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ARTICLE INFO ABSTRACT
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MXenes are emerging transition metal carbides and nitrides-based 2D conductive materials. They have found
wide applications in sensors due to their excellent valuable properties. This paper reviews the recent research
status of MXene-based electrochemical (bio) sensors for detecting biomarkers, pesticides, and other aspects. The
first part of this paper introduced the synthesis strategy and the effect of surface modification on various prop-

erties of MXenes. The second part of this paper discussed the application of MXenes as electrode modifiers for
detecting pesticides, environmental pollutants, and biomarkers such as glucose, hydrogen peroxide, etc. Hope this
review will inspire more efforts toward research on MXene-based sensors to meet the growing requirements.

1. Introduction

In 2011, Prof. Gogotsi and coworkers reported a new 2D layer
material.named MXenes that combine preeminent electrical conductivity
with a hydrophilic surface [1]. The MXenes are 2D materials can be
obtained by selective removal of the “A” layers from the layered carbides
or carbonitrides. The MAX has a general formula of M, 1AX,(n=1, 2, 3),
where M represents a transition metal; A represents a group IIIA and IVA
element of the periodic table); and X is either C and/or N. [2]. Fig. 1
shows elements employed for the formation of MAX phases. The MXene
was initially synthesized by etching of A element using a hydrofluoric
acid (HF) solution [1]. As a result, the surface of MXenes is terminated
with wealthy functional groups such as -F, -O and —OH, whose type
depend on the etching route [3,4]. TigCoTx was the first MXene reported
in 2011, followed by the synthesis of 19 different MXenes. There are

dozens of predicted in computer simulation studies [5-7]. MXenes are a
large family with a wide variety of species.

For mxenes, there are two commonly used synthetic routes, namely
top-down and bottom-up synthesis methods.The former refers to etching
of A element from the MAX phase with HF solution. At room tempera-
ture, the aluminum element in the MAX phase (Ti3AlCy) is selectively
etched away with hydrofluoric acid, and the most widely used MXene,
aluminum carbon titanium (Ti3CsTy), is obtained [8-10]. Furthermore,
as bottom-up methods, atomic layer deposition and chemical vapour
deposition have also been used to synthesize Mxene [3]. In last several
years, in addition to the reaction system of HF solution, other synthesis
ways have also emerged, which are used for catalysts, seawater desali-
nation, electrochemistry, wearable electronic devices, electromagnetic
interference shielding, and electrode materials, providing much more
applied potential [11-15]. Compared to other materials that people are
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Fig. 1. The main element that forms the MAX phase [40].

familiar with, the functional groups on the surface of MXene have better
compatibility with other substrates through chemical bonding force.
Carbon nanotubes have hard structures and smooth surfaces, making it
difficult to form stable suspensions. In addition, the negative effect of the
ultra-high modulus obviously hinders the atomic motion in the internal
microstructure, and the internal atomic structure of graphene and carbon
nanotubes exacerbates the difficulty of meeting the requirements of
high-sensitivity sensors [16-18]. Metal nanowires and nanosheets also
occur the same flocculation problem. Conductive polymers are promising
sensor candidates [19]. However, there are so many types of conducting
polymers that it can be difficult to determine which is the focus for
sensing applications. Due to the Because of the excellent properties of
MXene, its application field and scale have reached a new level [20-23].

From the current overall point of view, the main issues focus on
achieving an sensor compatible with excellent sensitivity, cycle stability,
detection range, detection limit, and ultra-low response time [24-30].
Electrode modification is one of the most effective methods to improve
the performance of electrochemical sensors. The sensitivity, detection
limit, adhesion, selectivity, and dynamic range of electrochemical sen-
sors both can be optimized and improved. For these reasons, electro-
chemical sensors based on nanomaterials have got significant attention
over the past several years to detect various analytes [31-34].
Two-dimensional nanomaterials, such as graphene [35-37] and molyb-
denum disulfide [38,39], have been extensively researched to build
sensitive sensing platforms, either alone or in the form of nano-
composites. However, 2D materials also have their corresponding dis-
advantages, such as the low conductivity and high hydrophobicity of
molybdenum disulfide, the high hydrophobicity of graphene, and the
difficulty of functionalizing the surface. Surface functionalization of
graphene can only occur at surface defects and edges, and molybdenum
disulfide is even more difficult to functionalize its surface. In addition,
mass production of this material is a slow and cumbersome process,
which further limits the growth of this field. MXenes have excellent
electrical conductivity, abundant surface functional groups, easy func-
tionalization, high hydrophilicity, good ion intercalation properties, and
easy mass production, making it an ideal choice for building electro-
chemical sensors with high performance.

The quantity of papers on MXene-based sensors are increase every
day. A systematic summary of the preparation methods, properties and
applications is necessary. In recent years, many research papers on
MXene-based sensors have been published, but they covers different
applications and various types. Therefore, it is necessary to give an
overview of the progress and prospects in the domain of MXene-based
sensors. This paper starts with various synthesis of MXene, and summa-
rizes the latest research results of electrochemical biosensors based on
MXene, including preparation methods, sensing properties and applica-
tion prospects for different detection substances. Finally, we convey our
opinions on the prospects and evolution challenges of the new, rapidly
developing and promising field of MXene based sensors.

2. Preparation of MXenes

Since the first synthesis of MXene by Naguib et al., in 2011, various
types of MXenes have been discovered. In general, MXenes can be ob-
tained by removing the A layer and exfoliating the MAX phase (Fig. 2A).
As the precursor to MXenes, the MAX phase is usually a series of layered
ternary compounds, where M is the transition metal (i.e. Sc, Ti, V, Cr, Zr,
Hf, Nb, Mo, Ta, and W), A is an element of the IIIA or IVA groups in the
periodic table (usually Al or Ga), and X is carbon or nitrogen. The MAX
phases are P63/MMC symmetric layered hexagon, where the M layer is
nearly closed, and the X atoms fill the octahedral positions [8]. The
M;+1X, layers interlace in turn with the A atomic layers [41]. The strong
M-X bonds have covalent/metal/ion mixing characteristics, while M-A
bonds are metal [42,43]. Unlike with other layered materials such as
graphite and transition metal dichalcogenides, where weak van der
Waals interactions hold the structure together, the bonds between the
layers of the MAX phase are too strong to be broken by shear or any
similar mechanical means [44]. The A layer can be chemically selectively
etched without breaking the M-X bond by taking advantage of differences
in properties and relative strength between M-A and M-X bonds [8]. So
far, the synthesis methods of MXenes have been relatively mature. The
following will briefly introduce the research status of MXenes synthesis.

2.1. Acid etching method

Using HF to etch TizsAIC;MAX phases was first proposed by Naguib
et al., in 2011 years [1]. A substitution reaction with hydrofluoric acid
removes the aluminium layer in the Ti3AlC; MAX phase, and hydrogen is
produced at the same time. The deionised water and HF solution will also
take a reaction that produced Ti3Cy to obtain TizgCyTx while producing
hydrogen as well. A range of MAX compounds, involving TipAlIC [45],
Nb,AIC [46], TizSiCy [47], MoyGaoC [48] and Zr3AlsCs [49], are also
separated into MXenes by this way.

It was subsequently found that a combination of fluoride salts
(NH4HF, [50], LiF [51], NaF, KF [52], and FeF3 [53], etc.) and hydro-
chloric acid could replace the direct use of hydrofluoric acid. This
method is also known as in situ hydrofluoric acid etching(as shown in
Fig. 2B), producing 3-5 wt% of HF etching solution. For MXenes syn-
thesized by the method of in situ HF generation, due to the intercalation
of cations and water molecules, the layer spacing is increased, and the
interlayer force between layers is decreased, the subsequent use of ul-
trasound can make the material more easily stratified. This method is
milder than the direct use of hydrofluoric acid and is usually used to
prepare a single or few layers of MXenes. It should be noted that the time
and power of ultrasound should be controlled when obtaining single or
small layers with ultrasound. The high power and long ultrasound will
lead to excessive MXenes laminates and produce unnecessary defects
[54].

The use of water as the main solvent is what these etching methods
have in common, making the application of MXenes limited. Michel W.
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Fig. 2. (A) Structure of MAX phases and the corresponding MXenes [8]. (B) Synthesis map for TizC,Ty nanosheets [54]. (C) SEM micrograph of Ti3C,Tx sample and
TEM micrographs of delaminated sheets; (D) Schematic of etching and washing steps [55].

Barsoum et al. demonstrated an etch and stratification of TizAlCy using obtained using this etching method. The authors demonstrated that
an organic polar solvent containing ammonium hydrogen fluoride TigAlCy could be etched and stratified using an organic solvent con-
(NH4HF5) instead of using water as the solvent(see Fig. 2D) [55-58]. taining NH4HF, without the presence of water(see Fig. 2C).

Further studies showed that fluorine-rich Ti3C,Ty flakes could be
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Fig. 3. (A) Schematic of synthesize the Ti4N3Tx with molten salt method [59]. (B) Element replacement in molten salt to synthesize MAX and MXenes [63]. (C) The
etching process of Ti3C, prepared by dipping Ti3SiC, in CuCl, molten salt [68]. (D) Schematic diagram of anodic corrosion and lamination of Ti3AlC, in binary
aqueous solution [70]. (E) Reaction of Ti3AlC, with NaOH aqueous solution under different conditions [71].
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2.2. Molten salt etching method

Recently years, synthesising MXenes by Lewis acid molten salt has also
attracted much attention. Urbankowsk et al. report on synthesising the first
2D transition metal nitride, Ti4N3-based MXene. They successfully
removed Al from the structure by mixing fluoride salt (KF:LiF:NaF =
59:29:12) and TizAIN3 powder at a mass of 1:1, heated to 550 °C for 30
min in an argon atmosphere and obtained 2D Ti4sN3 [59]. The synthesis
process is schematically shown in Fig. 3A. Nitride MXenes are predicted to
have various attractive properties, like ferromagnetism and higher elec-
trical conductivity than carbide or semiconductor properties [60-62].

The Huang Qing's team successfully synthesized various new MAX
phases and MXenes in ZnCl2 molten salt by element replacement (see
Fig. 3B) [63]. In the molten state, ZnCly is the so-called Lewis acid [64].
The content of ZnCls in the reaction is critical. When the molar ratio of
Al-MAX to ZnCly is 1:1.5, the Zn-MAX phase is mainly formed, and when
the molar ratio of AI-MAX to ZnCl, is 1:6, the chemical reaction time of
melting is controlled to generate Cl-MXenes and metallic zinc
by-products. Some of the remaining side-reaction impurities are removed
by washing with dilute hydrochloric acid, leaving the functional groups
with Cl and O MXenes. It is worth noting that this is the Cl-terminated
MXenes obtained by non-fluorine chemical methods, and the detailed
synthesis method can be found in Refs. [63,65-67].

Li et al. successfully extended the molten salt stripping strategy to
various chloride Lewis acid molten salts (ZnCly, FeCly, CuCly, AgCl, etc.)
and more members of the MAX phase family (such as Al, Zn, Si, Ga, etc.)
[68]. Using direct redox coupling between the A element and the cations
of Lewis acid molten salts, they proposed a general method of etching the
MAX phase. Fig. 3C illustrates the etching process of Ti3Cy prepared by
dipping Ti3SiCy in CuCly molten salt. In non-aqueous electrolytes, the
MXenes exhibit a high rate capability and high storage capacity of
lithium, thus making them promising electrode materials for high-rate
batteries and hybrid systems. Through this Lewis acid etching process,
a broader selection of MAX phase precursors is available for the synthesis
of new MXenes. In addition, the Lewis acid etching process of MXene
materials offers unprecedented opportunities for surface chemistry and
performance tuning.

Through substitution and elimination reactions, Dmitri V. Talapin's
research group [69] using the Lewis acid molten salt method and suc-
cessfully synthesized MXene with Cl, S, O, Te, Se, NH, and Br surface
terminals, and no surface MXene of the terminal. So far, the surface
functional groups of MXenes have more choices, involving F, Cl, Br, O, S,
Se, Te, and other groups. The design and preparation of specific func-
tional groups MXenes can give MXenes special surface chemistry, struc-
ture, and properties.

2.3. Other preparation methods

In addition to the above-mentioned acid etching method and molten
salt method, there are also some methods such as electrochemical anode
etching method, alkaline etching method, chemical vapour deposition
method, in-situ electrochemical synthesis method, etc. It is worth
mentioning that the latter several methods are fluorine-free preparation
of MXenes, which we will introduce individually in this subsection.

2.3.1. Anodic corrosion method

Yang et al., in 2018 [70] demonstrated an efficient fluorine-free
corrosion method based on anodic corrosion of titanium-aluminium
carbides in binary aqueous solutions. By dissolving aluminium and
then replacing it with hydroxyl, ammonium hydroxide is intercalated in
situ (Fig. 3D), forming single or double layer flakes with a large average
size and high yield (>90%). There is no F involved in the whole process,
and the Ti3CyTy sheet does not contain F groups.

2.3.2. Alkaline etching method
An economical approach is to dissolve the A layer in MAX by using a
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high temperature as well as high concentration NaOH solution to obtain
multilayer TisCaTx(T = O, OH) of up to 92%(mass fraction) [71]. This
method is also fluorine-free. As a result of synthesising the Ti3C, layer at
high temperature and alkali concentration, the surface is filled with = O
and —~OH groups. As a result of the high temperature and alkali concen-
tration, Ti3CyTy is formed (see Fig. 3E). Low amounts of water and high
temperatures will prevent the titanium layer from oxidizing.

2.3.3. Chemical vapour deposition method

Additionally to the above methods, some researchers have reported
the preparation of 2D ultra-thin a-Mo2C crystals with a large area of high
quality by chemical vapour deposition (CVD) [72]. The carbon source for
this experiment is methane, while the substrate is copper foil. Then
high-quality 2D ultra-thin a-MoC crystals with a thickness of several
nanometers and a transverse size of over 100 pm were grown at tem-
peratures above 1085 °C. For specific methods, see Ref. [72]. The
two-dimensional MXenes are synthesized by a combination of chemical
vapour deposition and physical vapour deposition, and high-quality
(defect-free) large monolayer crystals and bare MXenes can be pre-
pared. These materials will contribute to the research of basic physical
(quantum) properties and electronic applications in bioelectronics, arti-
ficial electrochemical synapses, or neuromorphic computing [73].

2.3.4. In situ electrochemical method

The Chunyi Zhi and Qing Huang's team proposed an integrated so-
lution based on a VoCTx MXene zinc ion battery. By using in situ elec-
trochemical routes, using MAX as the positive electrode and F-rich
electrolyte as the corrosive, VoCTy based zinc ion battery is directly
prepared. The Al layer in MAX is gradually removed by electrochemical
cycling process, and the MXenes flakes are obtained in situ at the elec-
trode [74]. After etching, the entire battery system can continue to work
as usual, and the resulting MXene sheet layer directly serves as a new
generation of active materials to show more excellent electrochemical
performance. This study proposes a new green method to synthesize
MXenes.

Different synthesis methods have different surface functional group
structures. For example, reducing the degree of oxidation of MXene with
water-free etchants can improve its chemical stability. The defects will be
reduced by eliminating fluorine-containing etchants from MXene, and
adjustable termination should be achieved. Among the various etching
techniques that have been developed, increasing the yield of MXene
products by wet etching the MAX phase in acidic fluoride solutions is still
the preferred technique for mass production [73].

3. MXenes applied in sensor

In this section, we discuss the application of electrochemical sensors
made from MXenes materials to detect biomarkers, drugs, and environ-
mental pollutants. It discusses the fabrication process, electrochemical
response, and applications of the sensor, as well as the electrochemical
properties of the sensor (limit of detection, range of detection, sensitivity,
stability, etc.). Table 1 summarizes MXene-based electrochemical sensors
for the detection of different analytes.

3.1. Detecting biomarkers

The biomarker is a biomolecule found in blood, body fluids, and
tissues that can be detected as a marker of normal/abnormal biological
processes and pathogenic conditions/diseases [96]. Biomarkers can be
identified by non-invasive methods in tissue samples (surgical removal)
and body fluids (blood, urine). Proteins, nucleic acids, isozymes, hor-
mones or metabolites, etc. can all be one of the biomarkers. Changes in
the amount or level of a particular biomarker in cells usually indicate
disease progression [97]. For better early diagnosis of disease and
monitoring of disease progression, specific identification of biomarkers
can be used to detect their level status [98-100]. Traditional biomarker
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Table 1
MXene-based electrochemical sensors for the detection of different analytes.
Electrode Analyte Detection Detection Reference
range limit
NiO/TizCaTx H30-, 0.01-4.5 0.34 yM [75]
mM
Nafion/Hb/ H,0, 0.1-260 yM 20 nM [76]
TisC,/GCE
Nafion/Hb/ H,0, 0.1-380 mM 14 nM [77]
TiO,-TisCy/
GCE
TizCyTyx/GCE H20, - 0.7 nM [78]
TizCyTyx/PtNP/ H>0, 490 pM ~ 448 nM [79]
GCE 53.6 mM
MXene-TizCy/ Glucose 39.8 M ~ 1.96 pM [80]
GOD 1.319 mM
MXene/NiCo- Glucose 2uM ~ 0.53 pM [81]
LDH/GCE 4.096 mM
TizCo-HF/TBA/ Glucose 50-27750 23 pm [82]
GOx/GTA M
Chit/ChOx/ Cholesterol 0.3-4.5 nM 0.11 nM [83]
TizCyTy/GCE
TizCoTx MXene/ H,S 0.1-300 pM 16 nM [84]
GCE
TDN/MXenes Gliotoxin 5pM ~ 10 5 pM [85]
nM
Ti3CyTx/GCE Dopamine 0.015-10 3nM [86]
M
MIP/K"- Triclosan 10 nM-50 1.18 nM [87]
Ti3C2Ty/GCE M
MXene@AgNC/ Carbendazim 0.3 nM-10 0.1 nM [88]
NH,- uM
MWCNTs/
GCE
MXene/ERGO/ Carbendazim 2nM ~ 10 0.67 nM [89]
GCE uM
AChE/ Organophosphorus 10 11078 3.27 x [90]
Ag@Ti3CyTy pesticides M 1075 M
MXene/ZIF-67/ Luteolin 0.1 nM-1 0.03 nM [91]
CNTs/GCE UM
TizCoTx-ZIF-8/ Hydrazine 0pM ~77 51uM [92]
GCE mM
Nafion/Hb/ Nitrite 0.5 0.12 yM [93]
MXene- uM-11.8
TizC,/GCE mM
alk-TizCo/GCE Cd(ID), Pb(ID), 0.1-1.5 yM 98 nM, 41 [94]
Cu(ID), Hg(I) nM, 32
nM, 0.13
pM
H-C3N4/ cd*t, pb** 50nM~1.5 1nM,06  [95]
TizCoTx puM, 50 nM nM
~1.5uM

detection methodshave the technical limitations of slow detection speed
and the consumption of costly reagents for each detection [101,102].
Additionally, these traditional means of continuous monitoring of pa-
tients during treatment are not ideal. Furthermore, all diseases are
multifactorial, not just involving a molecule or substance in a cell.
Therefore, the detection of multiple biomarkers simultaneously and the
correct detection results are critical for diagnosis [103-105]. Clinical
diagnostics focus on developing analytical techniques that enable sensi-
tive and parallel detection of biomarkers to provide functional
point-of-care testing. For several years, there has been a increased
attraction in biosensors' development due to biosensors' excellent
analytical performance and measurement in real-time. They can detect
lower levels of biomarkers in physiological samples that can aid in the
early diagnosis of disease. They enable biorecognition molecules to be
reused, avoiding time delays in sample analysis. In addition, electro-
chemical biosensors have good selectivity and can detect multiple bio-
markers simultaneously, which has shown great potential. This chapter,
we summarize the recent design and fabrication methods and sensing
performance of MXene-based electrochemical biosensors to detect
biomarkers.

Nano Materials Science xxx (xxxx) Xxxx

3.1.1. H»0, sensor

Hydrogen peroxide (H205) has good oxidizing and reducing proper-
ties and is widely used in food production, medical, clinical, and chem-
ical industries. In living cells, HyO5 is a by-product of various oxidase
reactions and plays a vital role in biological systems [76,106-109].
Hence, readily available, low-cost, and reliable analytical methods for the
detection of HyO; are essential. Ramachandran et al. prepared NiO/-
Ti3CyTx microsphere porous structures by calcining Ni-MOF/TizC2Tx and
applied them to electrochemical sensing of HyO2 [75]. The NiO attached
to the TigCyTx surface can prevent the accumulation of MXene sheets.
The addition of the Ti3CyTy sheets effectively enhances the mesoporous
structure due to interlayer voids and can maximize the accessibility of
NiO. The NiO/Ti3C,Tx sensor shows a low limit of detection of 0.34 pM
and a wider linear range of 0.01-4.5 mM. More electroactive sites for
electrochemical redox reactions on Hy0O5 sensing are available thanks to
increased NiO/TizCyTy's specific surface area and porosity. In addition,
Ti3CyTy prevents leaching and scaling effects in the three-dimensional
porous network. It facilitates the uncomplicated access of electrolyte
ions to the electrode surface, enhancing the efficient electron transport,
and improving electrochemical applications.

Wang et al. immobilized hemoglobin (Hb) on the surface of a multi-
layer accordion-like Ti3Cy material to prepare a medium-free biosensor
for detecting HyO2. MXene-Ti3Cs has a favorable enzyme immobilization
ability [76]. The prepared biosensor has good detection performance for
H0, the linear range for HyO5 is 0.1-260 pM, and the lower detection
limit for HyO, is 20 nM. In addition, Wang et al. synthesized TiO,
nanoparticles-modified Ti3Cy MXene nanocomposites via in situ hydro-
lysis and hydrothermal processes, and used them to prepare a
mediator-free biosensor for hydrogen peroxide detection [77]. As shown
in Fig. 4A, a large amount of TiO2 nanoparticles supported on Ti3Cy
layered substrates endow the nanocomposites with many advantages
when used as enzyme immobilization carriers. Fig. 4B is the SEM image
of TiO,-Ti3Cy nanocomposite. The organ-like structure of the Ti3Cy
nanolayer closed at one end and open at the other end facilitates the
encapsulation of enzymes. The enzyme was funneled inwardly between
Ti3Cy nanolayers and could be fixed on the inside surface of organ-like
structures. In addition, nano-titanium dioxide with strong biocompati-
bility can offer a protective microenvironment for the enzyme, allowing
it to maintain its stability and function over time. The adsorbable active
surface area of proteins can be significantly increased using nanoscale
titanium dioxide. At the same time, the substrate can be wrapped in a
hybrid structure with a large specific surface area, allowing for the
immobilization of a large number of enzymes on the nanocomposite. In
this confined region, the practical collision between the substrate and
enzyme will be increased due to the concentrated substrate and enzyme.
Ti3Cy has good carrier mobility and can also be a good medium for
efficient electrical communication between enzymes and electrodes. The
biosensor has a lower detection limit of 14 nM for H,O,, a linear range of
0.1-380 mM for H0- (Fig. 4C), and good long-term stability due to the
reasons mentioned above. This research shows that TiO,-Ti3Cy nano-
composites could be used as biocompatible platforms for enzyme
immobilization and direct electrochemical biosensor fabrication.

In another report, Lenka et al. developed the TizCyTyx/GCE non-
enzymatic sensor to detect HyO, down to nanomolar range with a fast
response time less than 10 s [78]. The detection limit of the sensor is 0.7
nM and the sensitivity is 596 mAcm 2mM '. The prepared TisCyTx
sensor is more sensitive to detecting HyO2 than reported previously. Itis a
simple and efficient method to make a non-enzymatic H,O5 biosensor
with high sensitivity and a low limit of detection, which can reach the
nanomolar level. In addition, Lenka et al. also investigated the electro-
chemical performance of platinum nanoparticles (PtNPs) modified 2D
TizCoTx thin films [79]. The outcomes demonstrated that the
Ti3CoTx/PtNP nanocomposites coated on the GCE surface exhibited
better and more stable redox behavior than the unmodified
Ti3CyTx/PtNP nanocomposites within the anodic potential window. For
instance, this HyO5 sensor of TizCoTyx/PtNP-modified GCE has a limit of
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(E) Current-time response of continuous addition of HyOsglucose [80].

(F) The fabrication progress of

MXene/NiCo-LDH/GCE. (G) Current response of MXene/NiCo-LDH/GCE sensor versus glucose concentration [81].

detection of 448 nM and a reduction onset potential of +250 mV (vs.
Ag/AgCl), while the detection limit and reduction onset potential of
Ti3CyTx-modified GCE are 883 nM and —160 mV, respectively. Electro-
chemical studies show that the Ti3CyTyx/PtNP nanocomposites exhibit
better redox stability in the anodic potential window than TigCyTx-de-
posited GCEs, which is an essential property for further TizCoTy
Mxene-based sensor development. GCEs modified with Ti3CoTy/PtNP
can detect HpOy under an optimum potential range with a limit of
detection of 0.448 pM. In addition, other tiny organic molecules (dopa-
mine, ascorbic acid, uric acid, and acetaminophen) were also studied for
their redox properties. These substances can be identified at higher po-
tentials than HyO», with LODs lower or equivalent to previously reported
values, enabling this interface to be advantageous for various sensing
applications.

3.1.2. Glucose sensor

Electrochemical enzymatic sensors have gotten a lot of attention
because of their unique selectivity, quick reaction, low cost, and ease of
downsizing [110-113]. Due to enzymes' instability and ease of deacti-
vation, there are few electrochemical enzyme sensors with practical ap-
plications. As we all know, immobilized enzymes possess the relatively
high activity and stability than free enzymes. Gao et al. proposed a
strategy to construct a novel enzymatic sensor for detecting glucose [80].
As depicted in Fig. 4D, sodium hyaluronate (SH) acts as a permeable
protective membrane to shield the enzyme from contamination and

dehydration, facilitating glucose diffusion towards the sensor interface.
MXene-TizCy and glucose oxidase (GOD) composed the reaction layer,
and MXene-TizC; can provide a highly scattered glucose oxidase loading.
The adhesion layer is composed of chitosan and reduced graphene oxide
(rGO). Chitosan helps to organically combine MXene-Ti3Cy with rGO and
ensures the high biocompatibility of the sensor. During the reaction, the
permeable protective membrane allows glucose to swiftly pass through
and enter the reaction layer (MXene-Ti3Cy/GOD) to react on the GOD
surface. The rGO-decorated collector enables rapid release and efficient
collection of electrons. For glucose sample detection, this sensor with a
linear response from 39.8 pM to 1.319 mM and a limit of detection of
1.96 uM (Fig. 4E). This study provides new ideas for developing stable
and reliable enzymatic biosensors and broadens its application fields.

In addition to enzymatic sensors, non-enzymatic sensors will then be
introduced. Li et al. in situ synthesized 3D porous NiCo-LDH nanosheets
on MXene (TizCy) by hydrothermal method (Fig. 4F) and explored the
glucose sensing performance of MXene/NiCo-LDH nanocomposites [81].
As shown in Fig. 4G, the current response of MXene/NiCo-LDH/GCE
exhibited a linear relationship from 2 pM to 4.096 mM, and the sensi-
tivity of this electrode is 64.75 pA mM " em ™2 and the detection limit is
0.53 pM. The MXene/NiCo-LDH/GCE exhibits low limit of detection and
fast current response to the oxidation of glucose, which is due to the
synergistic effect of the large specific surface area, rapid electron transfer
rate, and effortless electrolyte diffusion of the MXene/NiCo-LDH
composite.
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Chia et al. investigated the heterogeneous electron transfer capability
of Ti3Cy, fabricate by hydrofluoric acid etching and subsequently layered
with TBAOH to develop a glucose biosensor [82]. As shown in Fig. 5A,
MXene and glucose oxidase were sequentially added to the surface of the
glassy carbon electrode, and then cross-linked with glutaraldehyde to
prepare the glucose biosensor. This MXene-based biosensor can detect
glucose selectively, sensitively, and quickly. Chronoamperometry in-
dicates that the sensor shows excellent selectivity to detect glucose, with
a linear range of 50-27750 pM and a lower detection limit of 23.0 pm
(Fig. 5B and C). This study provides a proof of concept for possible future
applications of pristine MXenes to develop electrochemical biosensors
with excellent selectivity and sensitivity for biomedical and food sam-
pling applications.

3.1.3. Cholesterol sensor

Cholesterol is an important lipid in the human body, a major
component of cell membranes, assisting in the maintenance of cell
membrane permeability and fluidity. Cholesterol is a key biomarker for a
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variety of diseases [114-116]. Hypolipoproteinemia, malnutrition,
sepsis, malnutrition, and anemia can all be caused by low cholesterol
levels [117]. The usual range for maintaining cholesterol levels in the
body is 2.83-5.20 mM [118]. As a result, in the academic and medical
fields, accurate, sensitive method to monitor cholesterol levels is
required. Xia et al. prepared Ti3CyTx by etching TizAlCy with HF and LiF
[83]. The synthesized TizCyTyx has high specific surface area, biocom-
patibility, good electrical conductivity and dispersibility, all of which
contribute to electron transport. Subsequently, using a continuous
self-assembly approach to prepare Chitosan(Chit)/Cholesterol Oxida-
se(ChOx)/TizCaTx nanocomposites. The scanning electron microscope
images of Chit/ChOx/Ti3CyTy are shown in Fig. 5E. Furthermore, adopt a
one-step dip coating process to fabricate the biosensor to detect
cholesterol(Fig. 5D). Chit and Ti3CyTy are support structures that help to
immobilize ChOx enzymes while also increasing conductivity. During
cholesterol oxidation, the addition of a redox mediator (Fe(CN)63’/ 4')
aided electron transfer between the analyte and the electrode. The DPV
response showed a rise in current with increasing cholesterol
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[82]. (D) Preparation process of Chit/ChOx/TizC,Tx/GCE. (E) SEM images of MXene and MXene/Chit/ChOx/film. (F) Differential pulse voltammetry of the Chit/-

ChOx/Ti3C,T,/GCE biosensor [83].
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concentration. Under optimal conditions, the biosensor's DPV response
had a strong linear relationship with cholesterol concentration in the
range of 0.3-4.5 nM, with a limit of detect of 0.11 nM (Fig. 5F).
Furthermore, due to the excellent selectivity and stability of the elec-
trochemical biosensor, the determination of cholesterol has been carried
out in actual samples, proving its application prospect.

3.1.4. H,S sensor
H,S is widely distributed in animals and plays a very important role in
regulating the body's nerves, regulating blood vessel tension, and

reducing metabolism [119-122]. Various methods have been tried to
detect endogenous HyS in living organisms, such as colorimetric,

HF etching
—_—

Ti,C,T, MXene

Nano Materials Science xxx (xxxx) xxx

fluorescence, and electrochemical methods. Among them, electro-
chemical methods have become a hot spot in current sensor research
because of their cheap cost, quick response, and ease of operation. Liu
et al. directly drop coated the prepared Ti3CyTx dispersion on the surface
of the GCE electrode to obtain an electrochemical sensor to detect HyS
[84]. The synthesis schematic is shown in the Fig. 6A. In medicine, the
word “hydrogen sulfide” refers to a wide range of free sulfides. For this
reason, Liu et al. prepared NayS solutions as the supply source of HjS.
After testing and calculation, The range of detection is 0.1-300 pM and
the limit of detection is 16.0 nM. Meanwhile, the sensor's detection
sensitivity is 0.587 pApM 'em~2(Fig. 6B and C). In biological samples,
there are also several physiological interfering chemicals that are
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symbiotic with HjS, such as citric acid, uric acid, r-cysteine, 4-acetate
Aminophenol, etc. The results show that the prepared electrodes had
little response to 20 pM of other interfering substance. After add 10 pM
H,S, the current increased significantly immediately. That indicates the
Ti3CyTy/GCE exhibits good selectivity for HyS. After 28 days, the
amperometric response value is 98.84% of the initial value, indicating
that the sensing electrode has excellent stability.

3.1.5. Gliotoxins sensor

Gliotoxin is amongst the most poisonous metabolites generated by
Aspergillus fumigatus in growing, posing a threat to human and animal
health [123]. Wang et al. reported an sensor based on DNA
nanostructure-modified MXene (Ti3Cy) nanosheets to detect gliotoxin
[85]. Tetrahedral DNA nanostructures (TDN) are immobilized on the
surface of MXene nanosheets through the coordination between phosphate
groups on DNA and titanium. Fig. 6D shows the working principle of this
electrochemical biosensor. MXene nanosheets can modify a large number
of DNA probes due to their high specific surface area. They have high
electrical conductivity, which makes electron transport between electro-
chemical substances and the electrode surface easier (see Fig. 6E). To
evaluate the ability of the sensor to detect gliotoxins quantitatively, the
researchers tested the I-t decay curves of different concentrations of glio-
toxins, and the current increased as the gliotoxin concentration increased
from 5 pM to 10 nM(Fig. 6F). As the concentration of gliotoxin increased,
the current response reached a plateau point at 50 nM. The limit of
detection is 5 pM(Fig. 6G and H). Furthermore, the cost of TDN/MXenes
sensor is significantly reduced compared to previous TDN-based electro-
chemical sensors, which is highly desirable for its scalable applications.

3.1.6. Dopamine sensor

Dopamine (DA) is a neurotransmitter that dopaminergic neurons
generate. It functions as a chemical signal in the kidneys, endocrine
system, and central nervous system [124-126]. The mean level of DA in
human serum is between 0.1 pM and 1 mM, whilst the abnormal DA
levels are associated with a variety of neurological diseases [125].
Therefore, we need a sensitive and reliable sensor could detect dopamine
in serum. Shahzad et al. developed a DA detection sensor by drop-coating
Ti3CyTx solution on the GCE and adding Nafion, which facilitates the firm
fixation of TigCyTy, resulting in the formation of species capable of
selectively accumulating positive charges stable film [86]. Previous
research has demonstrated that Nafion deprotonates at physiological pH,
speculating that the negative charges immobilized on the surface of the
MXene sensor electrodes further limit the diffusion of negative charges to
the electrodes [127]. Compared with the rGO sensor, the TigCyTyx/GCE
sensor exhibits good electrochemical sensitivity to DA, mainly due to the
low charge transfer resistance, well intrinsic conductivity, larger specific
surface area, and abundant functional groups of TizCyTx.

3.2. MXene based sensors for pharmaceuticals and pesticides

3.2.1. Triclosan sensor

Triclosan (TCS), namely 5-chloro-2-(2,4-dichlorophenoxy)phenol, is
an efficient antibacterial agent, widely used in pharmaceutical prepara-
tions, apparel and plastics [128,129]. TCS is a stable lipophilic compound
and readily accumulates in organisms and is chronically toxic, posing
potential threats to ecosystems and human health [130]. Zhang et al.
developed a molecularly imprinted electrochemical sensor (MIECS)
based on the Ti3CyTx to detect TCS [87]. Ti3CoTy is used to improve the
electrochemical response of MIECS. K are inserted into TizCoTy nano-
sheets, and K*-TizC,Ty is formed by soaking in alkaline solution, which
improves the sensor's sensitivity. At the same time, the molecularly
imprinted polymers(MIP) film is formed by electropolymerization of
p-aminobenzoic acid to recognize TCS specifically. The fabrication pro-
cess of the sensor is shown in Fig. 7A. Under the optimal conditions, the
current intensity has an excellent linear relationship with the concen-
tration of TCS (Fig. 7B and C), the linear range is 10 nmol L-1-50 pmol
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L7L, and the detection limit is 1.18 nmol L™!. Trichlorocarban etc.
structural analogs are used as interfering substances to study the selec-
tivity of MIECS. The current responses of MIECS to the four interfering
substances are weak, while the current responses of the imprinted elec-
trodes are the largest to TCS (Fig. 7D). This is due to the MIP film's
specific cavity modification, which matches the target's spatial structure
and binding site. The MIECS combines the benefits of Ti3CyTx and MIP
with excellent selectivity and sensitivity, providing a method to fabricate
electrochemical sensing platforms with Ti3CoTyx and having broad
application prospects in the realm of food safety.

3.2.2. Carbendazim sensor

Carbendazim (CBZ) is widely used to prevent and treat fungi-caused
crop diseases. However, residues of CBZ have adverse effects on organ-
isms and the environment [131,132]. As a result, developing an effective
quantitative detection methods for CBZ residues is critical. Zhong et al.
composited MXene@Ag nanoclusters with amino-functionalized multi--
walled carbon nanotubes to construct a new ratiometric electrochemical
sensor to detect CBZ [88]. Ag nanoclusters (AgNCs) implanted in MXenes
can suppress MXene aggregation, increase electrocatalytic activity.
Because of the presence of NHp-MWCNTS, signal amplification was
enhanced, and improved sensitivity of the sensor. Depending on this
MXene@AgNC/NH,-MWCNTs composite characteristics, the sensor
demonstrates a linear relationship with the concentration of CBZ (0.3
nM-10 pM) and a limit of detection of 0.1 nM(Fig. 7F and G). Further-
more, in the testing of actual samples, the ratiometric electrochemical
sensor has great selectivity, repeatability, long-term stability. In another
work, Xie et al. combined TizCyTx with electrochemically reduced gra-
phene oxide as an electrochemical detection electrode material (MXe-
ne/ERGO) for carbendazim [89]. As shown in Fig. 7H, on the electrode
surface, a combination of MXene and graphene oxide (GO) was initially
dropped, and then GO was electrochemically reduced. Fig. 71 is the SEM
image of MXene/ERGO. The ERGO conductive network binds the sepa-
ration layers of MXene and connects the dispersed MXene particles,
thereby enhancing the electrical conductivity, improving the electro-
chemical reaction performance, and promoting the electron transport
from the electrode to the deteced molecule. Therefore, the
MXene/ERGO-based sensor shows high sensitivity for detecting CBZ,
with a lower detection limit of 0.67 nM (Fig. 7J). The sensor also has
outstanding selectivity and repeatability for detecting CBZ and was
employed to detect CBZ in vegetables and fruits samples successfully.

3.2.3. Organophosphorus pesticides sensor

Organophosphorus pesticides (OPs) are extensively employed in
agriculture to control insect invasion [133]. However, excessive pesticide
usage causes pesticide residues to linger in the environment for an
extended period of time, thus seriously threatening human health. Jiang
et al. prepared Ag@Ti3C,Tyx nanocomposites by reduction method using
MXenes as reducing agent and carrier [90]. Using Ag@Ti3CyTyx nano-
composite as support, prepared acetylcholinesterase (AChE) biosensor by
drop method to detect OPs. The sensor combines the electrocatalytic
properties and synergistic effects of TizCyTx nanosheets and Ag nano-
particles, facilitating electron transfer and enlarging the effective area to
detect OPs. The electrochemical behavior of the prepared acetylcholin-
esterase biosensor is tested. The AChE biosensor shows a good detection
capability for AChE chloride. The AChE biosensor exhibits linearity in the
detection of malathion in the range of 10714-107% M, and exhibits
excellent selectivity, reproducibility, and stability.

3.2.4. Luteolin sensor

Luteolin (LUT) is a biologically active functional ingredient that has a
wide range of pharmacological applications [134-138]. Xu et al. use
MXene/ZIF-67/CNTs composites to construct a LUT electrochemical
sensor [91]. In the design of the composite material, ZIF-67 was grown
on the surface of carbon nanotubes in situ to ensure the stability of its
bonding, and then ZIF-67/carbon nanotubes were supported by
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sensor [89].

conductive MXene as a carrier(Fig. 8A shows the preparation process).
The MXene/ZIF-67/CNTs sensor exhibited excellent electrocatalytic ac-
tivity and enhanced current response to LUT redox reaction. By opti-
mizing the experimental parameters, the MXene/ZIF-67/CNTs sensor has
excellent performance, showing a good linear relationship in the range of
0.1 nM-1 pM, and a low detection limit of 0.03 nM (Fig. 8B and C). In
addition, the MXene/ZIF-67/CNTs sensor exhibits good selectivity, and
satisfactory repeatability.

3.3. MXene based sensors for others

3.3.1. Hydrazine sensor
Hydrazine is an essential raw chemical, environmental pollutant, and
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potent carcinogen. Every year, a considerable amount of hydrazine is
released into the environment as a result of misuse and inappropriate
treatment [139-141]. So, a fast, accurate, rapid and accurate method for
detecting hydrazine is urgently needed. Yao et al. report a way that en-
hances the conductivity of ZIF-8 by embedding TizCaTx [92]. The ob-
tained Ti3CyTyx/ZIF-8 nanocomposites exhibit valuable analytical
performance for hydrazine sensing benefit from the higher electrical
conductivity and electrocatalytic activity. The anodic peak current of
Ti3CyTx-ZIF8/GCE is greatly raised to 30.8 pA in the cyclic voltammetry
test, exhibiting high electrocatalytic activity for hydrazine oxidation.
MXene's strong conductivity improves peak current responsiveness and
allows for quicker electron transport rates. That makes the response
current quickly reach a steady state, showing a linear relationship in the
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range of 10 pM-7.7 mM(Fig. 8D and E).

3.3.2. Nitrite sensor

As an excellent immobilization carrier, MXene-Ti3Cy has good
biocompatibility, protein bioactivity and stability [76]. Liu et al. immo-
bilized hemoglobin (Hb) on the surface of layered Ti3Cy materials to
prepare a mediator-free biosensor for nitrite detection [93]. Among
them, the morphology of the Nafion/Hb/TizCy composite film is shown
in the Fig. 8G. Compared with the GCE electrode, the Nafion/Hb/-
Ti3Cy/GCE electrode's effective surface area increases significantly. TizCo
with a high surface area can easily capture substrates and access the
enzymes immobilized on nanomaterials. The sensor's performance is
improved by the increased likelihood of efficient collisions between
substrates and redox proteins. The constructed biosensor is beneficial to
the direct electron transfer and has a excellent electrochemical activity to
detect NaNO». For NOZ’, this biosensor had a low limit of detection of
0.12 pM and a broad linear range of 0.5 pM-11.8 mM (Fig. 8F). It
demonstrates that Ti3Co is a potential nanomaterial for protein immo-
bilization and mediator-free biosensors.

3.3.3. Heavy metals sensor

Toxic heavy metals can be harmful to the environment and human
health [142-145]. Zhu et al. used acid etching and alkali intercalation
treatment to synthesize alk-TizCp. And it is proven that it is a new plat-
form for the simultaneous electrochemical to detect various heavy metal
ions using square wave anodic stripping voltammetry [94]. Compared
with Ti3Cy modified electrodes [146], alk-Ti3Co modified electrodes have
unique morphology and surface chemical properties and have better
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electrochemical response performance. The key operating parameters are
optimized to determine trace heavy metal ions. The method has high
sensitivity and good linearity, and the limits of detection for Cd(Il),
Pb(II), Cu(ll), and Hg(I) are 98 nM, 41 nM, 32 nM and 0.13 pM,
respectively. This method brings an avenue for using MXenes in the
detection of heavy metals.

Lv et al. composited Ti3CyTy with protonated carbon nitride
(H-C3N4/TizCyTy) to synthesize a highly sensitive electrochemical sensor
to detect heavy metal ions (HMIs) [95]. Due to the electrostatic inter-
action, a large amount of H-C3Ny is distributed on the surface of TizCoTx
as a coating material. The conductivity of H-C3N4/Ti3CoTx composites
originates from Ti3CyTy, and H-C3N4 provides abundant electroactive
deposition sites for the deposition of HMIs. Furthermore, the protective
effect of the H-CgN4 coating improved the stability of the
H-C3N4/Ti3CaTx composite. The H-C3Ny4/TizCoTx electrode has a high
sensitivity to simultaneous detect Cd%* (50 nM ~ 1.5 pM) and Pb?* (50
nM ~ 1.5 pM), with detection limits of 1 nM and 0.6 nM, respectively.
Especially, the H-C3Ny4/Ti3CoTyx composite-based sensor exhibited good
selectivity for Cd%t and Pb?" in the presence of interfering ions and
molecules. The H-C3Ny4/Ti3CoTy electrode's good reproducibility and
stabilitysuggest that the sensor has great application prospects in in-
dustrial sewage treatment and other commercial fields.

4. Conclusions
Since the discovery of MXenes in 2011, great progress has been

achieved in the synthesis, surface modification, and application of
MXenes in a wide range of fields such as energy storage, catalysis,
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electronics and environmental remediation. This paper discusses the
latest synthesis and surface functionalization strategies for mass pro-
duction and applications in different fields. In addition, this paper re-
views the MXenes nanocomposites’ structural properties and their
applications as electrochemical (biological) sensors in clinical bio-
markers, drugs, pesticides, and other aspects. In this paper, the electro-
chemical properties and practical applications are systematically
discussed sensitivity, dynamic range, and detection limit. It is worth
noting that the Mxene-based enzyme sensor is very stable because its
unique accordion-like structure allows efficient fixation of the enzyme
and Provide a good environment for the enzyme to maintain its biolog-
ical activity. MXenes have high metal conductivity, composition vari-

ability and good hydrophilicity,

and are suitable to construct

electrochemical sensors. So, as a sensitive electrochemical sensor
detecting various analytes, MXenes has broad application prospects.
Hope this review will provide a clear vision for the future commerciali-
zation of Mxene-based sensors and encourage extensive research.
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