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Abstract: MXenes are progressively evolving two-dimensional (2D) materials with an expanding
wide range of applications in the field of energy storage. They rank among the best electrode materials
for cutting-edge energy storage systems. Energy storage device performance is greatly enhanced by
MXenes and their composite materials. As technology has improved over the last several decades, the
demand for high-capacity energy storage devices that are versatile, sturdy, and have cheap production
costs has increased. MXene, which is based on NbyCTy, is the most current material to emerge for
energy storage applications. Nb,CTx MXene is now the most sought-after material in the 2D family
due to its flexibility, high conductivity, superior electrochemical nature, superior hydrophilicity,
tunable surface functional groups, great mechanical properties, and 2D layered structure. Examples
include gas and biosensors, water splitting, water purification, antimicrobial coatings, electromagnetic
interference shielding, and transparent electrical conductors. Because of the distinctive properties
of Nb,CTx MXene, scientists are working on further theoretical and experimental enhancements.
The objective of this work is to deliver an outline of current breakthroughs in Nb,CTyx MXene for
the construction of robust, flexible, and highly effective electrochemical energy storage devices
powered by supercapacitors. Deep research has been conducted on the structure of Nb,CTyx MXene,
as well as on different synthesis techniques and their distinctive properties. The emphasis has also
been placed on how various aspects, such as electrode architecture design, electrolyte composition,
and so on, influence the charge storage device and electrochemical efficiency of Nb,CTx MXene-
based supercapacitors. This article also discusses the most recent advancements in Nb,CTx MXene
composite-based supercapacitors.

Keywords: Nb,CTx MXene; prospective properties; biological; sensors; energy storage

1. Introduction

Since the finding of single-layer graphene oxide (GO’s) extraordinary physical char-
acteristics a few years ago, two-dimensional (2D) materials have been actively explored.
This piqued our curiosity, leading to a new study on well-known 2D materials including
metal dichalcogenides and boron nitride, as well as the discovery of several novel 2D
materials. Although many of these materials remain solely academic, others have acquired
prominence owing to their enticing qualities, leading to practical applications. MXenes
(pronounced “maxenes”) are transition metal carbides and nitrides, a rapidly growing
family of 2D materials. M1 Xy Tx is the formula for a typical 2D flake of MXene, which
hasn + 1 (n = 1-3) layers of early transition metals (M) interspersed with n layers of carbon
or nitrogen. Surface terminations, such as hydroxyl, oxygen, chlorine, or fluorine, that are
attached to the outer M layers are represented by the symbol Ty in the formula, and n is the
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number [1,2]. Figure 1 shows the overview of 2D Nb,CTx MXene and their applications,
presented through blowing bubbles art.

ENERGY STORAGE DEVICES

- ~— Discharge (power tthe device)

EMI SHEILDING

Transmitted EM waves

Figure 1. The overview of 2D Nb,CTx MXene and their applications, presented through blowing
bubbles art.

Comprehensive explanations of the preparation process, behavior, and structures of
several MXene compounds are discussed in many reviews [3-5]. Numerous MXene-based
composites are also listed, along with examples of how they are used in the most recent
supercapacitor fabrication processes. This paper covers the most current advancements in
Nb,CTx MXene's electrochemical performance in supercapacitor devices. Nb,CTyx MXene
has rapidly advanced in the area of energy storage applications since 2015, and numerous
articles for supercapacitor research have been published. For instance, when discussing
Nb,CTx MXene for sodium-ion batteries, Zhang et al. [6] compared differences between
experimental and theoretical findings in excellent electrochemical behavior. Long et al. [7]
described Nb,CTx MXene in numerous power storage systems and discussed some of its
issues. NbpyCTx MXene is presented by Wu et al. [8] in potassium ion batteries and its
method of potassium storage is described. Nasrin et al. [9] further discuss the develop-
ment of 2D /2D MXene heterostructures on the functionality of supercapacitors, MXenes
production, stacking, and physical properties. Qiuni Zhao et al. developed a neuron-like
composite film based on Nb,CTy/sodium alginate by electrospinning for power gener-
ation and humidity sensing [10]. Weijing Zhao et al. designed a stretchable, adhesive,
and conductive MXene-polyacrylic acid hydrogel by a simple pre-crosslinking method
followed by successive direct ink writing 3D printing [11]. However, the literature still
lacks a comprehensive review of the use of niobium MXenes. Hence, in this overview, we
examined the fabrication of 2D-based Nb,CTyx MXs techniques, their prospective properties,
and their considerable use in energy storage devices, biological, sensors, electromagnetic
interference (EMI) shielding, microwave absorptions, and catalysis applications [12]. This
review also offers directions on the prospects for Nb,CTx MXene design for energy storage;
composites for storing energy are presented and predicted.
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2. Synthetic Approach for Nb,CTy

Since the discovery of the MXene, numerous synthesis techniques have been created
and envisioned for both new and old MXenes that require further optimization. There are
two main categories of synthesis top-down and bottom-up approaches, which are essen-
tially etching-based and non-etching-based synthesis of MXene, respectively. The unique
characteristics, such as excellent charge—discharge rates, conductivity, biocompatibility,
and high photothermal stability, of Nb,CTx MXene are closely correlated with the synthe-
sis procedures, which have a substantial impact on its chemical environment, electrical
conductivity, flaws, lateral flake size, etching effectiveness and surface terminations [13].
Since Gogotsi’s team produced MXene in 2011 for the first time, extensive research has
been performed on creating new MAX phases and etching other MXenes, which have a
flake-like shape [14]. Figure 2 shows the story of MXenes synthesis concerning year [14].
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Figure 2. Story of MXenes synthesis concerning year. Reprinted with permission from Ref. [14].

Most MXs have so far been created by simultaneously carving Al from the MAX
phase using HF as the etchant. Due to HF’s severe toxicity, alternate methods using hardly
hazardous etchants, such as a combination of HCL and LiF, have been used to successfully
etch the A component. Together with other 2D materials, the study of MX sources is still in
its infancy, which gives them a significant impact on new applications.

2.1. By HF Etching

The most often employed approach has been identified to be selective wet chemical
etching of chemically active “A” layers from the precursor MAX phase material. The
process of breaking the strong chemical reactions between both components A and M of
their source MAX phase materials when HF is used as the etchant may be summed up as
the following chemical reactions:

Qus1AYp + 3HF =AlF; + 1.5H, + Qus Ya 1)
Qn+1Yn + ZHZO = Qn+1Yn(OH)2 + Hj (2)

Qn+lYn +2HF = Qn+1YnF2 +Hy (3)
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Reaction (1) demonstrates how the A elements are removed from the MAX phase
to produce the Q1Y phase. The functionalization stages of exposed titanium surfaces
ended by -OH and/or -F are described in reactions (2) and (3). As Q-A bindings in the
MAX phase are weaker than Q-Y bonds, etching processes of A components from the
MAX stage can exist in aqueous HF. Huang et al. stated that the formation of few-layer
Nb,CTx from the Nb,AIC fine particles (400 mesh) were mixed with 50% concentrated
HF solution and aqueous KOH solution (5 mL, 10 wt%) to transform -OH into -O at
300-600 °C in Ar atmosphere [15]. Ni-decorated Nb,C MXene was studied by Zhu et al.
through an etching method using HF solution (40 vt%) [16]. Pandey et al. synthesized
Nb,CTyx and NbsC3Tx MXenes using 48—51% HF aqueous solution by probe sonication
with different lateral sizes [17]. For Bulk-Nb,CTy, MXene was fabricated through Nb; AIC
MAX powders with 48% concentrated HF acid at 55 °C and single-layered Nb,CTx MXene
using TMAOH solution, as reported by Jiahui Li et al. [18]. Gul et al. reported 2D Nb,C
and Erbium (Er) adsorbed MXene, produced by wet-chemical etching method in conc.
(HEF-50%) [19]. In 2022, Kumar and Pal synthesized Nb,CTx MXene from the Nb,AIC in
10 mL of HF-48% at 55 °C [20]. According to Zong et al., flower-petal-like Nb,C MXene
with MoS; was synthesized using 35 wt.% hydrofluoric acids followed by the hydrothermal
method [21]. A sandwich-like N-doped CNT@Nb,C MXene composite was reported by
Zhang et al. using hydrofluoric acid (HF, 40%) [22]. Byeon et al. reported the NbyCT,-CNT
composite was etched in 50% hydrofluoric acid [23]. Zhou et al. synthesized the MXene
Nb,C from mesh MAX powder and added it to 49 wt% hydrofluoric acid solution at
60 °C for 48 h [24]. Nb,CTx MXene was successfully synthesized by Yan et al. via etching
Nb, AIC with hydrofluoric acid [25]. Niobium carbide (Nb,CTx) MXene was prepared by
Liu et al. via HF-49% at 55 °C for 48 h followed by tetramethylammonium hydroxide [26].
Nasrin et al. synthesized TizC; MXene by selectively etching the MAX phase with a 48 wt.%
HF solution [27]. Table 1 lists the several etching methods that were employed to produce
Nb,CTy and NbyC3Tx MXenes using direct HF.

The HF-etching approach is simple and easily scalable for Nb,CTy preparation. How-
ever, using strong HF as the etchant is exceedingly dangerous, which limits its practical
applicability. As a result, developing safer and more environmentally friendly etchants
for the manufacture of Nb,CTyx MXene is crucial. Figure 3 depicts a schematic of NbyCTy
MXene etching and delamination.

Nb,C,T,

Nb,CT,

Figure 3. Schematic illustration of HF synthesis of MXene from their MAX precursor and its effects,
as well as various forms of Nb,CTy and NbyC3Tx MXenes.
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Table 1. Using direct HF, several etching techniques were used to create Nbp,CTyx and NbsC3Tx
MXenes.

MAX MXene HF Acid References
Nb, AIC Nb,CTy films 50% [28]
NbgAICs NbyC3Ty flake 48-51% [29]
Nb,AIC Nb,CTy flakes 50% [30]
Nb, AIC Nb,CTy sheet 50% [31]
NbyAICs NbyC3Tx layer 49% [32]
Nb,AIC Nb,CTy few-layer 40% [33]
Nb4AlC3 Nb4C3TX film 49% [34]
Nb,AIC Nb,CTx nanosheets 40% [35]
Nb,AIC Nb,CTx multi-layer 49% [36]

2.2. Molten Salt Method

A growing substitute for producing a variety of non-oxide powders is molten salt.
It is a variation of powder metallurgy where the reactants are combined with salts with
low melting points. When the liquid salt melts, it creates a useful medium for promoting
the uniform diffusion and dissolution of the reagents, resulting in high purity with lower
reaction temperature [36,37]. The usage of ball milling as a pre-treatment is also dropped
when using the molten salt technique. Metal carbonates, metal fluorides, metal nitrates,
and metal chlorides are a few examples of extensively utilized molten salts. Dong et al.
describe the synthesis of Nb,CTx MXene through Lewis acidic etching in molten salts
(CuCly /NaCl/KCI combination) heated to various temperatures for the etching process,
where CuCl, was utilized as an etchant and the NaCl/KCl mixture as a stabilizing salt
layer [38].

2.3. Other Methods

Zhou et al. synthesized the MXene ZnO/Nb,C by the electrostatic self-assembly
route [24]. A novel 2D CdS/2D Nb,CTx composite was synthesized by a mixture of
electrostatic self-assembly using diethylene triamine (DETA) and a solvothermal reaction
by Huang et al. [39-41]. Huang et al. reported that cobalt-dispersed N-doped CNTs are
supported in Nb,CTx MXenes through the pyrolysis process [42]. The mechanochemical
synthesis of Pt/Nb,CTx MXene composites was studied by Fan et al. [43]. Furthermore, the
recent research progress on the fabrication of MXene structures was reported by Wu et al.
on MXene/Xanthan Gum Hybrid Inks for Screen-Printing Electromagnetic Shielding, Joule
Heater, and Piezoresistive Sensor [44]. Wang et al. developed an NbyCTy/PANI-based
NHj sensor that exhibits a superior sensitivity (2.87% ppm ') toward a wide sensing range
of 1-100 ppm NHj3 and is directly driven by a facile TENG [45,46].

2.4. Synthesis Summary

Until now, only top-down approaches as mentioned above are used to synthesize the
Nb,CTy and based MXenes. Bottom-up approaches, such as chemical vapor deposition
(CVD) and atomic layer deposition (ALD), have yet to be reported due to high pollution,
time-consuming procedures, low yields even in a high-cost laboratory, poor stability, and
poor quality. As a result, research is needed to develop cost-effective and scalable prepa-
ration methods for high-quality MXs. To achieve these goals, eco-friendly etchants and
abundantly available affordable raw materials should be prioritized. Time of production
and yield are other important considerations; hence, there is a need to focus on simple and
quick approaches for greater yields.

3. Properties of MXenes

MXenes’ unique and useful features include conductivity, flexibility, thermal stabil-
ity and so on. Figure 4 shows a diagram illustrating the creation, characteristics, and
applications of MXenes.
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3.1. Mechanical Properties

MXenes’ mechanical characteristics must be understood and fully explored for them
to be used effectively in virtually all applications. According to a previous simulation
study, two-dimensional components, such as CdS; and elastic parameters, need to be twice
as big as MAX systems [47]. The strength between A-X bonds can be measured using
the bond stiffness, which is produced from the bond energy and the A-X bond length.
Theoretical mechanical characteristics, such as Young’s modulus, can be calculated using
bond stiffness [48]. The quantity of atomic layers of MXene, indicated by the letter n in its
chemical formula A1 Xy, also affects its mechanical properties.

AFM nanoindentation was used by Lipatov et al. [49] to examine the mechanical
behaviors of monolayer NbyC3Tx membranes. They determined the NbsC3Tx monolayer’s
effective Young’s modulus of 386 + 13 GPa and its breaking strength of 26.1 £ 1.6 GPa.
Comparing the NbyC3Tx monolayer to other 2D materials, such as reduced graphene oxide
(rGO), GO, and TizC,Tx material, the nanoindentation measurements Young’s modulus
estimate of this material is the highest [50]. This finding indicates that NbyC3Tx has
the potential to be used in textiles, membranes, protective coatings, and other structural
composite applications.

3D TI,C,

High-Entropy MXenes

Figure 4. Diagram showing the synthesis, characteristics, and uses of MXenes. Reprinted with
permission from Ref. [50].



Energies 2023, 16, 3520

7 of 27

3.2. Magnetic Property

While numerous 2D materials have been developed, the majority of them lack mag-
netic properties, which restricts their use in spintronics. Therefore, it has long been a top
priority to produce controlled magnetism in 2D materials [51]. In forecasting the magnetic
behaviors of MXenes, surface stretches are important [52]. Other explanations for the
magnetic behaviors of MXenes include a rise in the density of electrons close to the Fermi
region, which is explained by the d-group orbitals assigned to transition metal elements,
or by external in-plane stretch, which is sufficient to explain potential covalent links such
as M-A and M-M bonds. More investigation is required into the magnetic characteristics
of MXenes. It was discovered that the superconductivity of niobium carbide MXenes
is controlled by the existence of functional groups [53]. In 2D Nb,CTx MXene, Babar
et al. [54] discovered an unusual magnetic Meissner effect, showing a superconducting
material with an initial transition temperature of 12.5 K. The presence of diamagnetism and
superconducting qualities were further confirmed using density functional theory (DFT)
calculations, which revealed a negative magnetic moment for Nb,CTy [55].

3.3. Conductivity

One of the MXene’s most notable properties is its electrical conductivity, which is the
greatest of any synthetic 2D materials and almost 10 times stronger than that rGO [56,57].
More specifically, by adjusting extrinsic factors, such as the synthesis procedure, ultrasoni-
cation, post-etching condition, surface chemistry, and storage environment, the electrical
conductivity of MXenes may be changed from 1-1.5 x 10* Sem~! [58]. Understanding
the relations between the elements and electronic properties is crucial to produce MXene
materials with good conductivity.

Nb4C3Ty, a multilayered niobium MXene, displayed lower resistivity than Nb,CTy
among the niobium MXenes. As a result of the additional NbC layers compared to Nb,CTy,
this result may be explained by the greater n value and the existence of more MAX charac-
ters. It was discovered that NbsC3Ty possesses electrical conductivity that is over 100 times
greater than Nb,CTx. A single layer of NbyC3Tx flakes exhibits electrical conductivity of
1024 G 165 Sem ™1, which is two times greater than that of bulk NbsC3Tx assemblies [59].
Ti3C,Tx MXene was found to have an electrical conductivity of 850 Scm~ !, which increased
to 2410 S cm ™! after being calcined at 600 °C, a three-fold increase over the untreated
MXene. When TizC, Ty was calcined at 400 °C, its conductivity increased by approximately
70% compared to when the sample was not calcined. Similar to this, NbsC3Ty’s electrical
conductivity can be improved chemically. The high breakdown current density of NbyC3Ty,
which is comparable to that of TizC,Tx and graphene at 1.13 x 108 A-cm?, has also been
observed. Due to NbsC3Ty’s high breakdown current densities, additional niobium MXene
members may also have high breakdown current densities, making them suitable for use
in high-current applications [60].

3.4. Oxidizable Fraction Properties

The short lifespan and broad applicability of MXenes are substantially impacted
by their poor oxidative stability. It is anticipated that Nb-based MXenes will be much
more stable than Ti-based MXenes. The ratio between Nb and O of Nb,CT, MXenes has
been demonstrated to decline over time, supporting the idea that Nb,CT, oxidizes over
time. Higher “n” MXenes are additionally oxidatively stable, according to research on the
oxidative stability of MXenes in aqueous dispersions [61]. In terms of the oxidative stability
of NbyCT, and NbyC3T,, research by Echols et al. found that NbsC3T, consistently had a
smaller oxidizable fraction than Nb,CT, [62]. In contrast to Nb,CT,, NbyC3T, has shielded
inner layers, which contribute to its stability. Additionally, it was discovered that storing
Nby+1Cn T, MXenes at low temperatures and adding an antioxidant (such as ascorbic acid)
improved their oxidative stability. Nb4CsT, and Nb,CT, had oxidizable fractions of 0.51
and 0.62, respectively, under typical circumstances at ambient temperature without the use
of an antioxidant [62]. Even when kept at ambient temperature, these oxidizable fractions
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for NbsC3T, and NbyCT,, fell to 0.14 and 0.43, respectively. At lower temperatures, the
oxidizable percentage also displayed a modest decline.

3.5. Electrochemical Behavior

Nb,CTyx MXenes is a member of the 2D family of materials with unique electrochemical
properties, due to their two-dimensional layered structure which offers a wide range of
potential applications, such as energy storage, supercapacitors, fuel cells, catalysis and
sustainable chemistry [63]. This is one of the most investigated Nb,CTx MXenes due to
its outstanding electrical conductivity, good corrosion resistance, and high capacitance,
high operating voltage and fast charge transfer, high capacitance [64]. In addition, its high
conductivity allows for efficient redox reactions and its two-dimensional properties render
it highly charge reversible. Nb,CTy also exhibits great potentiostatic and galvanostatic
behavior in aqueous solutions. Its reversible capacitance in an aqueous environment is
between 0.7-2.3 F/cm?®. This is due to its high electron transport capacitance properties,
which allow it to quickly convey ions through redox reactions in aqueous media [65].

3.6. Superior Hydrophilicity

In particular Nb,CTyx MXene, one of its most remarkable properties is its hydrophilic
nature. It exhibits high surface area and water-repellant properties, as its layers are rich
in oxygen atoms, leading to strong electrostatic interactions with water molecules. The
strong hydrophilic property of Nb,CTx MXene makes it a promising material for energy
storage, as it allows for higher energy density and faster ion migration because of the
water-repellant nature of its surfaces. Additionally, its hydrophobic nature makes it a great
candidate for water purification systems, as it can effectively remove heavy metals and
organic substances from contaminated water sources [66].

3.7. Thermal Property

Compared with conventional two-dimensional materials, Nb,CTy MXenes have ex-
cellent thermal stability and thermal conductivity. Recent studies have reported on the
superior thermal properties of Nb,CTx MXene. Studies indicated that the thermal conduc-
tivity of the material was approximately 4.5 W/mK at 1000 K and the thermal diffusivity
approximately 0.22 cm?/s. This is roughly three to five orders of magnitude higher than
alumina, which is commonly used for thermal management applications. Moreover, the
thermal stability of MXene Nb,CTx was examined by exposing it to a high temperature
of 1000 °C for one hour under a nitrogen atmosphere, resulting in a negligible increase in
resistivity.

The Nb,CTx MXene has different thermal behavior depending on the thickness of the
2D layers. It has been observed that single-layer ultrathin MXene exhibits broader thermal
sensitivity in comparison to the thick film of the same composition. Furthermore, the
thermal properties of Nb,CTy were analyzed after the incorporation of several homologous
elements which resulted in a decrease in thermal diffusivity by approximately one order of
magnitude [67].

3.8. Optical Property

The optical property is essentially dependent on any material for the application, such
as a photocatalyst. The optical absorbance and reflectance of Nb,CTx MXene are reduced
in the visible range by the presence of terminal groups, such as -F and -OH, and are typical
for dark materials. It is possible to enhance the optical characteristics of Nb,CTx MXene
material and raise the optical absorption coefficient of Nb,CTy in the visible, ultraviolet,
and near-infrared regions by surface-modifying MXene with transition metals, such as
Co, Nj, Fe, etc., or any doping materials. For example. L.C. Makola et al. reported the
introduction of Nb,CTy onto g-C3Ny, resulting in an enhanced absorption [68].
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4. Applications of Nb,CTx MXene
4.1. In Gas Sensors

The Nb,CTx MXene has a high surface area and plenty of surface functional groups,
which make it a good candidate for gas sensor applications. The main limitation of MXenes
is atmospheric instability. Nitrogen dioxide (NO,) is a toxic, combustible, colorless gas
emitted by industrial processes and automobile emissions that depletes the ozone layer and
causes acid rain. In 2022, Kumara and Pal reported the (3-aminopropyl) triethoxysilane,
functionalized Nb,CTy for selective NO; gas detector [17]. The NbyCTy. 02 APTES MXene
sensor had improved sensing performance (B2.5 times that of the original Nb,CTx MXene
sensor), as well as stability and good sensitivity (R? = 0.9974) (more than 45 days). The gas
contact between the self-assembled monolayers as the result of an explicit reaction between
the NO; gas molecule and the amine group of APTES is shown in Figure 5. To create a new
equilibrium and widen the charge depletion zone, the electron transfer from APTES to NO,
is balanced by the electron transfer from Nb,CTyx MXene. Figure 5 shows the NbyCTy g2
APTES MXene’s NO; gas sensing method [69]. The charge depletion zone can be further
increased by adding NO, gas up to the saturation point. When the NO; gas is removed,
the conductivity rises, and the depletion zone returns to its dry air condition. Because of
the pre-stored electrons in APTES and the unusual interaction between APTES and NO», a
low detection limit may be attainable. When NO; (an oxidizing gas) is introduced into the
testing chamber, it catches the O, ions and causes many holes to form in MXene. As a result
of the impediment effect, the sensor’s conductivity is reduced. The sensing mechanism is
described in the following equations:

Ox(gas) = O, 4)
Oy+e” =0y (5)
NO,(gas) + e~ — NO,~ (6)
2NOj(gas) + Oy~ +e~ = 2NO;~ + Oy (7)
} NO, Gas molecules
o

¢ N
A T A Pt A A

P op S
B0 2 Do
. L Bo=0

XS - - o - -.Z
R PR R QN AN N jI

APTES groups

y - ~e - . B vy A 5
. » » v e ‘o. ..

Sey . . A
'- l- '- l. l- l-

Figure 5. Sensing mechanism of Nb,CTy_» APTES MXene for NO; gas. Reprinted with permission
from Ref. [70].

MXene
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4.2. Supercapacitor Applications

MXenes and MXene-based materials have more volumetric capacitance than carbon-
based materials, such as organic electrolytes, carbons, graphene gel sheets in water, and acti-
vated graphene [71]. Because of their increased stability and superior charging /discharging
potential, Ti3C,Tx-based materials have sparked considerable interest in supercapacitor
applications [70,72]. Furthermore, the electrical conductivity of MXenes is substantially
reliant on the number of atomic layers in each f.u. with consistent functional groups [73].

For example, in 2022, Zaheer et al. prepared pristine Nb,CTx MXene using a wet
chemical etching method and coated it on Ni-foam; it displayed a specific capacitance of
258.6 F/ g at poly-vinyl alcohol -H»5O; electrolyte. On the other hand, they also synthesized
Ni-doped Nb,CTx MXene, which displayed an outstanding capacitance of 666.67 F/g at
5mV/s in the same electrolyte [74]. The cyclic stability of Ni-Nb,CTx MXene indicated that
it could resist 10,000 cycles with an 81% capacitance retention. It had good conductivity and
allowed for faster and simpler surface redox reactions that resulted in pseudo-capacitance.
The electrochemical performance of virgin and Ni-Nb,CTyx MXenes is shown in Figure 6a-d
utilizing a Ni-foam (NF) electrode as the working electrode in a three-electrode assembly.

r r T 30
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= —u—Nb2CTx 06—~ D25f
='8 2 —=—5mV/s
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Figure 6. (a) Cyclic voltammogram (CV) curves for Nb,CTy and Ni-Nb,CTx in 1 M PVA-H,SO,
at 5mV/s. (b) CV curves explicitly for Ni-Nb,CTy at different scan rates. (c) SC vs. scan rate for
Ni-Nb,CTy. (d) Capacitance retention vs. cycle number for Ni-Nb,CTy. Reprinted with permission
from Ref. [74].

In contrast, Xiao et al. reported Nb,CT utilizing lithium fluoride and hydrochloric
acid etchant. Meanwhile, the electrochemical performance of an Nb,CTy supercapacitor in
an aqueous 1 M H,SOj electrolyte was increased by adding multi-walled carbon nanotubes
(MWCNT) as a conductive agent, yielding 202 F/g at 2 mV/s compared to 186 F/g-
Nb,CTy. Under high mass loading, the asymmetric supercapacitor was also built using
Nb,CTy/CNT as the negative electrode and activated carbon as the positive electrode, and
it can provide a high energy density of 154.1 mWh/cm? and a maximum power density of
74,843.1 mW /cm? [75].
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4.3. Battery Applications

Batteries are cutting-edge energy storage technologies that are used in industry because
of their increased energy densities and superior cycle stability. Commercial batteries contain
a graphite anode and a storage capacity of up to 330 mAhg~! [76]. However, the limited
capacity of their carbon anodes poses a challenge to the growing need for energy storage. As
a result, several composites have been tested as anodes to boost their storage capacity [77].
Metals that are less expensive and more plentiful than lithium, on the other hand, have
been studied in the literature [78]. Because of their lower ion diffusion barrier and better
gravimetric capacity, NbpCTy and related composites are regarded as promising materials
for batteries. Ions of various sizes, including Li*, Na*, K, Mg2+, and A%, may be injected
between the Nb,CTy layers, making it a viable material for both lithium ion-batteries (LIBs)
and non-LIBs [79]. The following work has been chosen to highlight the capacity of LIBs
and other metal-ion batteries. Table 2 summarizes the Nb,CTyx and based materials for
battery applications.

Table 2. Summary of the Nb,CTx and based materials for battery applications.

S1.No. Nb,CTy for Battery Applications
Aluminum Batteries Sodium-Ion Batteries Li-Sulfur Batteries
1 Properties safer and. less operate at room temperature quite expensive
expensive
M052 / szC
2 Specific capacities szCTg_zloAS /Ah/g at NbZCTx@MOf %@§;403 mAh/gat g9, mAh/g, Nb,CTx MXene
= AE TAE 330 mAh/gat 0.05 A/g
3 References Li et al. [80] Yuan et al. [81] Zong et al. [82], Dong et al. [83]

4.3.1. Aluminum Batteries

Aluminume-ion batteries have sparked considerable attention as a potentially safer and
less expensive alternative to traditional lithium-ion batteries, with quicker charging times
and denser storage capacity. Nonetheless, advancement in this sector is impeded by the
scarcity of appropriate cathode materials capable of supporting the reversible intercalation
of AI** /[AICl4] ions, particularly after extended cycles. Figure 7 shows the schematically
Nb,CTx MXene-based Al battery concept [80].

Li et al. reported that Nb,CTx MXene cathode materials were combined with an
Al anode, AICl3/[EMIm]CI electrolyte, and Whatman GF/C microporous membrane
separators to create a Swagelok-type aluminum-ion battery [80]. After 500 cycles, the
calcined Nb,CTx MXene cathode produced specific capacities of 108 and 80 mAh/g at
charge/discharge rates of 0.2 and 0.5 A/g, respectively. Notably, following calcination,
the cyclic lifespan of NbyCTx MXene was increased from 300 to >500 times. We show
that achieving Nb,CTx nanosheets with adjustable d-spacing has facilitated the migration
of [AICl4] and AI** ions in the MXene interlayers, resulting in improved charge storage.
In addition, we discovered that the synthesis of niobium oxides and amorphous carbon
following calcination improves the electrochemical performance of the Nb,CTy, MXene
electrode in Al batteries.

4.3.2. Sodium-Ion Batteries

As a new generation of energy storage devices takes the place of lithium-ion batteries,
sodium-ion batteries that operate at room temperature have evolved. However, they are
constrained by a dearth of anode materials with sufficient lifespan and outstanding rate
capability. Yuan et al. created strong three-dimensional cross-linked structures using
Nb,CTx MXene-framework MoS, nanosheets covered with carbon (Nb,CTx@Mo0S,@C)
to overcome this problem [81]. The Nb,CTx@MoS,@C anode offers exceptionally long
cycling stability with a capacity of 403 mA h/g and just 0.01% deterioration per cycle
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for 2000 cycles at 1.0 A/g. It also has an ultrahigh reversible capacity of 530 mA h/g at
0.1 A/g after 200 cycles. In terms of rate performance, this anode has a remarkable capacity
retention rate of almost 88.4% from 0.1 to 1 A/g. Most crucially, the Nb,CT,@MoS,@C
anode enables rapid charge and discharge at current densities of 20 or even 40 A /g, with
capacities of 340 and 260 mAh/g, respectively, expanding the range of usable sodium-
ion battery applications. Figure 8 shows an overview of the manufacturing of the 3D
Nb,CTy@MoS,@C hybrid.

Dischargé - - ccccccccc e e Dissociation of [Al,.CL,T™
Process APt e o8 Calos

Figure 7. NbyCTx MXene-based Al battery concept is described schematically. Reprinted with
permission from 2022 American Chemical Society [80].

4.3.3. Li-Sulfur Batteries

Lithium-sulfur batteries (LSBs) and the hydrogen evolution reaction (HER) have a
promising future for efficient catalysts created through appropriate heterostructure en-
gineering. In this case, Nb,C MXene was synthesized by freeze-drying and MoS, grew
on its surface using a hydrothermal technique, as described by Zong et al. When uti-
lized as the cathode of LSBs, the MoS,/Nb,C hybrids demonstrated a specific capacity
of 919.2 mAh/g at 0.2 °C after 200 cycles with exceptional retention of 92.2%. Figure 9
displays the fabrication of the MoS, /Nb,C composite and its applications to the LSB’s
cathode and HER electrodes [82]. When employed for HER in alkaline circumstances, the
MoS; /Nb;C electrode showed remarkable long-term resilience of HER performance with
a Tafel slope of 65.1 mV dec™!, an overpotential of 117 mV at 10 mA cm?, and a Tafel slope
of 65.1 mV dec™!.
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Figure 8. An overview of the manufacturing of the 3D Nb,CTx@MoS,@C hybrid for usage as the
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Figure 9. Diagrammatic representation of the fabrication of the MoS, /Nb,C composite and its
applications to the LSB’s cathode and HER electrodes. Reprinted with permission from Ref. [82].
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As of recently, a general Lewis acidic etching strategy for producing MXenes offers a
fresh perspective on the process and exhibits improved electrochemical performance in
non-aqueous electrolytes thanks to the distinctive surface functional groups produced by
this technique. According to Dong et al., Nb,CTx MXene may offer a maximum lithium
storage capacity of up to 330 mAh/g at 0.05 A/g, exceeding the Nb,CTyx MXene-derived
material’s maximum capacity of 205 mAh/g [84]. It is also possible to achieve high-rate
performance with a capacity of 80 mAhg~! at 10 A/g (100 °C).

An Nb,CTyx MXene that resembles an accordion was created and tested by Zhang et al.
The Nb,CTx MXene has outstanding electrochemical performance when combined with
solid Na and K and liquid KNa alloy as anodes. Examples include strong capacity retention
following huge current shocks in rate performance tests and long-term stability for more
than 500 cycles. In terms of the liquid electrode’s ability to limit dendrite growth, the
Nb,CTx MXene combined with liquid KNa anode performs better than that linked with
solid K.

4.4. Catalysis

Tan et al. looked at the potential of NbyC3Tx as a stable catalyst in the HER. To
generate NbyC3Tx with the greatest lattice constant, ¢ = 3.165 nm, the etching settings
were optimized. This NbyC3Tx displayed a substantially lower overpotential than other
reported MXenes, measuring a current density of 398 mV at 10 mA cm?. Additionally,
Nb,4C5sTx demonstrated enhanced cyclic and long-term stability in acidic, as well as alkaline,
conditions. After 1000 cycles, the overpotential of NbsCsTx fell by 30 mV, and 50 h later, the
current density dramatically increased. The CO, oxidation of Nb,CTx produced a hybrid
material of NbyOs/C/Nb,C that was applied as a photocatalyst for H, evolution via water
splitting. After mild oxidation and the creation of some amorphous carbon, Nb,Os grew
uniformly on Nb,C during the oxidation process. Nb,Os/C/Nb,C demonstrated the
highest H, generation rate (7.81 mmol/h gcat) under optimal conditions, which is four
times more than that of pristine Nb,Os. The separation of photogenerated charge carriers
at the hybrid interface and the tight contact between conductive Nb,C and Nb,Os may be
responsible for the improved performance of Nb,Os/C/Nb,C.

Nb,CTx can also be used as a photothermal support for metal nanoparticles in the
photothermal conversion of CO,. Wu et al. [85] conducted extensive testing on Nb,CTx-
supported Ni nanoparticles, and the findings indicated that they had a promising CO,
conversion rate of 8.50 mol/h g Ni under bright illumination without external heating. The
photothermal catalytic activity of MXene materials is responsible for the increased CO,
conversion rate. From the discussion above, it can be inferred that Nb,CTy and NbyC3Ty
have excellent potential for applications in Zn* ion batteries, LIBs, Li* ion capacitors, Na*
ion batteries, photothermal catalysts, and HER catalysis because of their enhanced energy
density, high volumetric capacitance, and high areal capacity. They also have outstanding
reversible specific capacities with cycling stability.

Hybrid materials based on NbyCTy have been used to degrade organic contaminants
by photocatalysis. Methylene blue (MB), C2;Hp5C1N;Og and rhodamine B (RhB) were all
degraded by Cui et al. using the UV-driven photocatalytic behavior of BiyWOg/NbyCTy
MXene hybrid nanosheets (TC-HCI) [86]. NbyCTy nanosheets greatly enhance the photocat-
alytic activity of Bi,WOg and the separation efficiency of the photogenerated carriers in this
2D /2D hybrid. In comparison to pure Bi;WOg, the Bi;WOgs/NbyCTy hybrid nanosheets
effectively destroyed 83.1% of TC-HCI, 92.7% of MB, and 99.8% of RhB. The photodegrada-
tion rate constants for RhB and MB for the hybrid nanosheets of Bi;WOz/NbyCTy (2 wt%)
were 0.072 and 0.0285 min~!. These photodegradation rate constants were 2.8 and 2.0 times
greater than those of Bi;WOj that had not been treated. Additionally, 0.0171 min~! was dis-
covered to be the photodegradation rate constant of BiyWOg/Nb,CTx (2 wt%) for TC-HCL
According to the findings of this study, Nb,CTx can be employed as a likely co-catalyst to
improve the photodegradation efficiency of photocatalysts.
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Wang et al. produced a photocatalyst based on Nb,O5/Nb,CTy heterojunction with
abundant O, vacancy for photocatalytic nitric oxide (NO) elimination [87]. At a large
relative humidity of 25-75%, they discovered that the photocatalyst had good NO removal
rates. The Nb,Os nanorods’ (001) facet has oxygen vacancies that can essentially absorb
and activate the reactant gas while improving the absorption of visible light. Additionally,
the Nb,Os/Nb,CTy heterojunction and oxygen vacancies can improve the separation of
photogenerated carriers. By developing 1D Nb,Os nanorod arrays on 2D Nb,CTyx MXene
and then photo-depositing 0D Ag particles on the Nb,Os nanorods to create a 0D/1D/2D
hybrid structure, another NbyCTy hybrid photocatalyst was created. The hybrid underwent
HER testing and displayed extremely effective photogeneration of e—h* pairs [88]. It was
discovered that -OH is primarily absorbed as termination groups on Nb,CTy, leading to a
low work function of 2.7 eV. The -OH-terminated Nb,CTy ‘s low work function makes hole
trapping possible, and Ag particles can act as HER sites and electron storage tanks. Using
methanol and glycerol as immolation agents, the ternary Ag/Nb,Os@ Nb,CTy nanohybrids
demonstrated record HER activity of 682.2 and 824.2 mmol/g/h. When compared to other
niobium-based photocatalysts, the obtained HER activity is significantly higher.

4.5. Biomedical Applications

Different biomedical applications can make use of Nb,CTy nanosheets in the NIR-II
bio-window due to their biocompatibility, biodegradability, and unique photonic response.
Nb,CTx was employed by Yin et al. to effectively destroy osteosarcoma (bone cancer) cells
by utilizing its unique photonic response in the NIR-II bio-window, which offers high tissue
penetration depth [89]. Additionally, they added Nb,CTx nanosheets to the 3D-printed
bone mimicry scaffolds (NBGS) for the treatment of osteosarcoma. Figure 10 illustrates a
schematic of the method used by NBGS for the photothermal ablation of osteosarcoma and
bone regeneration.

Osteosarcoma model

iy
¥ 2 |
- 1y, E |
‘ Anglogenesis Bone regenaration
Bone defect model! V/

Figure 10. Process flow diagram for NBGS’s photothermal osteosarcoma ablation and bone regenera-
tion. It is possible to encourage arterialization to improve osseous repair. Reprinted with permission
from Ref. [83].
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Nb-created species generated by the biodegradation of Nb,CTy during osteosarcoma
treatment encouraged blood vessel neogenesis and migration at the site of the defect. By
moving more vitamins, oxygen, and immune cells past the areas of bone defects, this
mechanism hastens the breakdown of NBGS. Additionally, the breakdown of NBGS creates
adequate room for bone reconstruction and encourages the mineralization of new bone
tissue by circulating Ca and phosphate. It was concluded that tailored Nb,CTx nanosheets’
inherent multifunctionality makes it conceivable to employ them as a distinguishing im-
planted biomaterial for the efficient treatment of bone cancers.

MXenes can spontaneously absorb a large amount of reactive oxygen species (ROS)
and are similarly biocompatible with other carbon-based materials. Niobium MXene’s
few-layered nanosheets have been used in cancer therapy and osteolytic bone disease
treatment due to their capacity to absorb ROS [83]. Sun et al. used DFT calculations
to assess NbpyCTy’s capacity to absorb ROS and discovered that it had excellent ROS
removal in vitro while also inhibiting the generation of inflammatory cytokines and
osteoclastogenesis [83,84]. An ultra-high-molecular-weight polyethylene (UHMWPE)
particle-induced osteolysis simulation has been utilized to experimentally assess ROS’s
capacity for absorption. The results demonstrated that Nb,CTy injection decreased
osteolytic bone resorption on the surface of mouse calvaria. They proposed using
Nb,CT to stop osteolysis and other bone conditions with excessive osteoclastogenesis.
In a different study, the very negative surface charges of Nb,CTx and NbyC3Tx were
changed to extremely positive values using poly-L-lysine (PLL), and the effects on ROS
scavenging, cancer cell cycle arrest, and cell targeting were assessed. Both Nb,CTy
and NbyC3Tx can be utilized as ROS scavengers, and NbsC3Tyx was found to be more
hazardous to malignant melanoma cells than Nb,CTy [86]. The study also revealed that
PLL-modified MXene may be used to specifically target cancer cells, stop the cell cycle,
and cause apoptosis (programmed cell death).

To scavenge free radicals and act as a radioprotective agent against ionizing radia-
tion, Ren et al. explored the use of Nb,CTx MXene. In order to scavenge ROS such as
H,0,, -OH radicals, and O, radicals, the 2D Nb,CTx MXene displayed antioxidant char-
acteristics. They discovered that Nb,CTx (NbyCTx-PVP) nanosheets functionalized with
polyvinylpyrrolidone (PVP) greatly boosted in vitro cell survival by lowering radiation-
induced ROS generation. Additionally, by boosting superoxide dismutase (SOD) activi-
ties and lowering malondialdehyde levels, Nb,CTy -PVP decreases radiation-induced
pathological damage in numerous organs and restores destruction to the hematological
structure in irradiated mice. The benefit of employing Nb,CT-PVP is that it leaves
the mouse body after a specific amount of time passes without showing any signs of
toxicity.

Reding et al. examined the interactions between intestinal stem cells and MXenes
for the diagnosis of gastrointestinal disorders (GI). Here, the protective and growth-
inhibitory effects of Nb,CTx nanosheets in intestinal organoids were examined. Mice
were used to isolate intestinal stem cells, which were then cultivated in organoids that
replicated the genuine workings of the digestive system. The outcomes demonstrated
that the right amount of nanosheets can stimulate intestinal cells without having any
negative side effects. However, the growth of the organoids can be hampered by a higher
nanosheet content. Additionally, as indicated in Figure 8 in the live/dead fluorescence
imaging, Nb,CTx nanosheets demonstrated better vitality under infrared illumination
in comparison to control organoids without nanosheets. This work demonstrates the
significant benefits of administering Nb,CTy nanosheets at low concentrations to in-
testinal methods for maintaining and promoting cell viability during various treatment
phases.
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Through effective surface engineering, Nb,CTx has been used to alter MXene for
photothermal cancer therapy. By adding a self-assembling mesopore-forming chemical
(cetanecyltrimethylammonium chloride [CTAC]) and altering it with mesoporous SiO,,
Han et al. created a unique “therapeutic mesopore” layer on the surface of Nb,CTx.
For targeted tumor enhancement, the material underwent PEGylation (conjugation with
polyethylene glycol [PEG]) and conjugation with cyclic arginine-glycine-aspartic acid
pentapeptide (cRGDyC) [87]. With a high drug loading capacity of approximately 33%,
the use of CTAC in mesopores facilitates chemo drug loading, and surface modification
with cRGDyC specifically detects integrin overexpressed on the membrane of cancer cells.
Under laser irradiation in the NIR-II bio-window (1064 nm), the Nb,CTy core causes
a high photothermal conversion capacity (28.6%), resulting in improved photothermal
hyperthermia. With an inhibitory efficiency of 92.37%, the Nb,CTx mesopore displayed
targeted and improved chemotherapy and generated photothermal hyperthermia in the
cancer cell line and the associated tumor xenograft [88]. This paper presents an effective
method for surface engineering of 2D MXenes for diverse biological uses in photothermal
therapy and chemotherapy, among other enhanced cancer therapies. Figure 11 shows the
evaluation of the tissue penetration depth for NIR-I and NIR-II photothermal conversion
in vitro and in vivo.

The highly successful in vivo photothermal ablation of tumor xenografts using Nb,CTx-
PVP nanosheets was demonstrated in a different study using NIR-I and NIR-II bio-
windows [89].

In vitro and in vivo tests of the Nb,CTy-PVP nanosheets revealed outstanding biocom-
patibility and physiological stability with no obvious toxicity. The ability of an MXene-based
nanotherapeutic agent for safe in vivo use was also proven, with the possibility of enzy-
matic biodegradation of the Nb,CTx-PVP nanosheets using human myeloperoxidase. This
viewpoint led to an evaluation of Nb,CTx-PVP nanosheets’ in vivo photothermal ablation
versus tumor xenografts. The photothermal conversion efficiency of these ultrathin, later-
ally nanosized Nb,CTy-PVP nanosheets—36.4% at NIR-I and 45.65% at NIR-Il—showed
encouraging photothermal stability. After 10 min of exposure to NIR-I and NIR-II lasers,
respectively, the tumor site temperatures improved from 30 °C to 61 °C and from 30 °C
to 65 °C after the injection of Nb,CTy-PVP nanosheets into mice. Figure 12 depicts a
comparable thermal picture. Figure 13 images of 4T1 tumor-bearing mice and their tumor
locations after 16 days of treatment demonstrate total eradication of the tumor. Figure 13
also includes various staining images demonstrating pathological alterations in the tumor
tissues. When compared to the other circumstances evaluated, the Nb,CTx-PVP + NIR-I
and Nb,C-PVP + NIR-II groups exhibit highly substantial tumor cell necrosis when stained
with H&E and TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling).
For the Nb,CTy -PVP + NIR-I and Nb,CTy-PVP + NIR-II groups, Ki-67 antibody staining
revealed a marked inhibitory effect on cell growth. Figure 12 shows the 2D Biodegradable
Nb,C (modified with PVP) Schematic Illustration for In Vivo Photothermal Tumor Ablation
in NIR-I and NIR-II Bio windows.
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Figure 11. Evaluation of the tissue penetration depth for NIR-I and NIR-II photothermal conversion
in vitro and in vivo. (a) A schematic diagram and the tools needed to measure the NIR laser’s capacity
to penetrate tissue at 808 and 1064 nm. (b) Chicken breast tissues are attached in clear tubing in
varying thicknesses (0, 2, 4, 6, 8, and 10 mm). (c) A schematic diagram and (d) the tools needed for
the tissue-penetrating NIR laser (1.0 W cm 2, 80 g mL~!) to demonstrate photothermal conversion
of aqueous solutions of distributed Nb,C NSs. (e) NIR-I laser energy intensities (808 nm) entering
tissues at various thicknesses. Inset: Normalized NIR-I radiation passing through tissues at various
depths. 808: the NIR-I laser’s attenuation coefficient at 808 nm. (f) NIR-II laser energy intensities
(1064 nm) pass through various tissue thicknesses. Inset: Normalized NIR-II energy permeating
various depths of tissue. 1064: the NIR-II laser’s attenuation coefficient at 1064. (g) Photothermal
conversion causes the temperature of aqueous solutions of dispersed Nb,C NSs to rise when they
are exposed to tissue-penetrating NIR-I and NIR-II lasers. (h) Schematic representation of in vivo
tumor tissue penetration using NIR-I and NIR-II for photothermal conversion. (i) Antigen Ki-67
immunofluorescence staining for cellular proliferation in dissected tumor tissues at various depths (0,

2,4, 6,8, and 10 mm). The scale bar across all photographs is 50 m. Reprinted with permission from
Ref. [90].
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Figure 12. 2D biodegradable Nb,C (modified with PVP) schematic illustration for in vivo photother-
mal tumor ablation in NIR-I and NIR-II bio-windows. Reprinted with permission from Ref. [90].
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Figure 13. Photographs of 4T1 tumor-bearing mice after the control and different treatments in 16
days’ period. Reprinted with permission from Ref. [90].



Energies 2023, 16, 3520

20 of 27

Medical implants have employed niobium carbide MXene to perform a variety of
multimodal tasks, including bacterial infection eradication and tissue regeneration. Nb,CTx
MXene has been added to titanium plate-based implants (Nb,CTx @TP) to enable the direct
dissolution of biofilms and bacterial eradication [91]. As a result of their capacity to sensitize
microorganisms through photothermal transduction, which lowers the temperature needed
to eradicate germs, these implants do not harm healthy tissue. Furthermore, by lowering
pro-inflammatory responses and scavenging too many reactive oxygen types in infectious
microenvironments, the medical implant Nb,CTy @TP encourages angiogenesis and tissue
remodeling. The characteristics of Nb,CTy, such as its biodegradability, biocompatibility,
ability to absorb ROS, antioxidant qualities for scavenging ROS, and the distinctive photonic
response of Nb,CTy nanosheets in the NIR-II bio-window, can be used in a variety of
biomedical applications.

4.6. Electromagnetic Interference (EMI) Shielding Applications

Owing to its unique layered structure, numerous inherent flaws, substantial specific
surface area, and unique metallic characteristics, MXene materials have been exploited in
EMI shielding applications [92]. It has been proven that Ti-based MXenes are effective in
EMI shielding applications [85]. Rajavel et al. also looked at the viability of employing
Nb,CTx for EMI shielding applications [90]. For EMI shielding applications, they com-
bined lamellar structured Nb,CTy with one-step removed low-stratified Nb,CTx. When
low-layered NbyCTy and lamellar-structured Nb,CTy are combined, it is possible to build
several electrically conductive channels that have a higher capacity to absorb electromag-
netic (EM) waves, making them suitable for EMI shielding. A composite of Nb,CTy and
wax with an 80% NbyCTy loading was created and expanded at a thickness of t =1 mm
over 100 h. The composite material exhibited an EMI shielding efficiency of approximately
44.09 G 1.99 dB at 12 GHz when it was employed for EMI shielding. Eddy’s current
losses and conduction losses provide a comprehensive explanation of the EMI attenuation
mechanism. Lamellar and few-layer Nb,CTy nanostructures can be combined to create
intriguing new shielding materials that are suitable for difficult applications. Another study
created a composite of tGO, NbyCTy, and Fe3Oy4 that had improved EM wave absorption
capabilities, with a minimum reflection loss of 59.17 dB at 11.8 GHz and an equal absorber
t =2.5 mm. It was discovered that an absorber with a t = 1.5 to 3 mm may be modified for a
frequency over 8.5 to 18 GHz with an active absorption bandwidth (EAB, reflection loss
[RL]% 10 dB) of 6.8 GHz [93]. The synergistic effects of excellent impedance similar and
the several loss mechanisms of rGO/Nb,CTx/Fe3O4 can be credited for the composite’s
increased absorption capacity.

4.7. Microwave Absorption Applications

Similarly, hybrids built on Nb,CTy have been investigated for use in microwave ab-
sorption. Nby,Os/NbyCTx hybrids were quickly synthesized using a microwave-assisted
hydrothermal method by Song et al. and studied their absorption capacity. Here, sev-
eral NbyOs structures were produced on-site and intercalated between the Nb,CTy lay-
ers [94-97]. The incomplete reaction between Nb,Os and Nb,CTy resulted in the formation
of the NbyOs5/Nb,CTy hybrids. In comparison to Nb,CTy that had not been treated, the
Nb,Os/NbyCTy hybrids had increased microwave absorption performance by 99.99%.
The enhanced lamellar spacing of Nb,CTy, the unique shape of Nb,Os, and the better
impedance matching capabilities are all accountable for the enhanced performance of
microwave absorption.

5. Possibilities for Commercial Applications

Nb,CTx ‘s properties, such as redox activity, ion intercalation, high conductivity, sur-
face chemistry, structural stability, and flexibility to form composites, make it a promising
applicant for a variety of saleable uses, such as catalysis, power storage, antimicrobial,
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sensors, and energy conversion. Nb,CTY is used for a diversity of purposes, including
environmental, biological, electrical, aeronautical, and opto-spintronics [98].

Nb,CTx MXene-based materials contribute to better storage and cycling perfor-
mance in batteries and supercapacitors for power storage applications. Due to their
increased power density and cycle performance, lithium-ion batteries are unavoidable
for electronic gadgets, electric vehicles, portable devices, and the continuous process of
the electrical power grid with the integration of renewable energy resources. However,
the anode-like graphite utilized in industrial applications has a limited storage capacity
of 330 mAh g~!, which must be enhanced to satisfy potential requirements. Beyond
the storage capacity constraint, Li must be replaced with a plentiful and less expensive
alternative. Nb,CTx MXene contributes by boosting the power density of Li-ion batteries
and also by enhancing the other metal-ion batteries. According to theoretical capacities
provided by Anasori et al. [91], aluminum, potassium, and sodium could be Li replace-
ments. However, Li-ion batteries with Nb,CTx MXene composite electrodes have been
found to exhibit unrivaled energy densities, signaling a feasible commercial application.
Supercapacitors with high power densities and cycle capacity are critical for electric
vehicles and power applications. Nb,CTx MXene-based supercapacitor electrodes per-
form similarly or better than off-the-shelf activated carbon-based supercapacitors. As
a result, supercapacitors are a likely industrial use of Nb,CTx MXene-based materials.
An additional possible commercial application of Nb,CTx MXene is its antibacterial
properties, which are superior to any well-studied antimicrobial compounds, such as
GO/rGO, for healing infected wounds [99]. Nb,CTx MXene was recently used to cure
chronic drug-resistant lesions by Zhou et al. Nb,CTyx Mxene composites also demon-
strated encouraging outcomes as electrocatalysts in the Hj evolution process, adding
to the global search for pure, inexpensive, and non-fossil fuels. Nb,CTyx Mxene has a
potential industrial and commercial application as a gas and strain sensor [100]. Sports,
air/breath assessment, health monitoring, environmental monitoring, and robotics could
all benefit from this technology. Nb,CTx Mxene-based materials have the potential to be
used in industrial and commercial applications, such as sensors, drug delivery, bone re-
generation, photovoltaic devices, energy storage, thermoelectric generation, bioimaging,
antibacterial activity, electrocatalysis, photocatalysis, and tribology [101-133]. Nb,CTy
MXene and its composites” qualities make them a viable option for such a diverse variety
of industrial applications, contributing to the resolution of key global concerns. Envi-
ronmental concerns, health problems, and a low-cost and consistent source of fuel and
energy are among the challenges.

6. Conclusions and Prospects

Due to its distinct composition, properties, and sheet-like structure, Nb,CTy is among
the most intriguing nanostructures for a wide range of applications. Nb,CTx has been
widely used in a range of energy purposes from batteries to supercapacitors, H, evolution
reactions, and environmental applications, such as sensing, antibacterial, and so on. Nu-
merous efforts have recently been made to improve its recyclability, biocompatibility, and
structural stability in the surrounding atmosphere to improve its functioning for environ-
mental and energy purposes. To tackle some of the shortcomings of pure Nb,CTy, such as
aggregation and long-term stability, a wide range of Nb,CTx-constructed heterojunctions,
containing polymeric and metal oxide materials, and CNTs were also created. To defeat
the current hurdles, more in-depth research is required for Nb,CTx-based MXenes to be
the pioneer for environmental and energy purposes. No doubt Nb,CTx has become a
next-generation material with enormous potential in a variety of applications. Yet, many
obstacles still stand in the way of its actual practical application. The following are a few of
the major challenges:
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1. The traditional synthesis of Nb,CTx uses HF etching, which poses a protection and
environmental risk, making large-scale production challenging. A possible area of
research is the use of green materials and the replacement of HF with less toxic
compounds in the manufacture of Nb,CTy. Future studies could concentrate on the
production of surface terminations utilizing environmentally acceptable materials.

2. Drawing-up superior Nb,CTx with the appropriate properties might be a research
emphasis. This is because the surface chemistry of Nb,CTy is sensitive to synthesis
conditions. Nbp,CTx may have a multilayered and accordion-like structure rather
than 2D sheets, limiting its utility in environmental applications. To obtain flakes of
Nb,CTy with tunable morphological features, a method should be established.

3. Another future challenge will be to produce Nb,CTy cheaply and with high returns.
The development of inexpensive, efficient, and environmentally friendly Nb,CTx
manufacturing on an industrial scale is required for the practical use of Nb,CTx. An-
other potential difficulty is the aggregation of Nb,CTy layers, which lowers the surface
area, and thus, the storage capacity. Aggregation resolution can enhance the energy
capacity of Nb,CTx-based electrodes and purifying performance for environmental
purposes.

4.  Future research should also concentrate on the precise prediction of NbyCTy and its
composites, which is challenging owing to heterogeneous surface terminations since
existing approaches call for homogeneous terminations, which are still a work in
progress. There is yet no technique for evenly terminating surface groups, such as
fluorine, hydroxyl, oxygen, or hydrogen. Researchers must also focus on the processes
at work of structural changes brought on by functional groupings.

5. Another difficulty for Nb,CTy and related materials is to create structures with con-
trollable features for purposes such as energy storage. Many techniques including
heterostructure, ion intercalation, and functional group control have been suggested
to enhance the storage capability of Nb,CTy. Further research is required to better
identify the energy storage process so that a combination of modifications can be
scientifically preferred to obtain the best solution based on needs.

6. The expense and structural instability of Nb,CTy could be a barrier to industrial
use. The expense is due to the use of a costly MAX precursor during the synthesis.
Advanced material synthesis with lower production costs is required. Additional
composites and solvents must be investigated and assessed for varied purposes to
alleviate structural instability. The creation of a packaging solution is essential for
extending the service life of Nb,CTx-based devices.

7. So far, only a few Nb,CTy-based MXenes have been experimentally applied to specific
applications. Hence, there is a need to expand its applications to biomedical, electrodes
for flexible all-solid-state supercapacitors, photothermal therapy, electronics, such
as FET, for tunable band gaps, lubricant oil, biosensors, antibacterial activity, water
purification, H, generation, O, evolution electrocatalyst, sensors such as for NHj
and CO,, nuclear waste management, nanofiltration, dye adsorption, electromagnetic
interference (EMI) shielding, and more.
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