GCE platform (Fig. 12(j)). The as-prepared sensor was employed and 0.11 puM for 4-CP and 4-NP, respectively. Likewise, the
in the simultaneous detection of 4-CP and 4-NP using DPV, repeatability test indicated a good RSD value of 4.50% and
wherein the oxidation peak currents depicted linearity with the = 4.58%, respectively. Furthermore, the introduction of potential
increase in concentration. The evaluated LODs were 0.062 pM interferents such as H,0,, Cd**, Pb**, CAT, trinitrophenol, and
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phenol into the 4-NP solution did not affect its current response
value. Finally, the sensor was attested for its practicality from
4-NP fortified wastewater samples.

6.2.3. Catechol. The International Agency for Research on
Cancer (IARC) categorizes CAT as a carcinogen. Even concen-
trations ranging from 5-25 ppm are considered toxic to aquatic
organisms. Hence, detecting and regulating CAT from the
effluents before discharge is crucial. Although there are several
reports of its detection employing enzymes, they suffer from
shortcomings like rate inhibition by reaction products, low
stability, in some cases, the necessity of a third component
like H,O, for catalytic function completion, and difficulties in
direct immobilizing enzymes on electrodes.'®> Hence, surface-
modified EC sensors are more feasible and reliable. This
section will discuss the reported MXene-based sensors in the
literature for CAT. The two positional isomers of a dihydroxy-
benzene moiety, namely, CAT and HQ, are extensively employed
in dyes, cosmetics, pharmaceuticals, pesticides, plasticizers indus-
tries, and oil refineries. Both CAT and HQ do not degrade quickly
and have been found to be severely hazardous to the biosphere
and are listed as human carcinogens by the International Agency
for Research on Cancer; the US EPA and the European Union (EU)
have considered these isomers a threat to environmental safety."*
Additionally, they usually co-exist due to their structural and
property resemblance. Hence, the factors mentioned above neces-
sitate the fabrication of a straightforward and efficient qualitative
and quantitative sensing device for the two phenolic isomers."**

The hybridization of 1D-2D-based nanocomposites impedes
inter-nanosheet aggregation and leads to stabilized active sites,
which are eminently desirable for sensor devices. The design-
ing of ultrathin 2D materials coupled with a 1D network
exhibits distinct characteristics (like anisotropic electron trans-
port and high specific surface area). These characteristics
promote them as a potential transducer for EC sensing with
structural and EC stability. Therefore, Huang et al. introduced
MWCNTs as interlayer spacers, an effective strategy to prevent
MXene from aggregation.'®® Here, the constructed sensor was
employed in the selective detection of CAT. They synthesized
Ti;C,/MWCNTs via dispersing Ti;C, and MWCNTs in ultrapure
water and sonication. This suspension was drop-cast coated on
the glazed GCE surface for sensing CAT and H,0,, as illustrated
in Fig. 13(a), while the TEM image of Ti;C,-MWCNT is pre-
sented in Fig. 13(b). The DPV simultaneous quantification
depicted a LOD of 6.6 nM and 3.9 nM for HQ and CAT,
respectively (Fig. 13(c) and Fig. 13(d)). The well-designed struc-
ture of 1D-MWCNTs and hierarchical 2D-MXenes significantly
amplified the sensor response, particularly during selectivity
studies in the presence of inorganic ions (Na*, K*, Ca*", Cu*",
Mg>*, Zn>*, NO;~, and Cl7) and organic molecules (ascorbic
acid (AA), glucose (Glu), 4-NP, BPA, and RES). The sensor’s
reproducibility, stability, and repeatability were evaluated using
DPV, and the RSD values were good. The standard addition
method was employed to practically apply the constructed
sensor with reliable recoveries (96.9% to 104.7% and 93.1%
to 109.9% for HQ and CAT, respectively) from industrial
wastewater. The nanocomposite, intercalated with MWCNTs,
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enlarged the spacing between MXene-sheets, enhancing the
surface area and providing greater channels for charge transfer.

In the same year, researcher Huang again, with other group
members, reported the alkalization-intercalated Ti;C, with the
N-PC/GCE (alk-Ti;C,/N-PC/GCE) sensor for CAT and H,0,."*°
First, the exfoliated Tiz;C, was alkalized using KOH, and the
obtained product was alk-TizC,. Next, nitrogen-doped porous
carbon was prepared by carbonizing MOF-5-NH,. Finally, the
two were dispersed in ultrapure water via ultrasonication for
30 minutes. This suspension was dropped on the GCE surface
to construct the EC sensor, as represented in Fig. 13(e). Thus,
the alk-Ti;C,/N-PC/GCE was assessed for the sensitive determi-
nation of CAT and HQ. The estimated LODs during the simul-
taneous detection of CAT and HQ were 3.1 nM and 4.8 nM,
respectively. In the MXene/MOF heterostructure, alkalized
Ti;C, with expanded interlayer spacing exhibited good conduc-
tivity and ample -OH functional groups. The alkalized Tiz;C,
captured CAT and HQ based on the H-bond and interactions of
—-OH on its surface and the -OH in the CAT and HQ. Moreover,
MOF-5-NH,-derived N-PC possessed a unique C-N bond that
could attract the -OH of CAT and HQ. Hence, adding N-PC as
an intercalator into the Tiz;C, sheets yielded a double effect
on detecting CAT and HQ (Fig. 13(f)). Also, the decoration of
alk-TizC, with N-PC (with a porous structure and large surface
area) led to the exposure of numerous active sites, further
improving the surface area and hastening the charge transport
rate. The results also illustrated reduced charge transfer resis-
tance and enhanced EC response concerning current. Addition-
ally, the sensor depicted good anti-interference properties in
the presence of 100 mM inorganic ions (Na*, K*, Ca**, Cu*",
Mg>*, Zn®**, NO; ™, and Cl7) and 0.1 mM organic molecules
(RES, BPA, Glu, AA, 4-AP, 4-NP, tetracycline (TC), and chloram-
phenicol (CAP)). The reproducibility, repeatability, and stability
of RSD values were acceptable. Finally, the sensor was attested
for practicality in quantifying CAT and HQ from industrial
wastewater samples with good recovery percentages in the
range of 98.2-106.4% for CAT and 97.7-106.8% for HQ. Thus,
to a greater extent, the coordination between K'-Ti;C, and the
H-bonding between alk-Ti;C,-N-PC were the driving forces that
enabled the utilization of the material for EC sensing.

Ranjit et al. have recently constructed a hybridized 1D-2D
MnMoO, nanocomposite as a high-performing EC sensing
platform for quantifying the dehydrobenzene isomers.'®” They
experimented with the hybrid heterostructure with surface-
functional advantages to augment the selectivity and sensitivity
of the sensing electrode. Designing defect-rich X-MoO nano-
structures has fostered higher surface-active EC sites than
numerous bimetallic nanostructures, satisfying the EC require-
ments. Ultra-thin Ti;C,F-MXene was prepared via HF etching
followed by sonication in tetrabutylammonium. Fig. 14(a)
shows the synthesis and delamination procedure of a few
layered Ti;C,F-MXene. Subsequently, MnMoO, was synthesized
via the electrospun method. To prepare the hybrid composite of
the two, delaminated MXene was functionalized with a definite
amount of 3-mercaptopropionic acid (MPA), followed by its
treatment with MnMoO, in ethanol solution and hydrothermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematics of TisCo-MWCNT synthesis and fabrication of the EC sensor for CAT and HQ oxidative quantification. (b) TEM image of TizC5-

Fig. 13

MWCNTs and DPV signal for (c) HQ and (d) CAT at various concentrations.!®® (e) Schematic of Alk-TisC,/N-PC composite synthesis. (f) Graphical
representation of alk-TisC,/N-PC/GCE sensor fabrication and the response of CAT and HQ oxidation process.’*® Reproduced with permission from

ref. 195, and 196. Copyright Elsevier (2019), and Elsevier (2020).

stirring for 6 h to obtain the desired product. MoO/MXene and
MnO,/MXene hybrids were also synthesized via the procedure
mentioned above for comparative inspections (Fig. 14(b)-(d)).
A schematic of the synthesis and fabrication of the sensor is
depicted in Fig. 14(e). The catalytic sensing of CAT and HQ

© 2024 The Author(s). Published by the Royal Society of Chemistry

protracted the best response at MnMoO,/MXene/GCE com-
pared to MoO/MXene/GCE, MnO/MXene/GCE, MnMo0O,/GCE,
MXene/GCE as shown in Fig. 14(f). These results can be
correlated to EIS R values, as depicted in Fig. 14(g), wherein
the MnMoO,/MXene/GCE explicitly exhibits a fast charge
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Reproduced with permission from ref. 197. Copyright Elsevier (2022).

transfer rate with good conductivity, attributed to the ample
active sites with hybridized architecture that promoted the
catalytic effect. Moreover, the MXene’s surface functionality
facilitated the tagging of the MnMoO, nanofibers, thus forming

10 | Mater. Adv,, 2024, 5, 83-122

a heterostructure with high electrical mobility. Furthermore,
the DPV simultaneous quantification of CAT and HQ depicted
good sensitivity with LODs of 0.30 nM and 0.26 nM, respectively.
The simultaneous quantification of CAT and HQ voltammograms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is illustrated in Fig. 14(h). Moreover, the detection sensitivities
were 6.471 pA nM ' and 7.437 pA nM ' for CAT and HQ,
respectively. The fluffy 3D network structure of 1D-2D MnMoO,/
MXene/GCE facilitated numerous surface-active sites for the
adsorption and oxidation of the target analytes. Furthermore, it
exhibited better resistance to surface fouling and as a favorable
nanomaterial for sensitive and selective detection of CAT and HQ
during individual selectivity over the simultaneous determination.
Furthermore, the practical applicability was verified in river and
seawater samples with appreciable and significant recoveries. The
results indicated the high suitability of the proposed sensor for
the simultaneous detection of CAT and HQ. The proposed
sensor depicted good reproducibility (RSD: 3.18%), repeat-
ability (RSD: CAT-3.12%, HQ-1.84%), catalytic stability (RSD:
CAT-94%, HQ: 92), strong adsorption interaction between the
nanocomposite interface and toxic pollutants under aqueous
conditions. MnMoO,-MXene nanocomposite suspension was
then drop-coated onto the GCE substrate as the working
electrode. In conclusion, the electron-spun MnMoO, nano-
fibers were combined with the delaminated single-layered
MXene nanosheets, forming the hybrid 1D-2D MnMoO,-
MXene nanocomposites/GCE that diminished the overpotential
and improved the oxidation response current for CAT and HQ.
Table 2 presents the comprehensive collection of the MXene-
based sensor performances for BPA, 4-NP, CAT, and HQ.

The literature unveils several other nanomaterials which
have been employed in modifying the sensing substrate and
demonstrated good sensing attributes."**>°> However, MXene
is an emerging 2D material. Through this review, we have
drawn out the potentialities of MXene and its composites
that depict captivating applications in advancing the electro-
chemical sensing technology, particularly in detecting HMIs
and phenolic moiety-containing molecules.

In summary, we came across various mechanisms (Fig. 15(a))
for sensing a few of the target HMIs, which include ion exchange
electrostatic interactions and the formation of intermetallic
compounds. Deposition potential and deposition time are
crucial factors regulating the electrochemical detection mecha-
nism. We noticed that composites of other nanomaterials with
MXenes depicted synergistic effects, along with electroactive
sites for the deposition of HMIs in them that resulted in the
formation of a conducting electron network. The most common
method of sensing HMIs was the formation of intermetallic
compounds. Foreseeably, during the simultaneous detection of
two HMIs, the response signals are greater compared to the
signal strength for a single metal ion. This phenomenon is
attributed to the synergistic effect produced in ensuing two
HMIs. Such HMIs amplified the SWASV response signal. Mean-
while, the MXene-based sensors for BPA, 4-NP, CAT, and
HQ depicted adsorptive, oxidative, and reductive mechanisms
of EC detection. To summarize, the developed sensors for
HMI and toxic phenolic moiety-containing molecules utilized
pristine, delaminated, and aerogel MXenes (Fig. 15(b)). Further-
more, MXene nanocomposites were prepared to employ gra-
phene, MWCNTSs, MOF, p-C;N,, nanofibers, metal nanorods,
polymers, and LDH, enhancing the sensor performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 2 A comparative table representing the MXene-based EC sensors’ results for BPA, 4-NP, CAT, and HQ

EC method
employed

Ref.

Real sample

Interferent

Buffer, pH value LDR LOD

MXene-type

185

Drinking water,

fresh milk

BPA: 50.0 nM-5.0 uM BPA: 32.0 nM 10-fold excess: phenol, NP, uric acid,
hydrazine, citric acid, Glu

DPV

0.1 M PBS, 7.4

10%Pt@Ti;C,T,/GCE

186

Na,S0,, NaCl, CH;0H, CdCl,, Plastic products

BPA: DPV: 0.35 uM,
AMP: 4.08 nM

BPA: DPV: 1.0-10.0 uM,

DPV

0.1 M PBS, 7.4

Gr/MXene/GCE

Cu(C3H;30,),, FeCl,, KCl, Pb(C,H;0,),
Phenol, chlorophenol, aminophenol,

benzoic acid, K', Na*, Mg?*

189

Tap water

4-NP: 0.5-100.0 pM L™'  4-NP: 42.0 nM L™

AMP: 10.0-180.0 nM

DPV

0.1 M PBS, 3.0

MXene/GCE
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Fig. 15 (a) Detection mechanisms of the targeted HMI and phenolic molecules at various MXene-based EC sensors. (b) Summary of MXene EC sensors

for determining HMIs and phenolic moiety containing industrial chemicals.

7. Conclusion and future prospectives

Electrochemical techniques have been classified as enzymatic
and non-enzymatic methods. The demerits of enzymatic-based
sensors, like enzyme instability, degradation, and reliability
issues, have led to the creation of new and alternative sensing
materials for sensing applications based on non-enzymatic
techniques.?®* Moreover, the relationship between the enzyme’s
conformation and catalytic activity requires further research,
potentially leading to significant research in the enzymatic
biosensor field.>** Thus, as an alternative to enzymatic sensors,
non-enzymatic sensors are emerging as an effective technique to
detect phenolic residues.””> Non-enzymatic sensors enable the
direct redox process of the target analyte for its detection, unlike
the enzymatic ones. However, non-enzymatic sensors also have
drawbacks concerning the poor simultaneous detection of two
or more phenolic species in a complex system. Thus, further
research is essential in the realm of non-enzymatic sensors for

N2 | Mater. Adv, 2024, 5, 83-122

simultaneous and specific detection of several analytes at one
single sensing electrode.

The 2D material field has matured since the discovery of
graphene, with fast-growing research in material science, nano-
technology, chemistry, and physics. The engineering of 2D
layered materials is ambitious as their applications are propi-
tious. MXenes are graphene-like 2D materials with excellent
physical and chemical properties. Conventionally, MXenes are
prepared by selecting a suitable etchant to curb the weak
binding force between the ‘A’ and the M-X layers to denude
the ‘A’ layers from the MAX phase. Hence, the surface of
Ti;C,T, possesses various functional groups. The etching of
MAX phases unavoidably includes hazardous chemicals and
complex procedures. The procedure for preparing MXenes
typically employs F-containing environmentally hazardous
reagents. Hence, there is a demand for key methods to prepare
MXenes without the application of HF. The rapid advancement
in 2D/MXene applications is undeniable and valuable. MXenes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are optimized extrinsically and intrinsically through structure
engineering, among the vistas of nanostructure synthesis,
metal-atom doping, terminal modification, and hybridization.
MXenes and their composites have been demonstrated as
suitable electrocatalysts for EC sensors.

EC sensing devices constitute an acceptable solution to
detect analytes of interest with adequate accuracy for variable
samples. For instance, EC sensors excel in the analytical
chemistry of chemicals and species that could be directly
detected with other techniques or with high-end equipment
like HPLC. Hence, the EC sensors are the epitome of decen-
tralized testing and screening with miniaturized instrumen-
tation. An ideal sensor exhibits superior sensitivity with low
detection limits, which is imparted by the modifying agents
used in the process of sensor preparation. The construction
of MXene-based EC sensors has been gaining popularization
among researchers owing to their remarkable traits. As a
potentially promising electrode material, MXenes manifest
characteristics such as (i) high surface areas, hydrophilicity,
electrical conductivity, electrocatalysis, and (ii) environmental
friendliness. Through this review, we marked all the current
MXene-EC sensors for HMIs and toxic phenolic moiety-containing
molecules. Thus, priority was given to evaluating MXene’s total
capacity and potential for transferring their propitious qualities to
EC sensors to achieve excellent performance in terms of sensitivity
and LOD.

This review article assessed the trending research on MXene
EC sensing devices for the aforementioned target analytes by
describing the approaches utilized to construct the sensor and
tailoring material properties. We have understood that MXene
sensors are being researched for EC sensors, attributed to their
extraordinary characteristics. Due to their substantial specific
surface area and controlled surface-mediated features, 2D
MXenes can be utilized to their fullest potential for sensing.
These features magnify the sensitivity and selectivity of the sen-
sing device toward target analytes. Another significant feature
is modifying the MXene’s surface without forgoing the good
electrical conductivity innate to pure MXenes. Their structure
engineering has provided numerous possibilities to develop
novel EC sensors with desired properties. Further progress in
facile methods of MXene synthesis and hybrid formations is
anticipated to result in practical and economical applications.

After examining the literature for the progress in EC sensors
employing MXene materials, the critical figures of merit of
MXenes are: (i) MXenes are highly conductive, attributed to
their hydrophilicity and open-end morphology, (ii) the combi-
nation of edge-terminated transition metal and metallic active
MXenes accounts for the excellent electroactivity, (iii) high
aspect ratio, electroconductivity, and enriched surface chemis-
try of MXenes are appealing properties for sensor construction.
The constructed sensors, reviewed in this article, incorporating
MXene heterostructures, including nanoparticles (0D), CNTs
(1D), graphene (2D), polymers, MOFs, and others, have demon-
strated an efficient strategy to enhance the RT EC sensing
performance of the device. We have provided evidence of the
reported EC sensors exhibiting reliable performance towards

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HMIs and other miscellaneous molecules in natural complex
water systems that can be applied in environmental pollutant
management applications. This review has offered broad
insights into the development of MXene-EC sensors, along with
perspective on the future generation of cost-effective, multi-
modal sensors and high-performance applications.

Future prospectives

Presently, applying MXenes for sensors demands an in-depth
understanding of their surface-related EC behavior. Although
integrating MXenes in EC sensors has amplified the response
signal sensitivity and LODs for several analytes, the contribu-
tion of MXenes in most cases is limited to enhanced conduc-
tivity. A profound understanding of the structure-property
relationship of MXene will favor establishing the sensing
mechanisms. Foreseeably, the MXene substrates and analytes
that achieve sensor selectivity are not yet distinctly understood.
Instead, reports provide a general and plausible interaction
between the MXene surface and analyte that are amenable to
the sensor’s selection. Thus, future research works must con-
sider the characterization of the MXene surface’s zeta potential
to understand the charge on the sensing substrate that will
support and substantiate the interaction mechanism between
the electrode and analyte. Furthermore, the in situ Raman
spectroscopy technique can be applied to understand the
changes occurring at the MXene’s surface when a potential is
applied during electrochemical analysis. XRD characterizations
can also be considered for a more detailed reactant (analyte)
mechanism, possibly in situ.

Furthermore, thorough investigations are needed into the
fundamental properties of these materials, including variations
between multilayer/monolayer 2D materials, heterojunction
traits, interfacial characteristics, and surface modification
effects, namely, hybridization, doping, and defect engineering.
These extensive investigations will lead to the discovery of new
materials with improved characteristics, a boon to industries
and society.

In general, MXenes are reported to be terminated with
functional moieties. Hence, preparing MXenes devoid of func-
tional moieties is intriguing, particularly for EC sensing appli-
cations. Consequently, an immediate requirement exists to
probe efficient procedures like the bottom-up routes that allow
fine control over the size of layers, morphology, and surface
terminal group distributions. Hence, the complex surface
chemistry of MXene is crucial for tailoring several sensing
applications. Much investigation and understanding are
required regarding how the surface chemistry of MXene impacts
the sensor device application. Understanding the limiting factors
of the scalable synthesis of MXenes is crucial. In addition, we are
testing new, less hazardous etching methods for cost-efficient
production with greater yield. Additionally, a thorough examina-
tion of the impact of chemical stability on the repeatability, error,
selectivity, and other ambiguous characteristics of the MXene-
based sensor equipment helps extend the shelf life of the sensors
and realize their broad range of applications. Finally, the MXene-
based EC sensors should be biased toward enhancing the

Mater. Adv,, 2024, 5,83-122 | 13
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oxidation resistance of materials, extending the applicable scenar-
ios of the nanomaterials in variable environments, and amending
their cost-effectiveness for practical applications by designing
simple structures with good performance and diverse functions.

To amplify the application prospects of MXenes, facile and
quick protocols need to be conceived for the synthesis of
MXene hybrid nanocomposites with various functionalities,
namely, MXene-nanostructures and MXene-polymer materials.
Noble metal nanoclusters/nanoparticles can also be decorated
on the MXene surface for improved catalytic performance.
Therefore, extensive efforts are vital for synthesizing MXenes
with superior nanoarchitecture surface chemistry and hetero-
structures, making them promising electrode modification
agents. Most MXenes have various functional groups, while
the development of MXene with a single type of surface
termination group is recommended for governing the surface
characteristics of the MXene, such as affinity towards specific
chemical species (selectivity). Furthermore, DFT investigations
have evidenced that the synthesis of MXenes with no surface
functional groups can change the chemical characteristics of
MXene substantially, which can be of greater interest for
developing chemical sensors.>*°

Next are the real-world applications where workability and
durability must be verified. Flexible MXenes can be engineered.
Unlike variant 2D materials, MXenes are hardly stretchable;
thus, polymers can be included to enhance their mechanical
robustness. The hybridization of MXenes with polymers can
improve the selectivity and conductivity during sensor devel-
opment. This can be done by optimizing the MXene concen-
tration and appropriate selection of polymers. Furthermore,
considering the distinct compositions of MAX phases, an array
of MXenes is anticipated to subsist with unprecedented char-
acteristics, thus catering to a broad scope in the sensing field.

Nonetheless, the MXene EC sensor research is still in its
infancy, and commercialization necessitates solutions to the
issues experienced by the researchers. This is because the EC
sensor’s performance standards and other prerequisites for
commercialization are yet to be systematically established;
for example, the crucial factors are its multifunctionality,

Understanding the structure-
property relationship of MXenes
favors establishing the sensing \ =
mechanisms Dt

View Article Online
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reproducibility, and stability. Another critical factor is produc-
tivity, which is the lack of good yield from the method used for
MXene synthesis. Hence, this issue must be addressed in the
future as it will favor the development of reliable and scalable
fabrication procedures for mass production. The key challenges
that need to be addressed for this 2D material to attain market
value include: (i) we have come across the literature showing
that MXenes are synthesized through diverse techniques with
‘on-demand’ tuning of structural and electronic properties;
however, they are not yet wholly accomplished. 2D material-
based devices (i) reproducible and reliable synthesis proce-
dures, (ii) high-volume manufacturing (mass-production of
MXene is tedious, and MAX phase production is not cost-
effective), and (iii) 2D materials with heterostructure configura-
tions pave the way for broader applications. Besides, the most
widely utilized procedure for sensor fabrication is a manual
drop-cast coating, which can only be produced on the labora-
tory-scale. This lack of a pathway toward large-scale production
is one significant roadblock in bringing more EC sensing
devices from the laboratory to market. Therefore, exploring
other methods that offer repeatability in electrode construction
and improved reproducibility in sensing measurements is one
approach towards large-scale manufacturing of EC sensors.
Fig. 16 illustrates the summary and the prospects of MXene’s
application in fabricating EC sensors.

Although several challenges need to be addressed, a tremen-
dous understanding of the structural fundamentals is expected
shortly based on the promising results from the current
research. Addressing these challenges will further propel the
fabrication of MXene EC sensors. These sensors are anticipated
to be applied in environmental, human, and robotics monitor-
ing. Uncharted fields like food engineering will benefit from

MXene-based sensors. Surmounting these shortcomings

will open infinite applications. This review addressed factors
concerning process-structured-sensor property relationships
among the emerging MXene sensors. We hope that our readers
have gained an understanding of the current scenario of
MXene-based sensors, which have
scientific attention.

not received significant

MXenes are optimized extrinsically,
intrinsically through structural
engineering, from the vistas of

nanostructure synthesis, terminal
modification, & hybridization

MXene & MXene-composites as
electrocatalysts display potential progress in
EC sensors with High: surface area,
hydrophilicity, electrical conductivity, &
electrocatalysis

ene heterostructures including
nanoparticles (0D), CNTs (1D), graphene
(2D), polymers, MOFs, are efficient

strategies to further improve the EC sensing
performance of the device

Fig. 16 Concluding remarks and future perspectives of MXene-based EC sensors.
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