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Abstract

By offering a high energy density, long cycle life, and relatively low self-discharge
rates, LIBs have become the preferred choice for powering everything from
smartphones to electric vehicles. Their ability to be rapidly charged and discharged
while maintaining a compact and lightweight form has also made them essential in
renewable energy systems, where they facilitate the storage of solar and wind
energy. The electrochemical performance of a LIB greatly depends upon the anode
material. The essential requirements for excellent anode material of Lithium-ion
batteries (LIBs) are high safety, minimal volume expansion during the lithiation/de-
lithiation process, high cyclic stability, and high Li+ storage capability. However,
most of the anode materials for LIBs, such as graphite, SnO, Si, Al, LisTisOx, etc.,
have at least one issue. Hence, creating novel anode materials continues to be
difficult. Broad adoption has already been started of MXenes materials in various
energy storage technologies such as super-capacitors and batteries due to the
increasing versatility of the preparation methods as well as the ongoing discovery of
new members. Few MXenes have been investigated experimentally as anode of LIBs
till date due to their distinct active voltage windows, large power capabilities, and
longer cyclic life. Here, Ti2C MXene was synthesized by using an efficient NaOH
etching technique. The surface appearance, structural composition, and crystalline
structure were assessed using X-ray diffraction, SEM, and EDX analysis. The as-
synthesized MXene were used as negative electrode in LIB and electrochemical
performance were evaluated. First cycle charge-discharge capacities are found 658.02
mAhg-! and 419.11 mAhg™ respectively with an initial columbic efficiency of 63.6%
and excellent capacity retention of 259.1 mAhg?! is obtained after 100 cycles at a
current density of 50 mAg-1. The excellent cyclic performance and stability of this cell
are attributed to the unique properties of MXene structure such as high electronic
conductivity, low operating voltage, large surface area and fast Li ion diffusion

characteristics.
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Chapter 01
INTRODUCTION

1.1 Background

Global energy consumption has risen rapidly due to the consequence of rising
industrialization, technological advancement, and excessive economic expansion in
emergent countries. As a result, nonrenewable resources of energy such as natural
gas, coal, and oil have degraded at an unsustainable rate. At the same time, the use
of this energy emits poisonous gases and pollutes water supplies, posing a threat to
human existence while also increasing environmental concerns. Thus, developing
fresh, renewable energy sources is vital to mitigating the challenges of energy
scarcity and environmental degradation. However, there are significant issues with
renewable energy sources because they cannot provide a constant and uninterrupted
energy supply [1-3]. For instance, solar panels could be unproductive in overcast
conditions, wind turbines are likely to be useless in serene conditions, and
renewable energy sources could generate extra power, causing the entire system to
be overloaded at times. To count these intermittencies and maintain an optimal
equilibrium of energy production and consumption, energy storage systems (ESSs)
are considered the most feasible and effective option, with immense promise for
optimizing energy management and controlling energy spillage. ESSs are primarily
intended to gather energy from multiple sources, convert it, and store it as needed
for a variety of applications. The deployment of ESSs commenced almost in the
nineteenth century, and they have advanced far enough since then to attain the point
where they are currently. ESSs can be categorized according to the type of energy
that is preserved, their applications, storage duration, storage efficiency, and so on.

The bulk of energy storage methods include flywheel, thermochemical, magnetic,
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magneto electric, compressed air, pumped, compressed air, chemical, and hydrogen
energy storage, as well as electrochemical and battery energy storage. Of all the
energy storage devices available, batteries grab much attention as they are utilized to
power practically all electronic devices in a number of applications, including
mobile phones, electronic devices, automobiles, consumer health, industrial, and
military equipment. A variety of batteries are available, such as lead-acid batteries,
nickel-cadmium batteries, nickel-metal-hydride batteries, etc.. However, LIB is more
widely accepted since it has a greater specific energy, higher density of energy,
superior energy efficiency, better cycle life, and calendar life. Although LIBs have
acquired wide adoption and deployment in diverse applications, they still demand
further research, advancements, and developments. Since its introduction by Sony in
1991 graphite has served as the primary anode material. The rationale for this is that
graphite has various benefits, including low cost, relative abundance, non-toxic
properties, and structural stability. However, graphite's theoretical capacity is
modest, limiting its use for high-power applications. It has also been discovered that
delithiation/lithiation over the cycle process causes a volume change in the material,
causing stress on the electrode and compromising cycling stability. Furthermore, the
graphite electrode might interact with the electrolyte at low working voltages,
causing lithium deposition. This condition not only degrades battery performance
but also offers a significant safety risk. To mitigate these issues many novel materials
are being investigated for their ability to store lithium reversibly to meet the
demands of upcoming large-scale applications like stationary energy storage and

fully electric and hybrid vehicles [4-6].

1.2 Electrochemical Energy Storage

Electrochemical energy storage devices utilize electrochemistry to remake chemical
energy into electrical energy. These energy storage technologies encompass batteries,
supercapacitors, and fuel cells. These energy storage devices offer several

advantages compared to other ESS systems such as high energy density (energy

18



stored per unit volume), scalability, fast charging and discharging (rapid energy
delivery), high efficiency and environment friendly [7]. All things considered, the
efficiency of electric vehicles, the dependability of electrical grids, and the broad
acceptance of renewable energy sources are all made possible by electrochemical
energy storage. Fig. 1.1 shows the comparative performance graph of various

electrochemical energy storage devices.
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Figure 1.1 Comparative performance graph of various energy storage devicesis].

1.2.1 Capacitor

An electrostatic field is used by a capacitor during charging to store electrical
energy. It consists of two metal plates that are positioned closely to one another and
are divided by a non-conductive dielectric layer. One metal plate is charged with
electricity during the operation when a voltage source is placed across it, while the

other plate is charged with the opposite sign. The dimensions of a capacitor and the
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distance between its conducting plates define its energy capacity. Capacitors are
limited in their ability to handle strong currents because of their extremely low
energy density. Their specific energy values are minimal (0.05-5 Wh/kg), despite
their great life cycle (50,000 cycles) and specific power (1,000,000 W/kg) [9].

1.2.2 Supercapacitor

Supercapacitors are an intermediary between batteries and traditional electrolytic
capacitors. These are electrochemically charged capacitors. Although the
supercapacitors' energy storage process differs from that of capacitors, the
fundamental equations governing capacitors remain the same. Supercapacitors are
called "super" because their capacitance is the order of farad (F), which is higher than
that of dielectric capacitors (UF) and electrolytic capacitors (mF). The supercapacitors
differ from conventional capacitors in that they feature a very large area between the
electrode and the dielectric, with a nanometer-thick dielectric. The structure of a
Supercapacitor consists of electrodes and current collectors made of aluminum
Instead of using dielectric materials. The distribution of ions close to the surface of
the two electrodes stores energy, which is the cornerstone of the SC's operational
philosophy. The electrical double layer (EDL) is a space charge zone formed by the
two interfaces, as shown in Fig. 1.2. A Supercapacitor is hence electrostatic and does
not wundergo an electrochemical reaction. The principal advantages of
supercapacitors (SCs) include low energy and high power density, fast charging and
discharging, energy flow termination upon full charge, low resistance (ESR),
extended lifespan response, and long shelf life. The three categories of ESs, such as
electrostatic double-layer supercapacitors, pseudo capacitors, and asymmetric

supercapacitors [10,11].
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Figure 1.2 Illustration of supercapacitor[i2].

1.2.3 Fuel cell

A chemical process is used by a fuel cell to convert a fuel's chemical energy into
electrical energy. The most typical fuel for this chemical reaction is hydrogen, which
acts as an electrolyte. The reaction requires external sources of fuel (anode side) and
oxidant (cathode side), typically oxygen as shown in Fig. 1.3. Fuel cells are among
the most promising energy storage technologies due to their potential specific
energy of 16,470 Wh/kg for hydrogen and oxygen. Various types of fuel cells are
available, such as the over 50% efficient molten carbonate fuel cell (MCFC), the over
50% efficient solid oxide fuel cell (SOFC), the 40-50% efficient alkaline fuel cell
(AFC), and the 35-45% efficient proton exchange membrane fuel cell (PEMFC). High
energy density, high energy conversion efficiency (without Carnot cycle restrictions),
modular design, non-polluting, cheap maintenance, safety, and silence are some of
the benefits of HFC. HFC has some drawbacks, including as expensive catalyst and

electrolyte costs, low power density, impurity intolerance, and short lifespan [13].
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Anode Electralyte Cathode

Figure 1.3 Illustration of fuel cell working [13]..

1.2.4 Battery

The batteries are makeup from stacked cells that convert chemical energy to
electrical energy and vice versa. The cells of the batteries are electrically connected in
series and parallel to supply the desired voltage and current levels. Batteries are
classified according to how much power and energy they can hold. The energy and
power capacities are fixed throughout the battery design process for the majority of
battery types. Other crucial features of a battery include its life cycle, efficiency,
operational temperature, level of discharge (level of discharge refers to the degree to
which a battery is discharged; in general, batteries are not completely discharged),
self-discharge (self-discharge indicates the rate at which a battery discharges), and
energy density. As can be observed from fig. 1.1, batteries have established market
positions due to their intermediate power and energy properties, which set them
apart from supercapacitors and fuel cells. Several batteries are available till now
some of them are well matured and some are considered as emerging technologies

[4,13].
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a) Lead acid battery

A sponge-like lead negative electrode and a lead dioxide positive electrode make up
the lead-acid battery. These electrodes are placed in the sulfuric acid electrolyte and
are separated by a microporous substance. Although lead-acid batteries are very
inexpensive, they demand a lot of room and upkeep. Additionally, their lifespan is
shortened and rapidly diminishes if the battery is depleted to less than 30%. As a
result, energy density is decreased, which raises capital expenses. In distributed
power, renewable energy, and uninterruptible power supply (UPS) systems, they are
frequently implemented. A 40 MWh system in Chino, California, is the biggest one
that has been erected [6,13].

b) Metal-Air Battery

Aluminum and zinc, two widely accessible metals with high energy density that
rescue electrons when oxidized, serve as the anodes in these batteries. Cathodes are
typically made of a porous carbon matrix or a metal mesh coated with the proper
catalysts. Commonly, the electrolytes are high-quality hydroxide (OH-) ion
conductors, like potassium hydroxide (KOH). A solid polymer membrane that has
been saturated with KOH or a liquid version could be used as the electrolyte. The
smallest and cheapest batteries on the market are metal-air batteries. Additionally,
they are environment friendly. The primary drawback, though, is how hard and
ineffective it is to electrically recharge these batteries. Rechargeable metal-air
batteries have an efficiency of roughly 50% and a limited lifespan of a few hundred

cycles; they are currently in the development stage [13].
¢) Sodium sulfide battery

The positive and negative electrodes of sodium sulfide battery are made of molten
sulfur and sodium, respectively, and are isolated by a solid beta alumina ceramic
electrolyte. Just ions of sodium are permitted to proceed through the electrolyte and

interact with the sulfur to generate sodium polysulfides. During discharging, the
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battery's external circuit conducts electron flow while sodium ions move through the
electrolyte, creating roughly 2 V. For this process to occur, the battery is maintained
at roughly 300 °C. With a power capability greater than six times their continuous
rating, NaS battery cells exhibit a high efficiency of approximately 89%. Because of
this feature, the NaS battery can be utilized cost-effectively in applications

combining peak shaving with power quality [13].
d) Nickel-cadmium (Ni-Cd) batteries

One of the most developed and commonly utilized technologies is that of Ni-Cd
batteries, which were created in 1899 by Swedish inventor Waldemar Jungner.
Industrial Ni-Cd batteries were produced at Jungner's firm in Sweden in 1906. The
United States of America began producing these batteries in 1946. The active
ingredients in the "pocket type" batteries that were manufactured at the time were
nickel and cadmium. In the middle of the 1900s, sintered plate Ni-Cd batteries
became more and more popular since they were much smaller than pocket batteries
and could handle higher current flows. Nickel powder is infused at temperatures
that are beneath the melting point while large pressure is applied to create the plates.
Approximately 80% of the pore volume in the very porous plates is produced by this
approach. The Ni-Cd battery has spongy nickel oxyhydroxide as the positive
electrode, metallic cadmium as the negative electrode, and potassium hydroxide as
the electrolyte. A nylon divider keeps the two electrodes apart, preventing direct
charge transfer. In the discharge cycle, nickel oxyhydroxide at the positive plate
combines with water to form nickel hydroxide, while cadmium at the negative plate
reacts to produce cadmium hydroxide. They are commonly used in electrical power

applications, as Ni-Cd batteries have a higher life cycle than LA batteries [13].
e) Solid-state batteries (SSBs).

"Solid-state battery" refers to a battery that employs a solid electrolyte rather than a

liquid one. Liquid electrolyte batteries and all-solid-state batteries share similar cell
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chemistry. Among all-solid-state batteries, the main component is a solid electrolyte,
which can be composed of glass, ceramic, polymer, or a combination of these. The
discovery of solid electrolytes dates back to the 19th century, but solid-state battery
technologies have seen a resurgence in attention due to the advancement of electric
cars in the latter half of the 20th and the first part of the 21st. Several well-known
manufacturers, including Ford, General Motors, Hyundai, Toyota, and Volkswagen,
have already made significant financial investments in SSB tech firms, expecting
complete commercial deployment by the first half of the twenty-first century. Solid-
state batteries (5SBs) are among the greatest choices for next-generation batteries
because of their solid electrolytes' greater power density, thermal stability, and
energy density. In addition to addressing safety problems, SSBs can facilitate
operation in harsh settings, such as those with temperatures between -50 and 200 -C
or higher, where organic electrolytes break down because of freezing, boiling, or

decomposing [13].
f) Paper batteries

Paper batteries are extremely thin and flexible, mostly composed of carbon
nanotubes and paper/cellulose. The only differences between them and conventional
batteries are that they don't corrode and only need a minimal amount of housing
and casing. They adapt or accommodate themselves into small openings or areas
with ease, reducing the total size and weight of the system. They also offer a high
degree of flexibility because they can be twisted, bent, or wound any object without
needing to follow certain set-up standards. A specifically made carbon nanotube ink
is applied to a piece of paper that has been treated with an ionic solution. To
function as an anode, a small layer of lithium is layered on the other side of the
paper. There are two aluminum rods connected on either side that transport the

electricity between the electrodes [13].
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g) Lithium-ion batteries

Since 1960, LIBs have been used in a variety of consumer and mobile applications,
most notably electric and plug-in cars. Its development has been mostly driven by
transportation and mobile applications thus far. In LIB, lithium metal oxide is the
cathode, while graphitic carbon is the anode. Organic carbonates are dissolved in
lithium salts to form the electrolyte. Compared to other conventional batteries, they
exhibit a typical specific power of 150-315 W/kg; nevertheless, their specific energy
and life cycle are higher, ranging from 75-200 Wh/kg to 10,000 cycles. Their high cost
is attributed to the restricted availability of aluminum resources, despite their
excellent efficiency (85-98%) and low self-discharge (0.1-0.3% Energy/day). The
improved qualities of the battery's materials, notably the cathode materials that offer
high energy density, are directly linked to the lowered energy losses in the battery
and the resulting good efficiency outcomes. Recycling these units to be done
carefully because some of the old electrolytes are poisonous and lithium is caustic
(may catch fire). In comparison to other advanced batteries, Li-ion batteries have the
following primary advantages: (a) High energy density (300-400 kWh/m3, 130
kWh/ton); (b) Outstanding efficiency (around 100%). (c) Extensive cycle life (3,000
cycles at 80% discharge depth) [14].

1.3 Working of LIB
A cell of the battery is generally made of

-An anode, sometimes referred to as a negative electrode, is where an oxidation

reaction occurs and provides electrons to the load to power it up.

- A cathode, or positive electrode, that is exposed to electrons during an

electrochemical resulting in reduction.

- Electrolyte, which transfers ions between the anode and cathode during reactions

by acting as a medium.
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- An insulator that serving as a protective shield between the cathode and anode to

stop short circuits.

Lithium ions move from the cathode (LiCoO2, LiMnO4, and LiFePO4) towards the
anode while the charging process is occurring (Figure 4a). A longer path around the
external circuit is also taken by electrons as they move from the positive to the
negative electrode. The cathode, which is where these electrons and ions mix, is
what causes the lithium to deposit. A fully charged battery will not experience any

more lithium deposition from ion flow.

Ions travel through the electrolyte backward from the anode to the cathode, which is
what causes the battery to discharge. Although it is passing through an external
circuit and powering the attached device, the electron flow continues in the same
direction. When the battery is running low, lithium deposition appears at the
cathode during ions and electrons mixing. When no more ions are able to flow
towards the cathode, the battery will be completely drained and will need to be

recharged. Fig. 1.4 shows working of LIB.
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Figure 1.4 Working of LIB.[15].
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1.4 Motivation and objectives

Currently, graphite is primarily used in commercial lithium-ion battery anodes.
Graphite and other carbon-based materials are preferred in view of their high
chemical diffusion coefficient for Li+, high attainable operation potential, superior
electrical conductivity, and least volume shifts during Li+ intercalation and de-
intercalation. However, the low theoretical capacity of 372 mAhg?, which is
insufficient to power long-range EVs, HEVs, and other portable devices, is one of the
major limitations of using graphite as an anode material in LIBs [16]. Several high-
performance materials have been researched as LIB electrode materials for the near
future in order to replace graphite as the anode. Based on how anode interacts with
lithium, anode materials for LIB can be categorized into three groups: intercalation,
conversion, and alloying [17]. Despite having a long cycle life and a solid structure,
most of intercalation materials have a limited capacity [18]. Conversion-based
material has high theoretical capacity as compared to graphite. The range of
theoretical capacity of conversion-based anode materials ranges from the modest
range of 350 mAhg for Cu:S to the elevated range of 1800 mAhg™ for MnPs [19].For
example, oxides of iron show a very high theoretical capacity of 1007 mAhg™ for
Fe2Os and 924 mAhg™ for FesOs [20]. MoO:s also has a high theoretical capacity of
1117 mAhg™ [21]. However, conversion-based materials show voltage hysteresis,
Low coulombic efficiency, and very significant volume fluctuations occur during
lithiation and delithiation leading to cycle fading [2]. For lithium-ion batteries, alloy-
based anodes show promise because of their strong energy capabilities and security
aspects. Several alloy anodes showed notable reversible capacity (500-700 mAhg-1)
and better coulombic efficiency (80-90%) with an extended cycle lifespan (up to 300
cycles) for example SnO and SnO: have a theoretical capacity of 875 and 783 mAhg!
respectively [22]. However, they suffer from a significant initial capacity loss, limited

cycle life, and extreme volume change of almost 300% during charge and discharge.
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In 2011, selectively removing the "A" elements from their corresponding three-
dimensional (3D) MAX phases has resulted in the preparation of a novel class of
exfoliated transition metal carbides and carbonitrides known as "MXene". Which
have unique lamellar structure. They also have high projected elastic moduli,
hydrophilicity, large surface area, short diffusion, and are effective electrical
conductors. The electrochemical incorporation of Li ions in between the MXene
sheets makes MXene an intriguing material for hybrid electrochemical capacitors
and Li-ion battery anodes. Among all MXenes Ti2CTx is the lightest MXene that can
be used as an anode of LIBs because this type of MXene is an excellent electronic
conductor and can tolerate change of volume to a certain degree during cycling
which helps to mitigate stress on material and longer the lifespan of batteries. Ti>C
MXene exhibited a stable capacity as an anode of LIBs for more than 100 cycles

[23,24].

In this thesis, Ti2CTx MXene is considered the anode of high-performance LIBs. Here
Ti2CTx MXene was synthesized from its precursor, and thereafter systematically
explored the electrochemical characteristics of this material as anode of LIBs.

Research objectives include the following terms:

> Synthesis of TizC MXene and characterization of as-synthesized MXene by
using scanning electron microscope (SEM), X-ray diffraction (XRD), and

Energy-dispersive X-ray spectroscopy (EDX).

» Imposing prepared material as the anode of LIBs and investigation of charge-
discharge capacity, cyclic life, energy density, specific capacity, calendar life,

and internal resistance of assembled LIBs.

1.5 Thesis Outline

This thesis paper titled “Synthesis and Electrochemical Cycling of Nanostructured
Ti2C MXene as Anode Material for Lithium ion Batteries” consists of background

studies, fabrication procedures, structural characterization of synthesized materials,
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and electrochemical performance investigation when used as an anode material for

LIB. The whole thesis is organized in the following ways:
Chapter-01: Introduction

This chapter includes the essence of energy storage systems for utilizing renewable
energy as a primary source of energy, types of electrical energy storage systems with
their comparative Benefits as well as disadvantages, lithium-ion batteries as

promising energy storage technology.
Chapter-02: Literature Review

This chapter represents general overview of MXene surface property and structure
with critical analysis. In addition, relevant studies on various synthesis technique of
MXene as well as elaborate description of outcomes of various MXene materials as

anode of high-performance lithium ion battery.
Chapter-03: Materials and Methodology

This chapter offers comprehensive explanations of the experimental processes,
including material synthesis, characterization techniques, electrode preparation,
analysis of the electrochemical performance, and descriptions of the equipment and

materials used in the experiment.
Chapter-04: Result and Discussion

This chapter includes X-ray diffraction (XRD) patterns, SEM images, and Energy
Dispersive Spectroscopy (EDX) spectra analysis and critical reasoning of as prepared
Ti2C MXene nanostructured anode. Additionally, galvanostatic charge discharge

cycle, cyclic voltammogram and EIS also analyzed in this section.
Chapter-05: Conclusion and Future Work

This Chapter includes findings and limitations of the work and future

recommendation.
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Chapter 02

LITERATURE REVIEW

2.1 Background

After extensive investigation and usage, consumers are acquainted with lithium-ion
batteries. It is now frequently utilized in electrical appliances and electric
automobiles [25,26]. A potential market for electric urban automobiles has
developed recently, with producers of mobile devices engaging in a competitive
series. Advancements in high-performance lithium-ion batteries, such as high
Specific Capacity, energy density, substantial open circuit voltage, and least self-
discharge are being prioritized [27-29]. MXenes have future for numerous kinds of
energy storage applications due to their improved electrical conductivity,
outstanding mechanical strength, and immense surface area. MXene has the
chemical formula Mna1XnTx, where M is a transition metal (i.e., Sc, Ti, V, Zr, Nb, Mo,
etc.), X is C or N, and T denotes surface terminal groups (i.e. -O, -OH, and -F). The
performance of MXenes in capacitive energy storage is quite encouraging. TisCzTx,
for example, has demonstrated excellent volumetric and gravimetric capacitance as
well as outstanding cyclability [30]. In the aqueous H2SO: electrolyte, MXene
displays pseudocapacitance due to the reversible surface redox reaction of hydrogen
binding. The electric double-layer (EDL) capacitance of MXene is predominant in
aqueous salt or ionic liquid electrolytes [31]. When two transition metals are coupled
in the MXene structure, a special property of MXenes is triggered into action. In
addition to the expected solid solutions, such as (Ti,Nb)CTy, transition metals can
also form ordered forms in a single 2D MXene flake. These ordered structures can be
created by the assembly of atomic sandwiches of transition metal planes (for n >2),

like Mo2TiC:Tx, or by in-plane (n = 1) ordered structures, like (Mo025Y13)2CTx. A large
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number of potential compositions have been anticipated from computational
investigations of MXenes and their predecessors. Endless number of
nonstoichiometric MXenes synthesis is possible with the creation of solid solutions
on M and/or X sites, and it also presents an alluring chance of optimizing
characteristics by combining other transition metals or synthesizing carbonitrides.
There is continuing research to generate 2D borides and so provide the system with

another X component [32,33].

Recently, an electrochemical fluoride-free production technique utilizing dilute
hydrochloric acid was disclosed for Ti2CTx MXene production [34]. Huang et al.
created novel MAX phases and fluorine-free MXenes using molten ZnCl: salt [35].
By enabling people who are interested in MXenes, however, do not wish to operate
in laboratories with any chemicals that include or produce hydrofluoric acid (HF),
this method has the potential to considerably expand experimental study on
MXenes. A successful use of V2CTx MXene as a positive elctrode material for
sodium-ion storage has already been developed [36]. It is noted that porous MXene-
based paper electrodes with large volumetric capacities and reliable cycling
performance are promising for sodium-based energy storage systems when the size
is considerable [37]. p-TisC2Tx/CNT electrodes demonstrated significantly superior
Li-ion storage performance than non-porous TisC2Tx/CNT films [38]. TisC2Tx, the first
MXene to be identified, has been the subject of more than 70% of all MXene study.
However, how thoroughly this MXene has been investigated, plenty of researchers
now simply refer to it as TisC2Tx when referring to MXene, which can be deceptive
because MXenes can have a broad scope of structural variations and chemical
formulations. At least 100 stoichiometric MXene compositions and an unlimited
number of solid solutions not only provide uncommon combinations of
characteristics, but also the opportunity to customize such traits by altering the ratios
of the M or X components. Therefore, considering the numerous possible

compositions of MXenes, and its encouraging experimental findings in energy
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storage and reliable cycling, it is worth to investigate different compositions of

MXenes as anode Material of LIBs.

It is noteworthy to emphasize that MXenes have outstanding qualities that make
them potential materials for energy storage devices in the future. These properties
include excellent electronic conductivity, low working voltage, quick Li+ diffusion,
and an immense theoretical Li storage capacity. However, mostly of these
characteristics are from theoretical or computational studies. Hence, it is necessary to
experimentally study more extensively how these materials would behave in energy
storage devices. Here, various experimental studies of MXene materials as anode of

LIBs have comprehensively reported and future research trends are also stated.

2.2 Structural Framework of MXene

It has all started since the report of “Al” extraction from the MAX phase TisAlCz, in
which a 2-D material TisC2 was formed having Hydroxyl (OH) and/or Fluoride(F) as
surface groups [39]. Since then, tremendous numbers of research have been
performed with MXene structures and the numbers of articles for MXene are
increasing exponentially. The MAX phase has the general formula of Mn1AXn in
which ‘M’ and “A” symbolizes transition metals of d-block and elements primarily
from p-block, respectively. The ‘X’ in the formula represents N or C atoms or both
[40]. The mother MAX phase typically undergoes etching to eliminate the ‘A’ layer
of atoms and after sonication the MXene structure is obtained. The overall procedure
of synthesizing MXene from MAX phase has been expounded upon in another

section within this paper.

A MXene structure can consist of multiple layers of the constituent atoms. When the
number of layers in a MXene is less than 5, we can call it a few-layer MXene [41]. A
single layer of M2X MXene structure has M-X-M layers of atoms that means the X
atom layer is positioned between two M atom layers. These layers of M and X atoms

will create MeX octahedrons as seen in Fig. 2.1. In addition, the structure is
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hexagonal shaped having an ABABAB stacking sequence. These AB type stacking
can be observed for TisC2Tx [42], TisC2Clx [35] where the terminations contributes to
form octahedrons. It is noted that, for AB stacking, triangular prisms can be obtained
between the layers rather than octahedrons. Etching the MAX phase with HF, some
TisCTx structure can have the type of stacking sequence MENDELEY CITATION
PLACEHOLDER 42. However, studies exhibited that there can be a mixing of these
two types of stacking sequences as well [43]. Furthermore, MsX: and M4Xs structures

sometimes prefer to have an ABCABC stacking sequence [44].

A surface of MXene layers will have functional groups referred to as surface
[45]terminating groups. Mixed terminating groups such as -OH, -Cl, =O, -F can be
generally seen to cover the surfaces of MXenes [46]. These functional groups are the
result of the etching process done to synthesize MXene structures. Experimentally,
these terminating groups can randomly be distributed over the surface of MXene.
For instance, the as prepared sample of TisCzTx has the highest -F terminating group
on its surface whereas the fraction of —O terminations is around 0.3. However, aging
of the sample may double the fraction of —O terminating groups in expense of -F

terminating groups [47].

Figure 2.1 A typical M2X MXene structure without termination.
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It is noted that -O and/or -OH termination groups are the most stable ones since -F
termination group can easily be substitute with -OH groups while storing in water
[48]. MXenes terminated fully with oxygen is thermodynamically more stable than
partially terminated structures [49]. However, -OH groups can be transformed to -O
groups when the sample is treated with high temperatures [48]. Which sites the
terminating groups are attached is another important factor for considering stability.
For instance, structures of Ti2C(OH): and TisC2(OH): is more stable when the -OH
groups holds the position of hollow sites having three carbon atoms as neighbors
[50]. Sometimes inserting a transition element into the MXene structure can prevent
to form the unstable M-X bond. In this way the Mo-C bonds in MosC2Tx and Mo4CsTx
is suppressed by adding Ti into the structure makes it more stable [51,52].

However, modification of these functional groups is important to explore
remarkable properties of MXenes [36,53]. The O/OH terminating groups can aid the
transportation of charges [54]. Methoxy terminated MXenes can be used for
esterification process as catalysts [55]. Transmittance can become high when a
structure has -F or -OH terminating groups [56]. In addition, the weak bonds
between the MX layers can lead to intercalation and thereby expanding the MXene
structure's layer spacing (along c axis) [57]. Intercalation with different metallic ions
promotes usage of MXene into metal-ion energy storage systems [58]. Capacitors
with superior capacitance can be constructed using these cation intercalated MXenes,
the properties of which are equivalent to activated graphene [7] . However, K* ion
intercalation reported a tremendous increase in capacitance with a value of 517 Fg!
in TisC2Tx after removing the terminating groups with calcination [59]. Furthermore,
not only cations, but also organic molecules can be intercalated into MXenes. For
instance, a previous report showed the improvement in the lattice index of TisCz by
the intercalation of dimethyl-sulfoxide (DMSO), organic hydrazine and urea
independently [57]. A elevated volumetric capacitance of 1873 F cm™ was found

when TisC2 MXene is intercalated with organic N,N dimethylacetamide [60].
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2.3 Synthesis of MXene

MAX is a bulk crystal used in the synthesis of MXenes which is itself two
dimensional inorganic substances. It is noted that 2D layered materials produced
from the MAX or non-MAX phase would exist before discovery. Unlike most 2D
ceramics, MXenes, which are molecular sheets made from the carbides and nitrides
of transition metals such as titanium, have exceptional conductivity and great
volumetric capacitance by nature. However, more than 100 MXene compounds have
been reported and several others have undergone computational investigations from
the discovery of first MXene (TisC:Tx). In addition, MXenes may potentially consist
of millions of different combinations of carbon, nitrogen, and transition metals such
as molybdenum or titanium. It is noted that MXenes are produced by selectively
eliminating aluminum from stacked MAX phases. The carbide layers are exfoliated
into two sheets of MXene that are only a couple of atoms thick. MXenes can
accommodate other ions and molecules between their layers by a procedure called
intercalation, which is occasionally required to make use of the material's special
teatures. Inserting lithium ions between the sheets of MXene could transform them
into effective materials for LIBs and capacitors. HF etchant, which was first
hazardous, has been supplanted with safer electrochemical etching as etching
techniques have evolved over time [61]. In this case, using different etchants
frequently leads to variations in surface terminations, which could further modify
the chemical, electrical, and structural characteristics that are closely linked to
energy storage devices' functionality. The three most common etching techniques are

discussed briefly in this study.
2.3.1 Wet Chemical Etching

TisAlIC2 MAX ceramic served as the precursor for the first MXene, TisC2Tx, which

was produced using HF solution as an etchant as shown in Fig. 2.2.
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Figure 2.2 (a) Schematic diagram of the synthesis of MXene by HF etching (Adapted

from [62,63] ) and (b) The synthesis and structure diagram of TisC-Tx MXene (Adapted
from [64])

Nb2CTx, TisCNTx, and V2CTx were among the other numerous MXenes that were
produced using this method. The suggested etching procedure and related

mechanism for Al-based MAX might be written as the following equations [65]:

M AlXn + 3HF — MueiXa + AlFs + 1.5H: 2.1)
Mt X + 2H20 — MaaXo(OH)z + Hz (2.2)
MeaXn + 2HF — MuiXoF2 + Ha (2.3)

The considerably fragile metallic M-A bonds than M-X (covalent or ionic bonds)
broke first, as illustrated in Equation (1), and F ions subsequently joined with the Al
ions to create AlFs, with the generation and release of H: [66]. The Al layer was
gradually removed from MAX, and the hexagonal lattice was transferred to MXene.
Due to its high activity at this point and inability to be stable in either water or acid,
MXene would spontaneously react with H.O and HF, limiting surface energy by

producing -F, =O, and -OH surface terminations.
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2.3.2 Molten Salt Etching

In the past few years, molten salts etching have expanded into a novel technique that
is primarily targeting nitride MXenes as shown in Fig. 2.3(a). TisAINs MAX was first
combined with the etchant (a combination of NaF, KF, and LiF), sintered at 550°C for
30 minutes with flowing Ar, and then the reaction byproducts were eliminated using
a 4 M H:S50s solution for 1 hour [67]. However, the resulting few-layered TisNsTx
MXene had more surface flaws than its HF-etched competitors in terms of
crystallinity. This process is far more complex than the wet chemistry. However, it is
occasionally necessary due to the high temperature, complex fluoride salts, inert

environment, and poisonous acid solution that are needed.

A comprehensive approach was suggested to create MXenes with halides at the end
using Zn-based MAX as precursors and merely ZnClz salts as the etchant [35]. After
being heated at 550°C for 5 h in an environment containing solely Ar atmosphere, a
group of MXenes, including TisC2Clz2 and Ti2CClz, were created for the first time. The
following equations illustrate the associated process that was elucidated in the

replacement reaction between MAX ceramics and the late-transition metal halides

[65]:

TisZnCz+ ZnCla — TisC2Cle + 2Zn? (2.4)
TisZnCz + Zn? — TisCz + 2Zn?** (2.5)
TisC2 + 2Cl- — TisCoCl2 + 2e - (2.6)
2Zn* +2e ~=27Zn 2.7)

It is noted that despite the significant advancement, the aforementioned inherent
limitation is likely to render the molten salts etching approach less practical than the

wet chemical etching for the time being.
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2.3.3 Electrochemical Etching

In order to etch the TisAlC: MAX and produce the TisC.Tx MXene with - OH and =O
terminations, Feng et al. [68] used a binary electrolyte, which is 1 M NH«Cl + 0.2 M
TMAOH. Studies had demonstrated a clear relationship between the concentration
of hydroxide and the etching duration and type of product (amorphous carbon or
MXene). Approximately 10 h was needed when the value was 0.2 since the reaction
efficiency was great. In addition, calculations using the density-functional theory
showed that the etching process took place when TisAlC: served as the anode and
was positively charged. The following conclusions on hypothetical equations were

made in light of the experimental findings [65]:

TisAlCz + 3e -+ 3CI- = TisCz + AlCL (2.8)
TisCz + 20H" - 2~ — TisC2(OH): (2.9)
TisCz + 2H:0 — TisC2(OH)z + Ho (2.10)

a) TiAIC: TiaZnCo TisC2Cle

¢Ti ©Al eCl «C . AICl3

©Zn ©Zn* eeZn?' e electron

¥ Surface func lities (T,) T hylammonium Hydroxid:
hE,T, Ti,C,T, sheets

Figure 2.3 Schematic of the etching and delamination process (Adapted from [35]) (a)
Molten salts etching. (b)Electrochemical etching (Adapted from [68]).
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2.4 MXenes in LIBs

It is necessary to transform and store the energy harvested from nature such as
derived from solar and wind sources into electrochemical energy [69]. The most
extensively studied electrochemical energy storage technologies are batteries and
super capacitors. To address the growing need for both consumer electronics and
electric transportation systems, enormous research efforts are being focused on
developing new-generation battery-based electrochemical energy storage
technologies [70]. However, its affordable price, high stability, and remarkable
electronic conductivity, graphite is the most frequently utilized anode material for
LIBs, which are the primary power source in small portable devices, electric
automobiles, and hybrid electric automobiles. However, the specific capacity of the
graphite anode is limited to 372 mAhg?! caused by the lithium-ion intercalation
process [71]. A great deal of nanostructures as well as composites, based on carbon
materials, transition metal oxides/hydroxides, and conducting polymers, have been
studied with a focus on three key parameters: conductivity, surface area and pore
structure to enhance the electrochemical performance of battery electrodes [72,73].
Limited specific capacitance, low electrical conductivity, structural deterioration,
slowly occurring redox reactions, and restricted ion/electron transport are still

among of these materials' primary disadvantages.

MXenes have a wide interlayer spacing, great thermal stability, fast ion and molecule
diffusion, an easily adjustable structure, a hydrophilic nature, a high surface area,
and large interlayer spacing unlike the other 2D materials [74]. MXene monolayers
are anticipated to be metallic because of their enhanced electron density at the Fermi
level (Er). The anticipated greater N(Er) for MXenes has not been demonstrated to
result in higher resistivities than the comparable MAX phases in experiments. The
energy locations of the O 2p (~6 eV) and F 2p (~9 eV) bands from the Fermi level of
Ti2CTx and TisC2Tx are both affected by adsorption sites and bond lengths to the

termination species [75]. Because of their superior capability for adsorption and
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reversible intercalation of several metal cations, including Li+ ions at the edges and
interlayer gaps of MXenes, 2D MXene materials reflect the features of metal-like
conductivity and hydrophilic behavior. In addition, MXenes are outstanding
applicants for energy conversion and storage medium due to their outstanding
qualities, which include superior electrical conductivity, faster ion and molecule
diffusion, low working voltage, and a substantial theoretical storage capacity. These
parameters keen attention of researchers to investigate the performance of several

MXene materials as anode of LIBs as shown in Fig. 2.4.

Electrolyte

Figure 2.4 Schematic representation of MXene as anode of LIB.

2.4.1 Mono Transition Metal MXene as Anode of LIBs

Mono transition metal MXene is one in which the M layer in Mn:XnTx formula
composed of only single type of transition metal (i.e. Ti, V, Sc, Zr, Nb, Mo, etc.) such

as TisCz, V2C, Ti2C, Mo:CTx etc. These types of MXene materials possessed superior
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ionic and electric conductivity, larger specific surface area, and excellent cation
intercalation ability and demonstrated outstanding potential as anode of LIB.
Naguib et al. [23] Prepared 2 D layered exfoliated Ti.C MXene which was created by
etching of Al from Ti2AlC. In comparison to untreated Ti2AlC, the newly produced
Ti>C showed a significant (~10-fold) increase in surface area as shown in Fig. 2.5. In
addition, it exhibited a specific capacity of 225 mAhg?, which was significantly
greater (almost 5 times) than that of the Ti2AIC precursor. After 120 cycles at a 3C
rate and 200 cycles at a 10C rate, consistent cycling capacities of 80 mAhg! and 70
mAhg! were respectively observed. The greater surface area, an open structure, and
weaker bonding between MX layers in the Ti:C structure were thought to be the
causes of the rise in specific capacity. Additionally, the Li* ions can be

accommodated in the interlayer voids between the exfoliated Ti:C sheets.

Figure 2.5 SEM image of Ti2C MXene [23].

Sun et al. [76] reported TisC. MXene by the exfoliation of TisAlC: with 49% HF
solution at a temperature of 60°C for 24 h, afterward intercalated the exfoliated
powder with dimethyl sulfoxide as shown in Fig. 2.6. An increase in lamellar
thickness from 30 nm to 100 nm was observed due to the intercalation of exfoliated
powder. Owing to the large d-spacing, the intercalated TisC MXene showed
superior discharge capacity of 264.5 and 118.7 mAhg! in the first and 75™ cycle
respectively compared to the capacities of 107.2 mAhg' and 89.7 mAhg' for
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exfoliated TisC: at a rate of 1C . The distinction in the performance between ex-TizCz
and In-TisC: was due to the enlarged d-spacing for Li* storage resulted from
intercalation of exfoliated TisC2 by DMSO. However, etching with HF resulted in the
-F terminal groups on the surface which had a negative impact on conductivity and

reduced the materials potential for energy storage and conversion.

Figure 2.6 a) SEM and b) TEM image of TisC. MXene [76].

Zhang et al. [77] synthesized the TisC2Tx MXene by using HCI +LiF etchant, instead
of HF solution. Etching and intercalation process were accomplished in a single step
and a defect free and flexible TisC2Tx MXene paper was obtained by HCI+LiF
compared to HF etchant. As prepared TisC: MXene was further delaminated by
alcohol and the delaminated MXene exhibited excellent cycling performance with
specific capacities of 226.3, 137.9, and 102 mAhg", corresponding to the current

densities of 100, 300 and 1000 mAg?, respectively, after 100 cycles.

A fluorine free TisC.Tx MXene was synthesized by alkali treatment (NaOH) in which
the surface was dominated with O and OH terminal groups [78]. As prepared
fluorine free TisCoTx delivered higher capacity and superior performance in
comparison to fluorine containing TisC.Tx etched using HF. At a current density of
0.5 Ag’, the alkali etched TisC2Tx (mass loading: 1.24 mg cm?) exhibited a capacity of
106.6 mAhg?! after 250 cycles which was approximately double the capacity of
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hydrofluoric acid-etched TisC2Tx (mass loading: 1.06 mg cm?) due to its bigger c-
lattice parameter and functional groups without fluorine termination. Chen et al.
[79] synthesized partially etched TisC2 MXene as anode of LIB. The precursor TisAlCz
was etched for 5 min, 0.5 h, 1h, 2h, 4h and 20 h by using 40wt% HEF. Reported
performance showed that, among all the samples, the MXene obtained after 0.5 h
etching (denoted as 0.5 h-pe TisC:Tx) provided optimized performance than that of
others. The 0.5 h-pe TisC.Tx MXene with 10wt% conductive additives provided
excellent volumetric capacity of 331.6 mAhcm—?® and a superior reversible capacity of
160 mAhg! after 100 cycles at 1C. In addition, 99% capacity retention was reported
after 1000 cycles at same current density. The distinction of performance among the
samples may be attributed to the inception of Li-Al alloy between the planes of TisCz

which was contributed at least in part to raise the capacity of 0.5 h-pe TisC.Tx MXene.

Zhao et al. [80] fabricated 3D porous TisC:Tx MXene foam via sulfur template
method. As developed porous MXene foam provided massive additional sites for Li*
storage as well as channels for electron and ion transfer as shown in Fig. 2.7. This
porous MXene provided an initial capacity of 455.5 mAhg?!, with an initial
coulombic efficiency of 65.5% and a capacity of 314.9 mAhg! after 300 cycles, at 50
mAg!. Moreover, at various current densities of 1, 2, 10 and 15 Ag? the supplied

capacities were 215.6, 187.4, 133.3 and 112.5 mAhg, respectively.
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Figure 2.7 Schematic of 3D macroporous PANI@M-Ti3C2Tx frame-works using PS
spheres as templates (Adapted from [s1]).
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Kong et al. [82] reported the electrochemical performance of TisC2Tx MXene obtained
by vacuum calcination at various temperatures of 400, 700 and 1000° C. The
observed initial coulombic efficiencies of these MXene were 57 and 62% for TisC2Tx -
400, TisC2Tx-700 respectively, which was much higher compared to 45% of TisC2
MXene. The enhancement in performance after calcination may be attributed to the
change of the surface chemistry and formation of anatyse TiO: on the MXene
surface. Moreover, after 100 cycles, at 1 C, the supplied capacities of TisC2Tx, TisC2Tx-
400, TisC2Tx-700 and TisC2Tx-1000 electrode were 87.4, 126.4, 147.4 and 79.5 mAhg,
respectively. The lower capacity of TisC2Tx-1000 electrode was thought to be resulted

from structural compactness which limited the number of ions that could intercalate.

Meng et al. [83] synthesized scrolled type TisC> MXene by cold quenching in liquid
nitrogen and compared the performance of TisC2 scroll with TisCz sheet as anode of
LIB for different current densities from 100 to 5000 mAg™. The scroll type MXene
exhibited excellent reversible capacities of 226 mAhg? (1t cycle), 155 mAhg! (22
cycle), 136 mAhg' (32" cycle), 113 mAhg-! (42" cycle) and 89 mAhg-! (62cycle)
whereas, TisC2 MXene sheets achieved lower reversible capacities of 199 (1%t cycle),
96 (221 cycle), 68 (32 cycle), 51 (42% cycle), 30 mAhg! (62 cycle) corresponding to
the current densities of 100, 500, 1000, 2000 and 5000 mAg* respectively. The
enhance electrochemical performance was reported due to more contact of
electrolyte, greater inter layer spacing and shorter diffusion path for Li* in the scroll
structure. Furthermore, the TisC2Tx scrolls showed outstanding long-term cycling
performance by retaining 81.6% of its initial capacity which was much better than

the capacity retention of 63.3% of TisC2Tx sheets after 500 cycles at 400 mAg-.

Zhang et al. [84] synthesized pillared SnS/TisC-Tx composites embellished with in
situ formed TiO: nanoparticles via solvothermal reaction and annealing treatment as
shown in Fig. 2.8. The SnS/TisC2Tx composite exhibited high capacity of discharge

866 mAhg!at 500 mAg! current rate with 99% columbic efficiency which was better
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compared to those of commercialized SnS and individual TisC.. The enhance

electrochemical performance was credited with the pillar effect of TisC2Tx MXenes.
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Figure 2.8 (a) Schematic illustration of the preparation process of SnS/Ti3C2Tx
MXene and (b) Cycling performance of SnS/Ti3C2Tx , pure Ti3C2Tx and commercial
SnS at a current rate of 500 mAg. (Adapted from [84])

Recently Dai et al. synthesized self-supported and vertically aligned two
dimensional (2D) heterostructures (V-MXene/V20s5) of rigid TisC2Tx MXene and
pliable vanadium pentoxide via an ice crystallization-induced strategy as anode of
LIBs [85]. This thick V-MXene/V20s exhibited 472 and 300 mAh g at a current rate
of 0.2 Ag?, rate performance with 380 and 222 mAhg retained at 5 Ag-
!, respectively, after 800 charge/discharge cycles. The enhance electrochemical
performances was reported due to the vertical channels facilitated fast electron/ion
transport within the entire electrode while the 3D MXene scaffold provided
mechanical strength during Li+ insertion/deinsertion. Wang et al. synthesized

Fes04@TisC2 MXene hybrid via a simple ultrasonication of TisC2 MXene and FesOs
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nanoparticles and used as anode of LIBs [86]. The one of the compositions of
Fes04@TisC2 hybrid exhibited high reversible capacities of 747.4 mAhg' at 1C after
1000 charge/discharge cycles. In addition, this anode material exhibited remarkable
volumetric capacity up to 2038 mAhcm™ at 1C due to the high convenient density of
the electrode of the prepared hybrid. Tao et al. fabricated mesoporous
polydopamine (OMPDA)/TisC:Tx via in situ polymerization of dopamine on the
surface of Ti3C:Tx via employing the PS-b-PEO block polymer as a soft template as
shown in Fig. 2.9. This electrode exhibited average 1000 mAhg' of discharge
capacity with 92 % columbic efficiency at 50 mAg™ current rate after 200 cycles. The
enhance electrochemical performance was attributed due the mesopores enhanced

the overall capacity and reversibility of the reactions with Li*[87].
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Figure 2.9 (a) Schematic drawing depicting the preparation steps of OMPDA/TisC2Tx
composite and( b) Cycling stability of OMPDA/TisC.Tx anode.(Adapted from [87]).
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Huan et al. [88] reported the Electrostatic Self-assembly of 0D-2D SnO: Quantum
Dots/TisC2Tx MXene hybrids as anode for LIBs. This electrode exhibited superior
lithium storage properties with high capacity of 887.4 mAh g* at 50 mA g current
rate and a stable cycle performance of 659.8 mAh g* at 100 mA g after 100 cycles
with a capacity retention of 91%. It is noted that the enhance electrochemical
performances was attributed due to the effective routes for rapid transport of
electrons and Li* by TisC2Tx MXene. In addition, this MXene materials buffered the
volume change of SnO: during Li insertion/deinsertion by confining SnO:2 QDs

between the nanosheets.

Liu et al. [89] explored the performance of Vo2C MXene as anode of LIB. Synthesis
process was done by immersing the precursor V2AIC in a mixture of NaF and HCl
for 72h. As prepared MXene delivered an initial discharge and charge capacity of 467
mAhg! and 291 mAhg* with a columbic efficiency of 62.3% and retained a reversible
capacity of 260 mAhg™ after 20 cycles, at a current density of 370 mAg™. In addition,
at increasing current densities of 50, 100, 200, 500 and 1000 mAg™, the observed
specific capacities for this MXene electrode were 250, 216, 189, 157 and 137 mAhg,
respectively. Zhao et al. [90] came up with 2D Nb4Cs MXene which had greater
interlayer space for ion accommodation. This MXene as anode of LIB showed
outstanding initial discharge and charge capacities of 546 mAhg' and 333 mAhg!
respectively at a current density of 100 mAg?. Formation of the SEI layer or the
irreversible reduction of the active surface groups such as hydroxyl or fluorine was
the reason of the capacity loss in the first cycle. Even after 100 cycles it delivered a
reversible capacity of 380 mAhg?! at the same current density. Furthermore, this
MXene electrode exhibited excellent rate performances with the capacities of 346,
320, 278, 238, 196, 131, and 88 mAhg™ at the rates of 0.1, 0.2, 0.5, 1, 2, 5 and 10 Ag"!
respectively and a discharge capacity of 365 mAhg' when the current density

returned to 0.1 Ag™.
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Zhou et al. [91] reported the effect of ball milling on the electrochemical performance
of ViCs MXene as anode of high performance of LIB. The ball milled ViCs MXene
supplied superior discharge and charge capacities of 600.8 and 376.2 mAhg™ in the
first cycle and a high reversible capacity of 225 mAhg™ after 300 charge/discharge
cycles which were much higher in comparison to the capacities of 164.1 and 81.2
mAhg in the first cycle and 123.5 mAhg! after 300 cycles for non-ball milled ViCs
MXene, at a current density of 0.1 Ag'. The distinction in the performance was
attributed to the effect of ball milling of MXene powder which ensured enlarged
specific surface area and interlayer spacing that not only provided more active space
for Li-ion intercalation but also reduced the diffusion barrier for ion and electron
transport. Dong et al. [92] synthesized Nb.CTx MXene by immersing the Nb2AIC
precursor in lewis acid molten salt at a temperature of 750°C for 5 h. The surface
termination of as prepared Nb.CTx MXene dominated with oxygen which was
beneficial for Li-ion storage. This type of MXene delivered a maximum lithium
storage capacity of 330 mAhg™! at a current density of 50 mAg™. Moreover, at high
rates of 50 C and 100 C the observed capacities for this MXene were 113 and 80
mAhg respectively. Fig. 2.10 shows the SEM image of NbC MXene and Nb2AIC.

Figure 2.10 (a) SEM of Nb2AIC and (b) SEM of NbzC [92].

A one-step synthesis method was employed for the preparation of a few-layered

Nb2CTxMXene which exhibited enhanced electrochemical performance compared to
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multi-layered Nb2CTx MXene as anode of LIB [93]. The few layered Nb.CTx MXene
electrode showed outstanding discharge and charge capacities of 746 and 524 mAhg-
! respectively, corresponding to 70.2% columbic efficiency in the first cycle and a
capacity of 485 mAhg-! during the second cycle at a current density of 50 mAg.
After 100 charge-discharge cycles, this few layered MXene delivered a reversible
capacity of 354 mAhg! which was much higher in comparison to 165 mAhg" of
multilayered Nb2C MXene, at the same current density. The superior result of few-
layered Nb2C MXene anode could be attributed to the presence of a lower content of
F-termination on the surface and having a 2.7 times larger specific surface area
compared to multilayered MXene, which offered more active area and active sites
for Li-ion storage. Furthermore, the few layered electrode displayed excellent rate
performance with specific capacities of 478, 304, 264, and 211 mAhg™! at the current
densities of 0.05, 0.25, 0.5, and 1.0 Ag?, respectively. Luo et al. [94] oxidized the
partially etched V2CTx MXene in presence of H.O: by using a hydrothermal reaction.
As an anode of LIB, the oxidized V2CTx MXene delivered a higher specific capacity
of 318 mAhg' after 100 cycles than V2CTx MXene, which was 223 mAhg' at 100
mAg. In addition, better rate performance was observed for oxidized V2CTx MXene
with capacities of 318, 241, and 124 mAhg™ corresponding to the current densities of
50, 200, and 1000 mAg? respectively. The enhancement in performance after
oxidation may be attributed to the change of surface stats (presence of abundant O-
terminated groups) and the formation of VO: on the interface and surface, which
functioned as a bridge to connect Li+ and oxidized V2CTx and resulted in more

diffusion channels.

Guo et al. [95] employed the hydrothermal method to synthesize M0oCTx MXene by
etching Ga from Mo2Ga:C precursor. The etching process was carried out with five
types of etching solutions of LiF+HCIl, NaF+HCl, KF+HCl, NH«F+HCl and HF. The
Mo2CTx-K MXene (obtained by etching with KF+HCI) with residual K on the surface

delivered higher performance compared to the other cleaned surface samples of
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Mo2CTx-Li, M02CTx-Na, M02CTx-N, and Mo:CTx-H as shown in figure 4. At a current
density of 50 mAg, the Mo2CTx-K MXene exhibited superior initial discharge and
charge capacity of 1069.6 mAhg' and 893.6 mAhg?! respectively, with an initial
coulombic efficiency of 83.5% and supplied a stable capacity of 151.7 mAhg! after
100 cycles at a current density of 100 mAg™. The superior performance of MoCTx-K
MXene compared to the other samples was attributed to the existence of residual K
on the surface which bonded with O of Mo2CTx and pillared the 2 D sheet. This
pillared effect provided enough pathways for Li diffusion and space for Li-ion in 2 D
Mo:CTx sheet. Further, the Mo:CTx-K MXene was delaminated by using tetrabutyl-
ammonium hydroxide (TBAOH). The delaminated Mo:CTx-K MXene with enlarged
interlayer spacing and larger active surface delivered a 7.3 times higher capacity of
239 mAhg! than 32.7 mAhg! of Mo:CTx-K MXene, at a current density of 800 mAg!

as shown in Fig. 2.11.
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Figure 2.11 (a) Charge-discharge cycle performance curves of different samples at
different current densities, (b) Cycle stability curves of different samples at current
density of 500 mA/g. [95].

Zhou et al. [96] reported the electrochemical performance of delaminated d-HfsC:Tx
MXene as anode of LIB and showed that, the d-Hfz:C.Tx MXene delivered first
discharge capacity of 145 mAhg, with a coulombic efficiency of 59% and a capacity
of 146 mAhg?! after 200 cycles, at a current density of 200 mAg?!. Du et al. [97]
Synthesized a freeze dried TisCNTx MXene as anode of LIB. As prepared TisCNTx
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MXene supplied an excellent initial discharge capacity of ~590 mAhg" with an initial
coulombic efficiency of 42%, and a stable reversible capacity of 343 mAhg-! after 200
cycles, at a current density of 0.05 Ag. Moreover, at varied current densities of 0.05,
0.5, 1 and 2 Ag? the delivered capacities of this MXene were 215, 174, 142 and 107

mAhg! respectively.

TisCz2 and Nb2C MXene were fabricated as anode of LIB by cold pressing the MXene
powders at a pressure of 1 GPa without use of any binder [98]. As fabricated TisCz
and Nb.C MXene maintained a capacitiy of 97 and 128 mAhg™ after 50 cycles, at a
current density of 30 mAg?'. Naguib et al. [99] compared the electrochemical
performance of Nb2CTx and V2CTx MXene, obtained via etching of their respective
precursor with 50 wt% HF solution. As anode of LIB, The Nb2CTx and V2CTx MXenes
exhibited excellent discharge capacities of 422 and 380 mAhg! in the first cycle, at 1
C and maintained a reversible capacity of 110 and 125 mAhg* after 150 cycles, at 10
C. A UV-induced selective etching method was employed to Synthesize fluorine free
mesoporous Mo2C MXene as anode of LIB [100]. As prepared Mo:C MXene
exhibited excellent rate performance with the capacities of 130, 136, 117, 101, 58, 45,
33 and 19 mAhg! at the current densities of 5, 10, 20, 50, 500, 1000, 2000 and 5000

mAg respectively.

To sum up the Mono Transition Metal MXene as Anode of LIBs, Table 2-1 shows the
long cycle performance of various 2D mono transition metal MXene as anode of LIB.
It shows that, the performance of similar types of MXene is varied with etching
solution, etching time and temperature. The reason of this change may be ascribed
by the different composition and formation of different terminal groups on the

surface of MXene.
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Table 2.1 Summery of cyclic performance of mono transition metal MXene as anode

of Lithium Ion Batteries.

Etching time | Discharge capacity
Anode Number
Etchant (h) (mAhg?) & Current Ref.
material of cycle
rate (Ag?)
TiC 10 wt% HF at RT | 10 70at10C 200 [23]
TisC2 49 wt% HF at|24 118.7at1 C 75 [76]
60°C
TisCz HCI+LiF at 35°C | 24 479 at 3 Ag™ 100 [101
]
TisC2 NaOH 104.8 at 0.5 Ag 500 [78]
Partially 40 wt% HF at RT | 0.5 160 at1C 100 [79]
etched
TisC2
Porous HCI+LiF at 35°C | 24 220 at1 Ag™ 3500 [80]
TisCz
TisC2T-400 | 40 wt% HF at |48 1264 at1C 100 [82]
60°C
TisC2T«-700 | 40 wt% HF at |48 1474 at1C 100 [82]
60°C
Scroll TisC2 | HCI+LiF at 40°C | 24 ~112 at 0.4 Ag™ 500 [83]
V2C HCI+NaF at 90°C | 72 243 at 0.5 Ag™ 500 [89]
Nb4Cs 49 wt% HF at RT | 140 320 at1 Ag™ 750 [90]
ViCs 40 wt% HF at |96 125 at 1 Ag™ 300 [91]
55°C
Nb2CTx Lewis acid at|5 150 at 1 Ag™ 500 [92]
7500C
Nb2C 40 wt% HF at|90 225at1 Ag™ 800 [93]
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Etching time | Discharge capacity
Anode Number
Etchant (h) (mAhg?) & Current Ref.
material of cycle
rate (Ag™)
60°C
partially 40 wt% HF at RT | 7 days 125at1 Ag™! 1000 [94]
etched
VZCTX
d-MoCTx | HCI+KF 24 118.8 at 2 Ag™! 100 [95]
at 180°C
d-HfsCTx | 35 wt% HF at RT | 60 146 at 0.2 Ag™! 200 [96]
TisCNTx HCI+LiF at 30°C | 12 300 at 0.5 Ag™ 1000 [97]
Mo:C HsPOs 3-5 90 at 0.01 Ag™! 140 [100
]

2.4.2 Double Transition Metal MXene (DTM) as anode of LIBs

The double transition metal MXene is comprised of two distinct transition metals
denoted as M” and M”“. Based on the structure, double-transition MXene is divided
into two categories as shown in Fig. 2.12. The first one is ordered MXene in which
the two transition metals (M7 and M””) are arranged alternatively in a 2 D structure.
This material can be further classified into two groups: i) in plane ordered DTM,
denoted by the formula M'ssM"2sXT such as MossY2sCTx  and ii) out of plane
ordered DTM, which is defined by the formula of M'-M"X2Tx or M2M"2XsTx» such as
Mo:TiC:Tx. The other DTM is solid-solution DTM, which is composed of two
individual transition metals distributed randomly in all M layers and is denoted by
the formula of (M’ M")umiCiTx such as (Ti,Nb)sC.Tx . This diverse transition metal
arrays and structures of DTM resulted in improved thermoelectric, mechanical and

electrochemical properties [44] .
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Figure 2.12 Representation of structure of (a) ordered DTM and (b) solid solution of
MXene. (Two colors of molecules represent two types of transition metals) (Adapted
from [44]).

Cheng et al. [102] synthesized a novel phased VNbCTx Double transition MXene by
selectively etching the Al layer from its VNbAIC MAX phase. As anode of LIB, the
VNDbCTx MXene delivered an excellent specific capacity of 520.5 mAhg™, at a current
density of 0.1 Ag?. The capacity was increased gradually with cycle number which
may be ascribed by the rapid transfer of ions and electrons in the layered nanosheet
of VNbCTx MXene as in Fig 2.13. A long term cyclic stability (1000 cycles) was also
observed by this MXene even though the structure became curled from nanosheet
after long cycle which may be attributed to the wrinkled layered structure which
provided channels for Li+ transport. In addition, this electrode provided promising
rate performance with specific capacities of 409.7, 301.7, 222.5, 133.5, 81.4, and 53.7
mAhg! corresponding to the current densities of 0.2, 0.5, 1, 2, 5, and 10 Ag!
respectively. This superior performance resulted from the multilayer skeleton of
VNbCTx MXene, which prevented the restacking of sheets and limited the volume

expansion during cycling.
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Figure 2.13 (a) SEM image of VNbAIC and (b) SEM image of multi-layer VNbCTx
[102].

Liu et al. [103] successfully fabricated highly conductive Ti2NbC2Tx double transition
metal MXene which delivered higher electrochemical performances in comparison to
TisC.Tx MXene as anode of LIB. At a current density of 0.1 Ag?, the TiNbC2Tx
electrode supplied a discharge capacity of 305.7 mAhg?, corresponding to an
efficiency of 58.65% in the first cycle whereas the delivered capacity of TisC.Tx
MXene was 502.2 mAhg?!, with an efficiency of 44.2%. The higher efficiency of
Ti2NbC:Tx electrode was attributed to the lower charge transfer resistance and higher
extraction/insertion rate of Li+. However, after 400 cycles, the displayed capacity of
Ti2NbC2Tx was 198 mAhg! which was higher than 135 mAhg™ of TisCzTx, under the
same current density. Even at varied current densities of 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0
Ag', the Ti2NbC2Tx MXene still showed superior rate performance of 196.2, 156.6,
141.4, 124.8, 113.6, and 90.6 mAhg! compared to 135.3, 89.8, 57.6, 35.9, 18.8, and 7.8
mAhg?! of TisC:Tx MXene. Moreover, the TizNbC:Tx exhibited excellent capacity
retention of 81%, after 4000 cycles, under a current density of 1 Ag?. This improved
capacity may be attributed to the incorporation of Nb which enlarged the interplanar

spacing as well as provided increased active sites.

A series of (VxTiix)2C (x=0,0.3,0.5,0.7,1) MXene compound were synthesized by
etching of (VxTiix)2AlC solid solution for different time periods of 1h, 5h, 24h, 36h
and 48h respectively [104]. As anode of LIB, the (Vo.5Ti05)2C-24h MXene delivered an
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initial discharge and charge capacity of 445.9 and 286.6 mAhg! respectively with
64% coulombic efficiency and a capacity of 194.9 mAhg™ after 100 cycles at a current
density 1 Ag?. Formation of SEI on the surface and irreversible reduction were
thought to be reason of irreversible capacity in the initial cycles. After 500 cycles,
the supplied capacities of Ti2C-1h, (Vo.3Ti07)2C-5h, (Vo.sTios)2C-24h, (Vo.7Ti0s3)2C-36h
and V2C-48h samples were 128.9, 132.5, 194.9, 155.3 and 115.6 mAhg respectively at
same current density. The lower capacity of V2C-48h and Ti2C-1h was attributed to
the restacking of MXene sheet and the superior capacity of (Vo.5Tios)2C-24h MXene
was ascribed to the maximum synergy of Ti and V. Syamsai et al. [105] prepared a
layered TixTauxCs bi metal MXene as anode of LIB which delivered a discharge
capacity of 1411 mAhg initially at a rate of 0.05C, and retained a reversible capacity
of 476 mAhg', with a coulombic efficiency of ~99% after 100 cycles at 0.5 C. This
outstanding performance was attributed to the formation of stable bi-metallic MXene
with expanded interlayer d-spacing of 3.37 A which allowed storage of Li+ on its
surface and layers. It is noted that (Nbos, Tio2)sCsTx and (Nbos,Zro2)sCsTx MXene
synthesized via altering 20% of Nb from NbsCsTx MXene to improve the Li* storage
capacity [106]. However, the result was not comparable enough. It is noted that after
20 cycles, the (Nbos, Tio2)sCsTx and (Nbos,Zr02)4CsTx MXene showed lower capacity of
158 and 132 mAhg?! compared to the capacity of NbsCsTx MXene, which was 189
mAhg. Several groups experimentally investigated DTM as anode of LIBs. Their

electrochemical performances are summarized in Table 2.2.

Table 2.2 Summery of Cyclic performance of 2D DTM as anoe of LIB.

Etching Discharge capacity
Anode Number
Etchant time (mAhg?) & Current rate Ref.
material of cycle
(h) (Ag")
VNbCTx | 50 wt% HF | 48 520.5at 0.1 Ag?! 100 [102]
at 40°C

57




Ti2NbCoTx | 48 wt% 24 95.2at1 Ag' 4000 [107]
HF at 50°C

(Vo.7Ti03)2C | LiF+HF at | 5 177 at1 Ag! 1000 [104]
90°C

(VosTios)C | LiIF+HF at | 24 2049 at1 Ag™ 1000 [104]
90°C

(VosTior)2C | LiF+HF at | 36 1849 at 1 Ag?! 1000 [104]
90°C

TixTauCs | 40 wt% HF | 72 459 at 0.5 C 200 [105]
at RT

2.4.3 Composite MXene as anode of LIBs

The mono and double transition metals MXene have good electrical conductivity

and cyclic stability. However, various challenges were observed in achieving high

specific capacity, high stability, and effective electron/ion transport since most 2D

MXene nanosheets are vulnerable to self-staking, which reduces specific surface area

and Li* intercalation numbers. For increasing specific surface area and facilitating ion

mobility one of the strategy is to expand interlayer gaps which can be accomplished

by applying different types of doping and fillers (Si, Sn, Ag, Fe, CNT, and other

oxides) on the surface of MXene. Combination of MXene with other dopants and

tillers defined as composite MXene such as TisC2/Si, SiO2/TisC2Tx, Fe/TisC2Tx, etc.
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Figure 2.14 Schematic representation of synthesis process of MXene/Metal
composite.

Li et al. [108] fabricated nickel hydroxide based delaminated titanium carbide
(Ni(OH)2/d-TisC2) composite MXene as anode of lithium ion battery. The well-
wrapped Ni(OH): tackled the restacking of d-TisCz and enlarged the surface area for
Li* insertion as well as shortened the Li* diffusion distance. As prepared composite
MXene exhibited better performance than delaminated TisCz and delivered an initial
discharge and charge capacity of 615.2 mAhg? and 578.7 mAhg' with an efficiency
of 94.06% and a reversible capacity of 732.6 mAhg?! after 200 cycles at a current
density of 0.1 Ag?, which was 6 times superior to that of delaminated TisC. MXene

(121.3 mAhg™) at the same current density.

Zhang et al. [109] prepared the NiCo-LDH/TisC2 composite MXene via electrostatic
interaction force between the surface of negatively charged TisC. MXene and
positively charged nickel-cobalt ions. The tightly anchored ultra-thin, bent, and
wrinkled a-phase crystal of NiCo-LDH and the vertical development of LDH in the
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three-dimensional conductive network of NiCo-LDH/TisC2 MXene as in Fig 2.15
resulted in a gap of 8.1 A between the interlayers and supplied more active sites that
inhibited MXene restacking and accelerated ion diffusion. As a result, the NiCo-
LDH/TisC2 MXene delivered superior intial discharge and charge capacities of 1827.3
and 1266.4 mAhg respectively, at a current density of 100 mAg™. In addition, at
varied current densities from 0.1 to10 Ag? the observed discharge capacities were in
the range of 1076.7 to 370.6 mAhg. Li et al. [110] synthesized the NiFe-LDH/TisC>Tx
MXene via hydrothermal method and analyzed the performance as anode of LIB. As
prepared NiFe-LDH/TisC2Tx MXene delivered superior initial discharge capacity of
1376.4 mAhg, with an initial coulombic efficiency of 56.6% and exhibited excellent
cycling stability with a capacity of 898.8 mAhg-, after 200 cycles, at a current density
of 0.1 Ag'. In addition, this electrode supplied high rate performances with the
capacities of 959.5, 651.7, 528.8, 413.8, 315.5 and 270.3 mAhg corresponding to the

current densities of 0.1, 0.2, 0.5, 1, 1.5 and 2 Ag™ respectively.

Figure 2.15 (a) SEM images of pristine TisC. MXene. (b) SEM image of as-prepared
NiCoLDH/TisC2 Nanosheets [109].

Hui et al. [111] prepared TisC2/Si composite MXene as anode of lithium ion battery.
This TisC2/Si composite electrode exhibited very high first discharge/charge capacity
of 3512.5/2145.1 mAhg! with an initial efficiency of 61.1%, and an efficiency of 87.8%
in the 27 cycle at a current density of 100 mAg™. In addition this MXene displayed
excellent cycling stability with an improved capacity of 1475 mAhg-! after 200 cycles

at same current density. The excellent performance of this MXene could be
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attributed to the uniform dispersion of Si nanoparticles over the surface of TisC2
MXene sheet which ensured faster Li* and electron transportation channels and
prevention of volume expansion of Si by TisC2 during cycling. Zhou et al. [112]
fabricated Si nanospheres coated TisC2Tx composite MXene (denoted as Si/TisC2Tx)
as anode of LIB via electrostatic self-assembly method. As assembled MXene
exhibited excellent first cycle discharge and charge capacities of 3986.8 and 3025.1
mAhg respectively and delivered a reversible capacity of 2442.5 mAhg, after 100
cycles, at a current density of 0.1 Ag. In addition, a much higher reversible capacity
of 1917.9 mAhg' was observed compared to 46.9 mAhg' of pristine TisC2 MXene
after 300 cycles at a current density of 0.5 Ag™. The SEM image of TisCz2 and Si/TisCz

shown in Fig. 2.16.

Figure 2.16 (a) SEM image of TisCz (b) SEMimage of Si/TisCz[112].

Tian et al. [113] revealed the electrochemical performance of flexible and binder free
Si/TisC2Tx composite MXene as anode of LIB. As prepared binder free anode
delivered a discharge capacity of ~ 2930 mAhg, with a coulombic efficiency of 71%
in the first cycle and a capacity of 2118 mAhg™ after 100 cycles, at a current density
of 200 mAg™. Moreover, at varied current densities from 1000, 2000, 3000, 4000 to
5000 mAg! the supplied discharge capacities of this MXene were 1768, 1501, 1294,
1033, and 886 mAhg! respectively. Zhang et al. [114] prepared flexible porous
Si/TisC2Tx composite MXene by vacuum filtration and fabricated anode of LIB by this
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composite MXene with various mass ratios of Si and TisC2Tx MXene (1:1, 2:1, and 3:1)
as shown in Fig. 2.17. Higher mass content of porous Si resulted in enhancement of
electrochemical performance. However, the structure of Si/TisC2Tx -3:1 was more
brittle and fragmented during cell assembly, which led to capacity failure after a few
cycles. Hence, the Si/TisC2Tx-2:1 composition provided optimum performance among
all combinations with initial discharge and charge capacities of 2843.5 and 1778.4
mAhg respectively and maintained a reversible capacity of 1039.3 mAhg™" after 200
cycles at a current density of 500 mAg™. In addition, at current densities of 0.05, 0.5
and 5 A/g the observed capacities of Si/TisC2Tx-2:1 MXene were 2256.5, 1661 and
840.3 mAhg! respectively, which were much higher than that of porous Si and other

ratio of Si/Ti3C2Tx.
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Figure 2.17 Schematic representation of synthesis and cyclic performances of
different samples at 0.5 Ag. (Adapted from [114])
Bashir et al. [115] embedded silicon nanoparticles on V2C MXene nanosheet to create
Si-V2C nanocomposite MXene electrode for LIB. This composite electrode exhibited

excellent first cycle discharge and charge capacity of 921 and 691 mAhg-!
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respectively and retained a stable capacity of 430 mAhg, after 150 cycles, at a
current density of 200 mAg-. In addition, the Si-V2C electrode displayed high-rate
performance with a capacity of 140 mAhg corresponding to a current density of 3

Ag.

Maughan et al. [116] reported the electrochemical performance of Mo2TiC>-5i-400
MXene, obtained via amine assisted silica pillaring and calcination at 400° C.
Pillaring method created porous Mo:TiC. MXene which resulted in larger interlayer
spacing up to 4.2 nm. As a result, The Mo:TiC>-5i-400 MXene delivered an initial
discharge and charge capacities of 473 and 314 mAhg", with an initial coulombic
efficiency of 66% and an efficiency of 94% in the second cycle at a current density of
20 mAg. Moreover, at the current densities of 20, 50, 200, 500, and 1000 mAg™ the
observed discharge capacities of this MXene were 312, 281, 229, 182 and 143 mAhg?,
respectively. Mu et al. [117] synthesized microsphere like hybrid SiO2/TisC2Tx MXene
and revealed its performance as anode of LIB at different current densities. At a
current density of 200 mAg?, the delivered charge/discharge capacity of this
electrode during first cycle was 820 and 1173 mAhg"! respectively and after 100
cycles it maintained a discharge capacity of 798 mAhg™ at the same current density.
In addition, excellent rate performance were also observed with the capacities of 840,
739, 683, 553 and 517 mAhg! at the current densities of 0.1, 0.5, 1, 2 and 3 Ag!
respectively. This exceptional performance might be attributed to the development
of a 3D high conductive network and the bond between MXene and SiO:
nanoparticles which boosted the structural stability and shortened the Li-ion

pathway length.

Han et al. [118] designed a self-integrated Si/TisC.Tx MXene bonded with interfacial
nitrogen layer (denoted as Si-N-TisC:Tx) as high performance anode for LIB. The
interfacial nitrogen bond boosted adhesion between Si  and highly
conductive TisC2Tx MXene which resulted in improved rate performance and

cycling stability by facilitating ion and electron transport. As a result, the Si-N-
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TisC2Tx MXene electrode, supplied superior specific capacities of 2228, 2078, 1818,
and 1469 mAhg! corresponding to the current densities of 0.8, 1.6, 3.2, and 6.4 Ag™!
respectively and maintained excellent cyclic stability with a specific capacity of 1060

mAhg, after 500 cycles, at a current density of 1.6 Ag.

Zhang et al. [119] produced a SiOx-coated N-doped TisC2Tx MXene composite as the
anode of LIB by employing melamine-assisted ball milling and annealing processes.
The prepared composite MXene delivered excellent discharge and charge capacities
were 1882.1 and 1141.3 mAhg, respectively during first cycle at 100 mAhg? and
supplied a capacity of 1141.3 mAhg'! after 100 cycles, at a current density of 500
mAhg!. Moreover, at different current densities of 0.5, 1, 3, and 5 Ag! the delivered
discharge capacities of this electrode were 1179.7, 1068.1, 708.9, and 596.4 mAhg
respectively, in parallel. Choudhury et al. [120] reported the electrochemical
performance of doped Si/Graphite/V2C MXene composite as anode of LIB in a
potential range of 0.01-3.0 V. The unique structure of doped Si/G/V2C MXene
electrode served to withstand the volume surge of Si and doping the MXene
produced more number of electrons and ion transport pathways which resulted in
much higher performance with the capacity of 3682 mAhg! compared to the
capacity of 2833 mAhg™ for the undoped one, at a rate of 1 C. In addition, the doped
Si/G/V:C exhibited a high reversible capacity of 2439 mAhg™ at a high rate of 10 C

and the capacity was restored to 3491 mAhg" when the current rate returned to 1 C.

Zhao et al. [121] modified the surface of TisC. MXene sheet by the atomic dispersion
of Fe and analyzed the electrochemical performance of Fe-TisC2 MXene as anode of
lithium ion battery. As prepared Fe-TisC:Txelectrode exhibited superior rate
performance with the capacities of 564.9, 400, 260.2, 183.7 and 109.8 mAhg
compared to the capacities of 77, 68.8, 53, 40.8 and 23.9 mAhg™ of TisC: electrode at
the current densities of 50, 100, 200, 300 and 500 mAg™ respectively, under -10° C.
The superior performance of composite anode could be attributed to the formation

of weaker Fe-O bond with O atoms of surface functional group in the Fe-
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TisC2Tx sheets. This weaker bond produced unsaturated O atoms which promoted
Li+ adsorption and improved the capacity. Huang et al. [122] intercalated Fe ion into
the interlayer of pillared few layered TisC. MXene. The few layered TisC> MXene
prevented large scale volume change of Fe nanocomplex during lithiation and
delithiation process and expanded interlayer provided more lithium ion storage
space. As a result, the Fe-f- TisC. MXene supplied excellent initial discharge and
charge capacity of 795 and 470 mAhg?, with an initial efficiency of 59.11% at a
current density of 50 mAg?. Moreover, after 150 cycles, the composite MXene
maintained a capacity of 535 mAhg?! which was much higher in comparison to 142

mAhg! of f- TisCz at the current density of 500 mAg™.

Wan et al. [123] successfully fabricated bimetal (Fe-Ti) oxide/carbon/TisC2Tx MXene
electrode for high performance LIB. As prepared composite electrode displayed
superior initial discharge and charge capacities of 1462.2 and 1117.9 mAhg!
respectively, corresponding to an efficiency of 77.52% and in addition it delivered a
discharge capacity of 757 mAhg-, after 800 cycles, at a current density of 3 Ag™. This
outstanding lithium storage ability of this composite was due to the remarkable
conductivity of carbon and MXene and the high capacity of bimetal (Fe-Ti) oxide as
well as the distinctive 2D layered structure that allowed multiple open channels for
quick electrolyte access, with internal void space that mitigated the enormous

volumetric expansion during cycling.

Zhang et al. [124] synthesized the N-TisC:/Fe20s nanocomposite MXene by
dispersion of iron oxide on crumpled nitrogen doped MXene sheet and compared its
performance with TisC2Tx/Fe20s and N-TisCz as anode of LIB. Among all these, the
N-TisC2/Fe20s electrode delivered the best performance with a high reversible
capacity of 688 mAhg?! after 100 cycles, at a current density of 1 Ag?. However,
following the same cycles, the TisC.Tx/Fe20Os composites and N-TisCz only exhibited
discharge capacities of 438 mAhg' and 140 mAhg, respectively. Furthermore, the

N-TisC2/Fe20s electrode showed excellent rate performance with the capacities of
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1065, 993, 806, 672, 477and 304 mAhg! at the current densities of 0.1, 0.2, 0.5, 1, 2 and
4 Ag? respectively. The high performance of N-TisC:/Fe2Os nanocomposite was
attributed to the N doping on the MXene sheet that boosted its overall electronic
conductivity and crumpled structure which leads to larger specific surface area. In
addition, the N-TisCz2 nanosheets and Fe:0s nano particles functioned as mutual
spacers in the composite to successfully stop the nanoparticles from aggregating and
the MXene nanosheets from stacking. He et al. [125] investigated the electrochemical
performance of 3-FeOOH nanorods intercalated 3-FeOOH/TisC2Tx composite MXene
as anode of LIB. This sandwich like -FeOOH/TisC.Tx MXene as in Fig. 2.18
provided high discharge capacity of 1630 mAhg! during first cycle and retained a
capacity of 938 mAhg™ at the end of 100 cycles, at a current density of 200 mAg™. In
addition, this MXene displayed good rate performance with a capacity of 791 mAhg-
LatlAg!

Figure 2.18 SEM images of (a) the prepared TisCz and (b) FeOOH/TisCz. composite
(adapted from [125]).

Nam et al. [126] incorporated functionalize titanium carbide nanorods on the surface
of TisC:Tx MXene nanosheet and revealed its performance as anode of LIB. As
prepared FTCN-TisC. MXene displayed excellent discharge capacities of 1171 mAhg-
1, 1077 mAhg'! and 1034 mAhg™ in the first, 2nd cycle, and 250" cycles respectively,
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at a rate of 0.1 C. Moreover, at varied rates of 0.1, 0.3, 0.5, 1, and 3 C, the supplied
capacities were 1133, 1023, 962, 843, and 692 mAhg"! respectively. Lv et al. [127]
produced a TisC2 MXene-based carbon doped TiO2/Fe:0s composite designated as C-
TiO2/Fe205-TisC2 and analyzed the performance of this MXene as anode of LIB as
shown in Fig. 2.19. The C-TiO2/Fe20s5-TisC2 composite anode delivered a better initial
discharge capacity of 538 mAhg?, at a current density of 0.1 Ag?'. Moreover, at
varied current densities of 0.2, 0.5, 1, 2, and 5 Ag, the supplied discharge capacities
for this electrode were 386, 320.5, 274.1, 218.1, and 152.6 mAhg™ respectively. This
remarkable electrochemical performance was attributed to the combined influence of
carbon doping, layered TiO: structures, and hybridization of Fe:Os, all of which

greatly accelerated the transfer of charges.
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Figure 2.19 Schematic representation of C-TiO2/Fe20s3-TisC2 MXene with cyclic
performance curves at 1 Agl. (Adapted from(127])

Wu et al. [128] explored the electrochemical performance of Sn nanoconfined TisC2Tx
composite MXene as anode of LIB. In Sn-TisC2Tx MXene, the Sn nanoparticles
enclosed between the spaces of TisC:Tx MXene and acted as pillar and helped to
increase interlayer space and restricted the sheet stacking as well as revealed
additional sites for Li-ion storage whereas TisCz limited the volume expansion of Sn
nanoparticles during cycling. Hence, this MXene electrode exhibited good initial

discharge and charge capacity of 445 and 374.7 mAhg, respectively, at a current
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density of 200 Ag' and maintained a capacity of 186.9 mAhg, after 180 cycles,

corresponding to a current density of 100 mAg.

Luo et al. [129] prepared PVP-Sn(IV)@Ti:C2 nanocomposites MXene by successful
anchoring of Sn* on the alkalized TisC. MXene via electrostatic interaction. The
presence of PVP assisted in reduction of particles size and stopped the material from
clumping together during the chemical reaction. In addition, strong chemical
adsorption between Sn* and negatively charged alkalized TisC. MXene surface with
-OH and -F resulted in superior electrochemical performance of PVP-Sn(IV)@TisC2
nanocomposites MXene than graphite and pristine TisC2 MXene. During testing in
the range of 0.01 to 3V, the displayed first cycle discharge and charge capacities of
this composite were 1487 and 851 mAhg! respectively and observed a capacity of
635 mAhg?! after 50 cycles at a current density of 0.1 Ag'. Ahmed et al. [130]
reported uniformly coated TisC. MXene sheet by various thickness of SnO:
nanoparticles with the help of ALD reactor at two different temperatures of 150° and
200°C. The coating thicknesses of SnO: were varied from 5 to 50 nm. The SnO:/TisC:
(ALD@200) MXene with 50 nm coating thickness supplied superior initial discharge
and charge capacities of 1463 and 1041 mAhg! compared to the capacities of 1024
and 583 mAhg™ of 10 nm coated SnO2/TisC2 (ALD@200) MXene, at the current density
of 100 mAg!. However, the capacity of 50 nm coated MXene faded drastically due to
the inability of MXene sheet to allow for the shift in volume of large amount of SnO:
nano particles and showed the capacities of 239 (ALD@150) and 451 mAhg!
(ALD@200) after 50 cycles with nearly 50% capacity retention, at 500 mAg™.
Furthermore, to overcome the capacity fading problem the surface of MXene were
coated by HfO: by using ALD to form dual oxide on the surface which guided to
improved cyclic stability with the capacity of 843 mAhg, after 50 cycles, at 500 mAg’

L current rate.

Liu et al. [131] intercalated the SnO: nanoparticles over the surface of Vo-CTx MXene

and reported the performance of V2CTx-SnO: MXene as anode of LIB for different
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ratio of V2CTx and SnO: . At a current density of 50 mAg, The five samples of V2C
such as 1:0.5 V2CTx-SnO2, 1:1 V2CTx-SnO2, 1:2 V2CTx-SnO2 and SnO: were delivered
the initial discharge/ charge capacities of 845/554, 1739.9/1022.03, ~2410.8/~1525.85,
~2449.4/~853.69 and 2728/°1123 mAhg! respectively, corresponding to the coulombic
efficiencies of 65.5%,~58.7%, ~63.3%, ~34.8% and '41.2% respectively. After 10 cycles,
the discharge capacities were reached to 410, 799.7, 1226.8, 806.2 and 956.5 mAhg!
respectively. Furthermore, after 200 cycles, when the current density reached to 1
Ag?, the specific discharge capacities of five samples were obtained as 143.89, 329,
768, 413.4 and 0.9 mAhg respectively. Fan et al. [132] anchored the nanoparticles of
SnaPs over the surface of TisC2Tx MXene to produce SnsPs-TisC2Tx composite MXene
anode for high performance LIB. The prepared SnsPs-TisC2Tx anode showed superior
performance than that of conventional anode with the initial discharge and charge
capacities of 1138 and 936 mAhg? respectively, at a current density of 0.1 Ag.
Moreover, at different current densities of 0.1, 0.5, 1, 5 Ag-! the observed discharge
capacities of this electrode were 963, 744, 703 and 582 mAhg-! respectively. The high
electrochemical and structural stabilities were obtained due to the sandwich

structure and potential internal links in the resultant SnaPs-TisC2Txhybrid.

Li et al. [133] produced a TisC. composite MXene decorated by SnS:/SnsSs hybrid
through solvothermal and calcination process. As fabricated MXene delivered
excellent first cycle discharge and charge capacity of 1348 mAhg™ and 707.16 mAhg-!
respectively, corresponding to a coulombic efficiency of 37.2%, and retained a
specific capacity of 426.3 mAhg-! after 100 cycles at a current density of 100 mAg™. In
addition, at increasing current densities of 200, 500, 1000 and 5000 mAg™ the
observed capacities for this MXene were 540.4, 479.4, 4239, 216.5 mAhg!
respectively. The SnS»/SnsS: nano particles with large surface area in the composite
acted as a spacer to lessen the propensity of layer stacking and improved the contact
between electrolyte and electrode that resulted in enhancement of Li-ion storage

capacity of this MXene.
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Zhu et al. [134] synthesized SnO»-Ti.C-C composite anode by homogeneous coating
of graphite with SnO»-Ti>C nanoparticles. The SnO»-Ti.C-C anode provided excellent
and long term cycling stability as SnO: possessed many active sites and created
shorter channels for charge transfer and graphite limited the volume expansion
during cycling. Therefore, this anode exhibited superior initial charge and discharge
capacities of 1741.1 and 2167.3 mAhg", with a coulombic efficiency of 80.3%. For
second and third cycle the efficiency were reached to 95.1 % and 98.1% respectively.
At different current densities of 0.2, 0.5, 1, 2 and 3 Ag? the supplied specific
capacities were 1231.32, 998.76, 812.54, 617.63 and 525.36 mAhg! respectively. When
the current density was 0.2 Ag-, the SnO2-Ti>C-C anode retained a specific capacity
of 1036.87 mAhg! after 200 cycles. Zuo et al. [135] fabricated a nanostructured
Sn/SnOx-TisC2Tx composite MXene electrode by insertion of Sn/SnOxnanoparticles on
the surface TisC2Tx nanosheet through electrostatic attraction and liquid phase
reduction. As prepared electrode provided a specific capacity of 1169.4 and 1981.3
mAhg? during first charge and discharge cycle by retaining a coulombic efficiency of
59%, whereas 1473.9 and 481 mAhg?! discharge capacity was observed in case of
pure Sn/SnOx and TisC2Tx ,corresponding to the efficiency of 36.4% and 35.3%
respectively. This superior performance of Sn/SnOx-TisC2Tx was attributed to the
prevention of volume expansion and agglomeration of nanoparticles by TisC.Tx and
pillaring of Sn/SnOx which tackled sheet stacking and enhanced the Li* storage by

broadened the interlayer spacing.

Tariq et al. [136] synthesized TisCz/TiO: composite MXene by Entrusting TiO: over
the 2 and 5 wt% TisC2 MXene solution. As an anode of lithium ion battery, The 5
wt% TisC2/TiO2 and 2 wt% TisC2/TiO2 MXene exhibited initial discharge capacity of
around 200 mAhg? and 183 mAhg™ respectively and supplied a discharge capacity
of 180 mAhg? and 165 mAhg™ respectively, after 100 cycles, at 0.1 C. The better
result of 5 wt% TisCz/TiO2 MXene was because of a wider surface area of 77.78 m?/g

compared to the 55.68 and 16.25 m?/g of 2 wt% TisC2/TiO2 MXene and pristine
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MXene respectively. Moreover in 5 wt% TisCz/TiO2 MXene the TiO: fully cover the
surface and effectively tackled the layer stacking, whereas in case of 2 wt%
TisC2/TiO: the TiO:z agglomerates due to its insufficient area. Jia et al. [137] emanated
TisC.Tx MXene from TisAlCz by using 46 wt% HF as etchant and decorated its surface
by TiO: nanoparticles to create TisCz/TiO2 composite MXene. As anode of LIB, the

supplied discharge capacities of this composite MXene for first three cycles were 552,
301, and 298 mAhg! respectively at a scan rate of 0.1mvs-!. The capacity decay was

due to the structural damage of anode and formation of SEI film on the electrode. At
increasing current densities of 0.1, 0.2 0.5 and 1 Ag-! the observed capacities for the
MXene were 296, 275, 221, and 188 mAhg-, respectively. In addition, after 100 cycles,
this MXene displayed an excellent capacity of 275 mAhg?, at 0.2 Ag?'. Ahmed et al.
[138] generated TiO: nano crystals over the surface of Ti2CTx MXene sheet by
oxidation in H:0: solution at room temperature. As synthesized TiO:/Ti.C hybrid
MXene displayed superior performance as anode of LIB. At the current densities of
100, 500 and 1000 Ag?, the supplied discharge capacities of this electrode were 1015,
826 and 681 mAhg! respectively in the first cycle and in the 2" cycle the discharge
capacities were 507, 429 and 384 mAhg! respectively, moreover, after 50 cycles, the
delivered discharge capacities were 389, 337 and 297 mAhg™ respectively. Zhang et
al. [139] revealed the performance of few layered MoS: wrapped TisC2Tx MXene
decorated with TiO: nanaparticles (denoted as TisC2/TiO-@f-MoS:z) as anode of LIB.
The multilayered TisC2 with TiO2 nanoparticles effectively improved the stability by
providing abundant interspace for electron transport, preventing the aggregation of
f-MoS: and offered sufficient space. In contrast, the f-MoS: with larger interlayer
facilitated lithium-ion diffusion and restrained the restacking of multilayer TisCz. As
a result, the TisC2/TiO2@f-MoS: MXene delivered excellent first cycle discharge and
charge capacities of 910.7 and 685.2 mAhg, with a high coulombic efficiency of
75.2% and a capacity of 490.7 mAhg'! after 100 cycles, at a current density of 100
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mAg?!. In addition, at increasing current densities from 0.1 to 5 Ag?! the supplied

capacities were varied from 613.1 to 40.3 mAhg.

He et al. [140] modified the surface of TisC.Tx MXene by LaFs and compared its
performance with pristine TisC2Tx MXene as anode of LIB. It was observed that, the
TisC2T-LaFs electrode supplied higher performance with initial discharge and
charge capacity of 340 and 223 mAhg™ respectively in comparison to the discharge
and charge capacities of 238 and 131 mAhg? for pristine TisC.Tx under a current
density of 50 mAhg*. Moreover, at a current density of 1000 mAg™, the TisC.Tx-LaFs
showed a higher reversible capacity of 89.2 mAhg! compared to 76.9 mAhg' of
TisC2Tx after 50 cycles. Capacity and rate ability of the composite MXene was
improved by the formation of LaFs on the surface of TisC2Tx MXene which lowered

the resistance and impedance and enhanced the Li-ion diffusion rate.

Yuan et al. [141] synthesized sulfar decorated TisC. MXene as anode of LIB. Due to
the incorporation of S, the pore sizes were enlarged from 10 to 22.4 nm and as well
as the surface area were increased to 91.7 from 64.1 m?/g. The S decorated TizC:
MXene provided an initial discharge capacity of 305 mAhg! and after 100, 200 and
400 cycles, the capacities remained at 167.8, 170.2 and 166.3 mAhg! with high
coulombic efficiencies of 99.76%, 99.92% and 100% under a current density of 0.5 Ag-
1. In addition, the rate performance at varied current densities of 0.5, 1, 1.5, 2, and 2.5
Ag?, the S-TisC2Tx MXene delivered much higher discharge capacities of 220.2,
138.5, 126.9, 121, 117.5 mAhg' compared to 210.4, 74.7, 60.2, 50.6, 46 mAhg" for
TisC2Tx electrode, respectively. Zhang et al. [142] recently explored the effect of
PVDF and CMC binder on the performance of the S-TisC.Tx MXene electrode as
shown in Fig. 2.20. Test was carried out for the S-TisC2Tx MXene electrode (mass
ratio of 1:7) with CMC and PVDF binder. The electrode with CMC and PVDF binder
had an initial discharge capacity of 1226.8 and 858.8 mAhg, at a current density of
50 mAg?!. As the current density increased to 1000 mAg’, the displayed initial

capacities were 372.9 and 117.8 mAhg?, subsequently, after 2550 cycles, the
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maintained capacities were 858.9 and 424.1 mAhg respectively, for CMC and PVDF
binder electrodes. Higher adhesion force, better diffusivity of lithium ions, and
lowered charge transfer resistance were considered to be the causes of the CMC

binder's superior performance over the PVDF binder.
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Figure 2.20 Cyclic performance curves for S-TisC2Tx MXene with CMC and PVDF
binder (Adapted from [142])

Zou et al. [143] revealed that the electrochemical performance of TisC. MXene was
well improved with the insertion of Ag nanoparticles over the surface of the MXene
sheet. As prepared TisC2/Ag MXene displayed superior discharge capacities of 550
and 330 mAhg! in the first and second cycle respectively, at a rate of 1C. On the
contrary, the delivered capacities of TisC: MXene were 420 and 250 mAhg!
corresponding to the same cycle. In addition, at different current rates of 5, 10, 20,
and 50 Ag! the observed capacities for TisC2/Ag MXene were 131.5, 100.7, 86.6, and
47.4 mAhg?, respectively. More remarkably, a capacity of 150 mAhg? was retained
even after 5000 cycles, at a rate of 50 C. Wang et al. [144] constructed Ag
nanoparticles decorated 3D honeycomb-like hollow TisC2Tx composite MXene
structure as the anode of LIB to boost up the Li* storage performance compared to
2D TisC2 MXene alone as in Fig. 2.21. Ag nanoparticles were uniformly grafted into

the 3D hollow multiporous TisC2 MXene framework, which prevented TisC> MXene
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flakes from building up or accumulating in layers. The fabricated 3D TisC.Tx/Ag
composite MXene anode provided a high initial capacity of 611.3 mAhg?,
corresponding to an efficiency of 57.9% at a current density of 100 mAg™. Moreover,
at gradually increasing current densities of 0.1, 0.5, 1, 2, 3, and 4 Ag™, the delivered
reversible capacities were 680.5, 495.9, 399.9, 349.2, 311.4, and 226.7 mAhg"

1, respectively.

Figure 2.21 (a) SEM image of 3D TisCz; (b) SEM image of 3D TisC2/Ag [144].

Huang et al. [145] tested the electrochemical performance of LisVOs4/TisC2 composite
MXene as anode of LIB. LisVO4/TisC2 composite MXene was produced by uniform
insertion of LisVOs onto a multilayer TisC2Tx MXene by using sol-gel method. This
type of anode material provided superior rate performance with the capacities of
420, 311, 272, 165 and 117 mAhg™! corresponding to the rates of 0.1, 0.5, 1, 5 and 10 C,
respectively. In addition this composite MXene exhibited much higher cyclic
stability of 146 mAhg! compared to 40 mAhg? and 71 mAhg-! of LVO and graphite

respectively, after 1000 cycles, at 5C.

Liu et al. [146] introduced nitrogen onto the surface of the MXene nanosheet by
hydrothermal reaction of Nb2CTx MXene with urea. As prepared, N-NbCTx MXene
provided more than two times enlarged surface area of 120 m?g-! compared to the
55m?g-! of Nb2CTx. As anode of LIB, the N-NbCTx MXene delivered a first cycle
capacity of 380 mAhg! with a coulombic efficiency of 98% and retained a reversible

capacity of 360 mAhg™ after 100 cycles at a current density of 0.2C. Moreover, after
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1500 cycles, the N doped MXene maintained a capacity of 288 mAhg, which was
much higher than that of 124 mAhg™ for pristine Nb2C, at 0.5 C. Zhong et al. [147]
homogeneously anchored MgH: nanoparticles on the surface of TisC2 MXene sheets
by bottom up self-assembly strategy and analyzed the performances of as-prepared
composite MXene as anode of LIB with different weight ratio of MgH: and TisCz. The
reported initial capacities of four types of MgH>/TisC: electrode where the content of
MgH: varied as 20, 40, 60 and 80% were 629.5, 792.2, 1051.2, 830.4 mAhg"!
respectively, at a current density of 100 mAg?. The performances were enriched
gradually with MgH: content. However, when MgH: content exceeded 60% the
performance started to diminish as these particles were accumulated on the surface
of MXene. Hence, the MgH>-60/TisC2 provided optimum electrochemical
performances among all electrodes and maintained a capacity of 389.3 mAhg™ after
100 cycles, at same current density. The improved capacity, cyclability and rate
performance were resulted due to the unique two dimensional nanoarchitectures
that accelerated the transfer of electrons and lithium ions, inhibited the pulverization
of active materials and more crucially the F-Mg bounding between MgH: and TisC:
which prevented the shedding of MgH: nanoparticles into the electrolyte during

cycling.

Liu et al. [148] fabricated GeOx/TisC2 composite MXene anode with two different
combinations of binder and solvent. First one was PVDF binder with NMP solvent
based anode named as GeOx/TisCo/PVDF(NMP) and the other one was Li-PAA
binder with DI-water solvent based named as GeOx/TisCo/Li-PAA(DI-water).
Between these two, the GeOx/TisC:/Li-PAA(DI-water) electrode displayed better
electrochemical stability with a capacity of 1026 mAhg! after 50 cycles, at a current
density of 200 mAg?. On the contrary, the GeOx/TisC2/PVDF(NMP) retained a
capacity of 826 mAhg! after same cycles and same current density. Melchoir et al.
[149] investigated the performance of Ti:CTx/electrolytic manganese dioxide (EMD)
composite MXene with different weight ratios of Ti2CTx: EMD (i.e Ti2CTx<EMD =
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20:80; 50:50; 80:20) as anode of lithium ion battery. The inclusion of EMD with the
MXene matrix leading to the opening of interlayer gaps and facilitating improved Li-
ion accessibility. However, over a particular ratio of EMD content inhibited the
properties. Hence, among all compositions the electrode with MX:EMD=80:20 ratio
exhibited reduced charge transfer resistance and surface film and delivered superior
performance with the capacities of 570 mAhg! in the first cycle, 272 mAhg™ in the 2nd
cycle and 460 mAhg' after 200 cycles at the current densities of 100 mAg™. In
addition, at the current density of 1000 mAg, a much higher capacity of 160 mAhg
was observed compared to 90 mAhg™! of Ti2CTx: EMD (20:80) and 86 mAhg-! of 50:50

ratio, after 1000 cycles with nearly 100% capacity retention.

Zhang et al. [150] synthesized the heterostructured Bi2MoOe/TisC.Tx MXene by
combining positively charged Biz2MoOs nanoplates with negatively charged TisC:Tx
MXene sheets. As prepared BizMoO¢/TisC2Tx-30% (Bi2MoOs:TisC2Tx=70:30) composite
MXene exhibited excellent initial discharge and charge capacities of 844.2 and 615.5
mAhg, respectively, with an efficiency of 72.9% at 100 mAg™. Though the initial
coulombic efficiency of Bi2MoOs/TisC2Tx -30% was lower than those of
BixM0oOs/TisC2Tx -10% (76.6%) and Bi2MoOs (82.6%), However, the supplied capacity
after 200 cycles for Biz2MoOs/TisC2Tx -30% (692 mAhg) was much higher than that of
BixMoOs/TisC2Tx -50% (617.5 mAhg'), BixMoOe/TisC2Tx -10% (497.6 mAhg?), and
Bi2M0QOs (416.1 mAhg™) at the same current density.

Abdah et al. [151] investigated the performance of activated carbon (AC) integrated
TisC2Tx hybrid electrode as anode of LIB. This composite electrode displayed
excellent initial discharge capacity of 1194.2 mAhg! and offered a reversible capacity
of 841.8 mAhg™! with capacity retention of 70.5%, after 80 cycles, at a current density
of 0.2 Ag™. The superior performance of AC-TisC2Tx electrode could be attributed to
the presence of few layered unique morphology of TisC2 MXene which provided
abundant active sites for Lit+ intercalation, enhanced transportation and diffusion

rate of ion and electron and inclusion of AC which acted as an interlayer spacer
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between the layers of MXene and provided large numbers of ion/electron transfer
channels. Liu et al. [152] successfully assembled VO:-NTs/TisC2 MXene as anode of
LIB. This VOz:-nanotubes linked TisC2 MXene electrode exhibited superior initial
discharge and charge capacities of 2132 and 1164 mAhg respectively, with an initial
coulombic efficiency of 54%, at 0.1 Ag?’. However coulombic efficiency was
increased to 95% in the next cycle. Moreover, excellent rate capability was also
observed with a specific capacity of 703 mAhg-, under a current density of 10 Ag-.
This may be attributed to the combination of 1D VO2-NTs nanostructures with 2D
Ti3C2 nanosheets that created several multidimensional channels for the transfer of
ions and electrons and provided large number of reaction sites for electrochemical

processes.

Ma el al. [153] generated niobium doped TiO: arrays on the surface of double
transition TiINbCTx MXene (denoted as TiNbC@NTO) and explored the effect of
oxidation temperature on the electrochemical performance of this composite as
anode of LIB. The oxidation process was carried out for three different temperatures
of 300, 500 and 700° C and observed performance showed that, at 0.1 Ag?, the
supplied charging capacity after 100 cycles, for TINbC@NTO-300, TiNbC@NTO-500
and TiNbC@NTO-700 electrodes were 278.4, 295 and 303.1 mAhg? respectively.
However, during long cycle performance test, the TiNbC@NTO-500 electrode
exhibited higher stability than the other electrodes with a capacity of 261 mAhg,
after 500 cycles, at a current density of 1 Ag. The ideal synergistic impact between
MXene layer and Nb doped TiO: were thought to be contributor of this cycling

stability.

Xu et al. [154] constructed VNbOs metallic oxide over the surface of VNbCTx MXene
via partial oxidation at 500°C (denoted as VNbC@VNO-500). Partial oxidations
strengthen the bond between VNbOs and VNbCTx MXene and effectively improved
the electrochemical performance. As anode of LIB, the prepared VNbC@VNO-500

MXene provided excellent cyclic stability with a specific capacity of 400.3 mAhg™!
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after 100 cycles under a current density of 0.1 Ag™ as shown in Fig. 2.22. In addition,
this electrode material displayed promising rate performance with specific capacities
of 327.3, 306.6, 270.7, 222.4, 181.7, 141.2 mAhg! at the current densities of 0.1, 0.2, 0.5,

1.0, 2.0, and 5.0 Ag?, respectively.
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Figure 2.22 Cyclic stability curves of VNbC@VNO-500 and VNbCTx MXene at 0.1
Agl. (Adapted from [154]).
Luo et al. [155] fabricated sandwich like structured Na:TisO7 / TisC2 composite
MXene as anode of LIB. This composite electrode displayed high discharge and
charge capacities of 405 mAhg! and 337 mAhg' in the first cycle and retained a
specific capacity of 263 mAhg, after 100 cycles, at a current density of 0.1 Ag.
Moreover, at various current rates of 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 Ag™, the observed
capacities for the electrode were reported as 361.7, 288.7, 240.4, 223.6, 209.4, 207.7,

and 177.8 mAhg, respectively.

Gong et al. [156] reported the performance of TiNb:07/TisC> composite MXene as
anode of LIB. In TiNb20O7/TisC: structure, the TiNb20O nanoparticles connected with
MXene nanoflakes and created a 3D conductive network which facilitates the
transfer of ion/electron. In addition, this composite MXene offered 4 times higher
conductivity than that of TiNb207. As a consequence, the TiNb:07/TisC. MXene

exhibited improved discharge/charge capacities of 388.4/349 mAhg' during first
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cycle, at a current density of 0.1 C. In addition, at gradually varied rates of 0.1, 0.5, 1,
2, 5, 10, and 20C, the supplied capacities of this electrode were 346.4, 302.4, 284.2,
262.2, 262.2, 198, and 166 mAhg™, respectively. Qi et al. [157] fabricated chlorophyll
(zinc methyl 3-devinyl-3-hydroxymethyl-pyropheophorbide (Chl)) intercalated
Chl@Nb:C composite MXene and compared the performance of three different
samples of 1 %( wt/wt) Chl@Nb:C (mass ratio of Chl: Nb2C=1:100), 2 %( wt/wt)
Chl@Nb:C and Nb2C as the anode materials of LIB. It was observed that,, the 1 %(
wt/wt) Chl@Nb:C MXene delivered a higher specific capacity of 384 mAhg?!
compared to the other two samples of 363 mAhg* (2 %( wt/wt) Chl@Nb:C) and 295
mAhg? (Nb2C) respectively, at a current density of 100 mAg?. In addition, at
increasing current densities from 0.1 to 1 Ag™, the observed specific capacities were
varied from 247 to 126 mAhg™, 215 to 116 and 201 to 102 mAhg? for 1 %( wt/wt)
Chl@Nb:C, 2 %( wt/wt) Chl@Nb:C and Nb2C respectively.

Tian el al. [158] reported the electrochemical performance of TisC2/CoS2 composite
MXene as anode of LIB. This composite MXene electrode provided superior specific
capacity of 405.8 mAhg™, after 100 cycles, at a current density of 0.1 Ag! and
supplied excellent rate performances with the capacities of 436.9, 387.2, 312.5, 264.8,
209.5, 179.8, and 133.1 mAhg! corresponding to the rates of 0.1, 0.2, 0.5, 1, 2, 3, and 5
Ag?, respectively and when the current density switched back to 0.1 Ag?, the
displayed capacity was still 390.8 mAhg-. In addition, 100% capacity retention was
observed after 1000 cycles, at a current density of 1 Ag™. This improved performance
was attributed to the formation of the Ti-O-Co bond at MXene interface which
enhanced the redox kinetics by promoting ionic diffusivity and electric conductivity.
Shen et al. [159] synthesized the MoS:/TisC2 composite MXene via solid state
sintering method and revealed that, the MoS:/TisC2-10 (mass ratio of Ammonium
tetrathiomolybdate was 10) electrode delivered better electrochemical performance
than the TisC;, MoS: and MoS2/TisCz2-5 electrodes. The observed discharge/charge
capacities of these four electrodes were 178/95.4, 1012.7/843.6, 268.6/141.2 and
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386.4/296.1 mAhg! in the first cycle, at 50 mAg™! and a discharge capacity of 63, 3.6,
76.2 and 131.6 mAhg™! for TisC2, MoSz, M0S2/Ti3C2-5 and MoS2/TisC2-10 respectively

after 200 cycles at a current density of 1000 mAg™.

Chen et al. [160] produced Mo0S2/Mo:TiCzTx composite MXene as anode of LIB. The
prepared composite MXene supplied superior initial discharge and charge capacities
of 646 and 554 mAhg' which were 2.4 and 4.1 times higher than pure Mo:TiC2Tx
MXene (268 and 134 mAhg? respectively), at a current density of 100 mAg™.
Compared to the restacked pure Mo:TiC:Tx, the MoS:/Mo:TiC.Tx had an open
structure, which minimized the ion diffusion resistance and confirmed the
enhancement in capacity. Moreover, at gradually increased current densities of 100,
200, 500, 1000, 2000 and 5000 mAg" the obtained capacities for this composite
electrode were 523, 484, 407, 315, 182 and 90 mAhg! respectively. Kamat et al. [161]
employed selenium enriched and over oxidized MosSes anchored TisC2Tx composite
MXene as anode of LIB. The MosSesTisC2Tx MXene electrode provided excellent
initial discharge capacity of 1930.32 mAhg-! at a cycling rate 0.1 C and for further
cycles at the same rate, high stable discharge capacities of 1250.76, 1107.25 and
1067.94 mAhg! were obtained with a coulombic efficiency of more than 100%. At
multiple operating rates of 0.2C, 0.4C, 0.6C and 1C, the observed charge capacities
were to be 939.31, 876.72, 857.63, and 809.54 mAhg'! with discharge capacities of
978.24, 904.2, 883.97 and 822.52 mAhg' respectively. Bai et al. [162] reported the
electrochemical performance of thin carbon coated and MoS: anchored ViCs MXene
(denoted as ViCs /M0S2/C) as anode of LIB. The thin carbon coating stabilized the
connection between ViCs MXene and MoS: nonosheets which effectively increased
the specific area and shortened the ion diffusion distance. As a result, the ViCs
/Mo0S:/C electrode provided significantly improved capacity of 622.6 mAhg!
compared to the capacities of 259.6, 30 and 106.9 for M0S>/C, V4Cs and ViCs /Mo0S:/C
respectively, after 450 cycles at a current density of 1 Ag?. In addition, high
reversible capacities of 827.0, 778.6, 730.7, 674.0, 620.8, 532.6 and 500 mAhg' were
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observed for ViCs /MoS2/C electrode at the rates of 0.1, 0.2, 0.5, 1, 2, 5 and 10 Ag"

respectively.

Wei et al. [163] explored the performance of 3°C GaInSnZn (calculated mass percent
of Ga, In, Sn, and Zn was 69.87%, 15.52%, 13.46%, and 1.15%, respectively) liquid
metal incorporated TisC.Tx MXene as flexible anode of LIB. Liquid metal was
confined within the MXene matrix which possessed good wettability and excellent
electrical conductivity resulted in improvement of battery energy density. This
liquid metal MXene electrode delivered excellent discharge capacities of 638.79,
535.89, and 531.61 mAhg?, in the first three cycles respectively, at 20 mAg™.
Moreover, at various rates of 50, 100, 200, 500, and 1000 mAg?, the supplied
capacities were 507.42, 483.33, 480.22, 452.30, and 404.47 mAhg! respectively. Zhang
et al. [164] depicted the electrochemical performance of carbon coated 3D tremella
like TisCoTx (denoted as T-TisC.Tx@C) MXene structure as anode of LIB. This T-
TisC.Tx@C MXene electrode exhibited superior initial charge capacity of 580.9 mAhg-
1, with an initial coulombic efficiency of 56.9% and retained a high discharge capacity
of 499.4 mAhg™! after 200 cycles, at 0.2 C. At various rates of 0.2, 1, 5, 10, 20 and 50 C
the delivered capacities were 478, 329.5, 237.9, 194.7, 142.2 and 102.2 mAhg!

respectively.

Wang et al. [165] reported that, the interlayer distance of V2C MXene were expanded
from 0.735 nm to 0.952 nm due to inclusion of Co nanoparticles which created a
strong V-O-Co bonding. The surface area was also increased from 11.6 to 27.3 m?g-1.
As a result, the cobalt intercalated V:C@Co MXene delivered superior
electrochemical performance with initial discharge and charge capacity of 1117.3 and
1006.5 mAhg! compared to the discharge/charge capacities of 686.7/620.7 mAhg* for
pristine V2C electrode, at 0.1 Ag™. In addition, this composite electrode displayed
excellent rate performance with a capacity of 199.9 mAhg-, at a current density of 20
Agl. Li et al. [166] synthesized the CoO/TisC2Tx composite MXene as anode of LIB.

This CoO coated TisC2 MXene with 10 times larger surface area than TisC. MXene
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provided superior initial discharge and charge capacity of 1389 and 850 mAhg!
compared to 415 mAhg! of pristine TisC. MXene, at a current density of 100 mAg.
This small size of CoO provided an easy-to-access pathway for electrolyte diffusion
and Li+ intercalation by widening the layer gap of TisC.. Moreover, the TisC:
prevented the electrode material from crumbling or breaking by acting as a
mechanical buffer against the large volume shift. The combined effect of CoO and
TisCz2 resulted in improved capacity of CoO/TisC2 composite compared to pristine

TisCo.

Zhao et al. [167] incorporated the Co3:Os nanoparticles with high conductive TisCz
MXene nanosheet at various ratios of CosOs and TisCa. The higher content of CosOs
nanoparticles resulted in lowering the conductivity as well as increasing the
probability of agglomeration of nanoparticles on MXene sheet and lower content of
Co0304 nanoparitcles leading to restacking of MXene sheet. Hence Co3O4/TisCz (1:1
ratio) MXene exhibited optimum performance with initial discharge /charge
capacities of 2082 and 1326 mAhg™ respectively and maintained a reversible capacity
of 1005 mAhg! after 300 cycles, corresponding to a current density of 1C. However,
C0304/Ti3Cz (1:2, 2:1 and 4:1) MXene delivered 678, ~800 and ~600 mAhg-! reversible
capacities after 300 cycles at same current density of 1C. Oh and seung. [168]
produced nitrogen-doped graphitic C-coated CosOs nanocrystals on TisC2Tx MXene
nanosheet (termed as CosO:@NGC/MX) as anode for LIB. The Co:0s@NGC/MX
electrode delivered an initial discharge capacity of 1086 mAhg! , with an initial
Coulombic efficiency of 67.6%, and an outstanding cyclic stability with a discharge
capacity of 830 mAhg! after 500 cycles at 1 Ag'.In addition, this electrode provided
superior rate performance with a discharge capacity of 327 mAhg?, at a current

density of 50 mAg™.

Zhang et al. [169] constructed Cu20/Ti2C composite MXene as high performance
anode of LIB. The hollow Cu:0 nanoparticles on the surface of conductive Ti>C

MXene created 3D conductive network which resulted in superior electrochemical
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performance with the discharge capacities of 790 mAhg' and 369 mAhg!
corresponding to the coulombic efficiencies of 46% and 102% in the first and 2
cycle, at a current density of 10 mAg™. In addition, this MXene provided high rate
performances with the capacities of 369, 260, 203 and 145 mAhg' at the current
densities of 10, 100, 500 and 1000 mAhg! respectively.

Lin et al. [170] generated carbon Nanofiber bridge on the surface of TisC. MXene
sheet (denoted as TisC2/CNF) as shown in Fig. 2.23. With the aid of CNF, conductive
bridges were created between the top and lower TisC: flakes which provided
efficient channels for quick electron transport between the flakes and reduced
contact resistance between the TisC: particles. As anode of LIB, This TisCz/CNF
MXene delivered superior initial discharge and charge capacities of 848 mAhg* and
407 mAhg, respectively and a discharge capacity of 320 mAhg™ after 295 cycles, at a
rate of 1 C. In addition, at gradually varied rates of 1, 3.5, 8.5 and 30 C, the displayed
capacities of this MXene were 320, 180, 145 and 106 mAhg™ respectively. Mashtalir et
al. [171] showed that, incorporating carbon nanotubes (CNTs) into the MXene
structure raised the specific capacities and rate performances by enhancing ion
accessibility to the MXene layers. As anode of LIB, the CNT incorporated Nb2C
MXene electrode supplied excellent initial discharge capacities of 1060, 780, 270 and
160 mAhg, at the rates of 0.1, 0.5, 10 and 20 C respectively. Furthermore, a capacity
of 370 mAhg-' was observed, after 100 cycles, at a rate of 2.5 C. Halim et al. [172]
investigated the electrochemical performance of d-MoC/CNT MXene as anode of
LIB and showed that, the d-MoC/CNT MXene electrode supplied superior initial
discharge capacity of 821 mAhg! with an initial coulombic efficiency of 76% at a
current density of 10 mAg?! and excellent rate capability with a capacity of 250
mAhg after 1000 cycles at 5 Ag™.
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Figure 2.23 (a) SEM images of as-etched TisC2Tx particles and (b) the TisC2-CNF [170].

Ren et al. [38] fabricated p-TisC2Tx/CNT MXene by addition of carbon nanotubes
with porous TisC2Tx. The combination of CNT and pores of MXene resulted in the
enhancement of capacity. As anode of LIB, the p-TisC2Tx/CNT MXene supplied a
discharge capacity of 790 mAhg™ in the first cycle and a capacity of ~500 mAhg-,
after 100 cycles at a rate of 0.5 C. Moreover, at various rates of 0.1, 10 and 60 C the
delivered capacities were 650, 230 and 110 mAhg™ respectively. Cheng et al. [173]
investigated the performance of vanadium incorporated TisC.Tx MXene as anode of
LIB. It was observed that, the Vo»-TisC.Tx electrode delivered promising specific
capacities of 251.3, 212.0, 183.7, 157.0, and 118.3 mAhg'! in comparison to 180.1,
158.0, 139.3, 128.0, 115.8, and 97.0 mAhg of pristine TisC2Tx MXene at the rate of 0.1,

0.5, 1, 2, and 5 C, respectively.

It is noted that MXenes are attractive choice as anodes for LIBs. However, the
performance of MXene-based composite anodes for lithium-ion batteries (LIBs) has
been extensively researched in the literature, despite their high capacity anode
materials exhibiting cyclability difficulties, such as substantial volumetric
contractions and expansions during electrochemical cycling. It is imminent that the
wide diversity of composite MXenes offer considerable possibilities for future anode

of LIBs which is listed in Table 2.3.
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Table 2.3 Summery of cyclic performance of composite MXene as anode of LIBs.

Anode material

Synthesis Process &
(Etchant)

Discharge capacity (mAhg)

& Current rate (Ag)

Number of

cycle

Ref.

Ni(OH)2/d-TisC2

Hydrothermal
(HCI+LiF)

372 at1 Ag?

1000

[108]

NiCo-LDH/TisC2

Hydrothermal
(HCI+LiF)

562 at5 Ag!

800

[109]

NiFe-LDH/TisC2Tx

Hydrothermal
(HCI+LiF)

726.1at 1 Ag!

400

[110]

Ti3C2/Si

Orthosilicate
hydrolysis

&

Low temp. reduction

(HF)

973 at 1 Ag-!

800

[111]

5i/TisC2

Electrostatic self-
assembly

(HCI+LiF)

1654.8 at 1 Ag!

300

[112]

Si/TisCaTx

Vacuum filtration

(HCI+LiF)

1672 at 1 Ag?

200

[113]

Porous Si/TisC2Tx-2:1

Vacuum filtration

(HCI+LiF)

555.5at5 Ag™!

500

[114]

Si-V2C

Ultrasonic mixing

(NaF+HCI)

430 at 3 Ag™!

150

[115]

Mo2TiC2-5i-400

Pillaring and
calcination

(HCI+LiF)

108 at1 Ag!

500

[174]

SiO2/TisC2Tx

Stober method
Spray drying
(40 wt% HF)

635at1 Ag?

200

[117]

Si-N-TisCaTx

Heat treatment

(40 wt% HF)

760 at 3.2 Ag™!

900

[118]

SiOx-N-TiSCZTx

Ball millinig &

700 at 1 Ag!

800

[175]
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Synthesis Process &

Discharge capacity (mAhg)

Number of

Anode material Ref.
(Etchant) & Current rate (Ag™) cycle
Annealing
(40 wt% HF)
d-Si/G/V2C 48% HF + HCl 2003 at 1C 500 [120]
Fe-TisCa2Tx HCI+LiF 418.8 at 0.2 Ag! 500 [121]
Fe-TisC2 HF 310 at5 Ag! 850 [122]
(Fe-Ti) Solvothermal, 452.5at 10 Ag? 1200 [123]
oxide/carbon/TisC2Tx | ultrasound hybridizing
&
Annealing
N-TisC2/Fe20s Thermal 549 at2 Ag? 400 [124]
decomposition
(HCI+LiF)
-FeOOH/TisC2Tx (HCI+LiF) 671 at1 Ag? 100 [125]
FTCN-TisCz Sonochemical method | 1034 at 0.1 C 250 [126]
(HCI+LiF)
C-TiO2/Fe20s-TisC2 Heat treatment 387.7 at1 Ag! 1000 [127]
Sn- TisC2Tx Molten salt reaction | 226.2 at 0.2 Ag! 1000. [128]
method
(Lewis acid)
Sn*/TisC2 Liquid phase 544 at 0.5 Ag™ 200 [129]
Immersion process
(40 wt% HF)
V2CTx-SnO2 Ultrasound & 274 at 8 Ag™! 200 [131]
Annealing
(NH4F+HCI)
SnaPs-TisCoTx Solvothermal 847 at1 Ag? 300 [132]
phosphorization
(50 wt% HF)
5nS/TisCaTx Solvothermal & 866 at 0.5 Ag™ 300 [84]

Annealing
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Synthesis Process &

Discharge capacity (mAhg)

Number of

Anode material Ref.
(Etchant) & Current rate (Ag™) cycle
(HF)

SnS2/SnsSs- TisCaTx Solvothermal & 101.4 at5 Ag! 500 [133]
Calcination
(45 wt% HF)

SnO:-Ti2C-C Hydrothermal 763.18 at 2 Ag™! 500 [134]

Sn/SnOx-TisC2Tx Annealing 594.2 at 0.05 Ag-! 200 [135]
(40 wt% HF)

5 wt% TisC2/TiO2 Hydrolysis 180 at 0.1 C 100 [136]
(HCI+LiF)

TisC2/TiOz Hydrothermal 186 at1 Ag?! 300 [137]
(46 wt% HF)

TiO2/Ti-C Oxidation 280 at 1 Ag? 1000 [138]
(10 wt% HF)

TisCo/TiO2@f-MoS2 Hydrothermal 403 at 2 Ag 1200 [139]
annealing
(48 wt% HF)

TisC2/LaFs Heat treatment 89.2at 1 Ag 50 [140]
(HCI+LiF)

TisC2/S 166.3 at 0.5 Ag 400 [141]

S-TisC2Tx (CMCQ) Calcination 858.2 at 5 Ag-! 3600 [142]
&
Annealing
(HCI+LiF)

S-TisC2Tx (PVDF) Calcination 3222 at5 Ag! 3600 [142]
&
Annealing
(HCI+LiF)

TisC2/Ag Self-Reduction 310at1C 800 [143]
(40 wt% HF)

3D TisC2Tx/Ag HCI+LiF 310 at 3 Ag?! 2000 [144]

LisVO4/TisC2 Sol Gel method 146 at5 C 1000 [145]
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Synthesis Process &

Discharge capacity (mAhg)

Number of

Anode material Ref.
(Etchant) & Current rate (Ag™) cycle
(48 wt% HF)

N-Nb2CTx Hydrothermal 238 at5C 100 [146]
(50 wt% HF)

MgHo>/TisC2-60 HCI+LiF 328 at2 Ag! 50 [147]

GeOx/TisC2/PVDF(N | One pot method 483 at 0.2 Ag! 100 [148]

MP) (HCI+LiF)

GeOx/TisC2/Li- One pot method 950 at 0.5 Ag’! 100 [148]

PAA(DI-water). (HCI+LiF)

Ti2C/EMD 490 at 0.1 Ag! 100 [149]

Bi:MoO¢/TisC2Tx-30% | Electrostatic self- | 545.1at1 Ag? 1000 [150]
assembly
(HCI+LiF)

Activated carbon- | Slurry casting method | 881.9 at(0.2 Ag™! 117 [151]

TisC2 (HCI+LiF)

VO2-NTs/TisC2 Solvothermal 516 at 5 Ag? 2000 [152]
Self assembley
(HCI+LiF)

TiNbC@NTO-500 Hydrothermal 261 at1 Ag? 500 [153]
(HF)

VNbC@VNO-500 Partial oxidation 3239 at1 Ag™ 1000 [154]
(40 wt% HF)

Na2Ti307 / TisCz Alkalization & | 158 at4 Ag? 1200 [155]
oxidation
(HCI+LiF)

TiNb207/TisC2 Electrostatic self- | 192.3at10 C 500 [156]
assembly
(HCI+LiF)

TisC2/CoS2 Hydrothermal ~165 at 1 Ag™ 1000 [158]
(HCI+LiF)

MoS2/TisC2 Etching 131.6 at1 Ag?! 200 [159]
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Synthesis Process &

Discharge capacity (mAhg)

Number of

Anode material Ref.
(Etchant) & Current rate (Ag™) cycle
&
Solid state sintering
(HCI+LiF)
MoS2/Mo:TiC2Tx Sulfidation 509 at 0.1 Ag™ 100 [160]
MosSes-TisCaTx Hydrothermal 1092.37 at 0.268 Ag-! 378 [161]
(40 wt% HF)
ViCs /Mo0S2/C 40 wt% HF 622.6at1 Ag™ 450 [162]
T-TisC2Tx@C HCI+LiF 337.3 at 2C 600 [176]
V2C@Co HF 248.8 at 8 Ag™! 15000 [165]
CoO/TisC2Tx Hydrothermal 324 at 0.1 Ag? 100 [166]
(40 wt% HF)
Co0304/TisC2Tx HCI+LiF 307 at5 C 1000 [167]
C0304@NGC/TisC2 830 at1 Ag? 500 [168]
Cu20/Ti2C Solvothermal 143 at 1 Ag? 250 [169]
(HCI+LiF)
TisC2/CNF CVD 97 at 100 C 2900 [170]
Nb2C/CNT CVD 430 at2.5C 300 [171]
d-Mo2C/CNT vacuum-filtration 76 at 10 Ag?! 1000 [172]
(HCI+LiF)
p-TisC2T/CNT Chemical etching | ~500 at 0.5 C 100 [38]
method
(HF)
Vo1-TisCaTx Microwave irradiation | 729 at3 C 1000 [173]
(HF)
Vo2-TisCaTx Microwave irradiation | 924 at3 C 1000 [173]
(HF)
Vos-TisC2Tx Microwave irradiation | 98.3 at3 C 1000 [173]

(HF)
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Chapter 03

MATERIALS AND METHODS

3.1 Background

As discussed in the previous chapter various methods and etchant were used to

remove the Al from the precursor MAX phases. Among them, HF and the mixture of

HCl and LiF were the most popular. But here NaOH was used to remove the Al

from the Ti2AIC under continuous stirring. A detailed overview of the whole process

is shown on the flowchart (Fig. 3.1).

4 I
Etching of the TizAIC
powder by using 1 M
solution of NaOH for
48 h under contimuous

N

\_ stirring. Y,

4 )
Electrochemical
measurements (Charge-
discharge test/ Cycelic
voltammogram test)

-

~

Filtration and
cleaning with DI
water and heating
the oven at 105° C

* heated powder at 400

for 30 h

-

. J

-

~

CR 2032 coin cell
assembly

4 I

Ball milling of the

rpm and anode
preparation by this

-

\_ powder )

! &

4 )

Characterization of
as prepared
anode(SEM. XRD.

J

*

Punched LiCoO4
cathode and
separator

EDS)
. J

Figure 3.1 Battery fabrication and performance measurement process.
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3.2 List of Equipment and Chemicals

The following Table 3.1 provides a summary of the specific details on the materials

and substances that will be employed in this study:

Table 3.1 Equipment and chemicals required for the battery fabrication process

Chemical/material

Formula Grade Reason
name
Lithium Cobalt | .~ 0, 100% Cathode material
Oxide
B El
attery ectrode Battery grade PVC | 100% As separator
Separator
As for the
Ti2AIC Powder Ti2AIC 99.80% fabrication of anode
material
NaOH etchant NaOH 100% For etching
As a current
Copper foil Cu 99.99% collector of the
anode
As a current
Aluminum foil Al Battery Grade collector of the
cathode
Li-Battery  grade | ;pp, 100% As electrolyte
electrolyte
Ethanol C2HsOH 100% Cleaning Agent
Acetone (CHs)2CO 100% Cleaning Agent
Distilled Water H:0 100% Cleaning Agent

Al laminated coin
cell case for LIB

For sealing purpose

To measure voltage and

current during charging and

Multimeter discharging

process
Electronic

For measuring weight
Microbalance

Electric Oven

For heating metal powder

Coin cell case

For assembling battery
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Chemical/material
name

Formula Grade Reason

Battery tester

For conducting an electrochemical test of the battery

CV tester

For conducting cyclic voltammogram test of battery

Hydraulic crimping

machine

For sealing the assembled battery

Magnetic Stirrer

For mixing NaOH

DC power supply | For regulating DC supply voltage
Ball Milling

To minimize the size of the particle
Machine

3.2.1 Lithium Cobalt oxide

This battery's cathode was made of lithium cobalt oxide. It was bought from

Shandong Gelon Lib Co. Ltd. and coated on aluminum foil on one side. The

measured dimensions were 241 mm in length, 200 mm in width, and 55 pm in

thickness. From the sheet, A 15 mm diameter circular portion was punched out as

indicated in Fig. 3.2 to fit into the coin cell.

Figure 3.2 Lithium cobalt oxide cathode.
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3.2.2 Battery Electrode Separator

An essential part of a rechargeable battery is the battery electrode separator,
sometimes referred to as a separator. It is placed between the negative and positive
electrodes to avoid ions from making direct contact with one another, yet it still
permits the flow of ions required for the battery to function. Maintaining electrical
isolation between the positive and negative electrodes is the major job of an
electrode separator in batteries. Failure to do so could result in short circuits, which

pose a risk to public safety and hinder battery performance.

A porous substance with a high ionic conductivity is typically used to make battery
electrode separators as shown in Fig. 3.3. To endure the rigors and strains of the
battery construction process, they are frequently narrow and mechanically robust.
Ceramic membranes, micro porous polymer films, and non-woven textiles are
frequent materials used for separators. The characteristics of the PP/PE
polypropylene film are discussed below in Table 3.2 which was utilized as a
separator in this investigation and was acquired from Xiamen Acey New Energy

Technology Ltd., China.

Table 3.2 Characteristics of Separator

Appearance Ivory White
Thickness 16+2 micron
Gas permeability 350-440 sec/100ml
Porosity 38-44%
Puncturing Strength >300
Tensile Strength >90

93




Figure 3.3 Battery electrode separator.

3.2.3 Ti2AlC Powder

\

Ti2AIC Powder as shown in Fig. 3.4 used as a precursor to make Ti2C MXene anode

was purchased from Luoyang Tongrun Info Technology Co., Ltd., China. The detail

specifications of the powder are discussed in Table 3.3.

Table 3.3 Characteristics of Ti2AlC powder.

Particle Size 325 mesh

Purity 99%

Chemical composition result Ti 72.6%
Al 18.3%
C 8.9%
Density(g/cm?) 4.2
Hardness (GPa) 4.2
Decomposition 1000
Temperature (°C)
Melting Point (°C) | 2000
Thermal 32-37
Conductivity
(W/mk)
Electrical 3.1x 10°
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Conductivity (Q'm-
)

Resistivity (u{2m) | 0.35+0.03

SEIENTELCH

RANGE/
FUNCTION

Figure 3.4 Ti2AlC powder.

3.2.4 NaOH etchant

The pellets of Sodium hydroxide were mixed with distilled water to produce a 1M
NaOH solution which was used as an etchant to extract the Al from the powder of
Ti2AlIC. After the etching process, the obtained Ti2C MXene surface may had -OH
termination groups which provide more stability to the structure. Pure NaOH pellets

as shown in Fig. 3.5 were purchased from Taj scientific store.
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Figure 3.5 Sodium hydroxide pellets.

3.2.5 Precision electronic balance machine

The weight of 10g Ti2AlC powder and 4 g of NaOH pellets (to prepare 100 ml of 1M
NaOH solution) was measured precisely by using an electronic precision balance
machine named SCIENTECH. Fig. 3.6 shows images of the precision electronic

balance machine.

Figure 3.6 Image of electric balance

3.2.6 Lithium battery-grade electrolyte

An essential function of a lithium-ion battery's electrolyte was to facilitate ion
movement between the two electrodes during charge and discharge cycles. The
movement of lithium ions, which regulate the flow of current in batteries, was
facilitated by it. A liquid or gel-like material consisting of dissolved lithium salts in
an organic solvent commonly used as the electrolyte in lithium-ion batteries.
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Lithium perchlorate (LiClOs), lithium trifluorophosphate (LiPFe), and lithium

trifluoromethanesulfonate (LiCFsSOs) are the most frequently utilized lithium salts.

Lithium ions which were required for the electrochemical reactions in the battery
were produced when these salts segregate in the solvent. Lithium hexafluro
phosphate as shown in Fig. 3.7, or 1M LiPF6, was the electrolyte utilized in this work

and was supplied by Xiamen TOB New Energy Technology Ltd. China.

Figure 3.7 Battery electrolyte (LiPFs).

3.2.7 Ethanol

Before every chemical process, all the equipment was cleaned by using ethanol. The
ethanol used in this work was 99% pure and bought from Taj Scientific Store as in

Fig. 3.8.

e

Figure 3.8 Image of ethanol.
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3.2.8 Acetone

Acetone was used as a secondary cleaning agent to clean all lab equipment after it
was cleaned by ethanol. Acetone used in this work shown in fig. and it purchased

from Taj Scientific Store as shown in Fig. 3.9.

Figure 3.9 Image of acetone.

3.2.9 Distilled water

The distilled water as shown in Fig. 3.10 was used to clean Ti2C MXene after
filtration from NaOH solution and it was also used to clean all the lab equipment

after the cleaning operation with ethanol and acetone.

Figure 3.10 Image of distilled water.
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3.2.10 Electric Oven

A hot box-type electric oven was used in this work to remove the moisture content
from the filtered Ti2C MXene. The manufacturer of this oven is GALLENKAMP as

shown in Fig. 3.11.

Figure 3.11 Image of electric oven.

3.2.11 Magnetic Stirrer

A 78-1 model magnetic stirrer was utilized to mix the solution of 1M NaOH and
Ti2AIC during the etching process. Fig. 3.12 shows the model of the magnetic stirrer

used in this study.

e

Figure 3.12 Image of magnetic stirrer.
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3.2.12 Coin cell case

In terms of size and form, LIBs come in different varieties, notably D, C, AA, AAA,
AAAA, and A23, as well as 9-Volt, CR2032, LR44, CR927, CR1025, CR1216, CR1220,
CR1225, and pouch cell batteries. In this specific task, we put together a coin cell
battery, model number CR2032. The coin cell is composed of a spacer made of
stainless steel, a cover with a plastic ring, a cup (3.2 mm in height and 20 mm in
diameter ), and a stainless steel spring for tight packing. As seen in Fig. 3.13, the coin

cell was imported from Xiamen TOB New Energy Technology Ltd. in China.

Figure 3.13 Image of coin cell case.

3.2.13 Hydraulic crimping machine

A Hydraulic crimping machine was used to seal the CR2032 coin cell. It changed the
sealing line without affecting the die. Moreover, it could be applied to disassembly
procedures by replacing the original die. Fig. 3.14 depicted the hydraulic crimping

machine.
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Figure 3.14 Image of a hydraulic crimping machine.

3.2.14 Battery tester

A battery tester as shown in Fig. 3.15 was employed to look at the battery's
electrochemical capabilities. A battery cycler assesses the battery's performance by
tracking the cells' actions throughout charge and discharge cycles. Many variables,
including capacity, battery efficiency, and self-discharge, can be assessed during
battery cycling. The test was conducted utilizing a multichannel LANHE LAND-

CT2001A battery testing equipment in the voltage range of 0.02 to 3.00 V.

Figure 3.15 Image of battery tester.

3.2.15 CV and EIS tester

A CORRTEST CS100 device was used to test the cyclic voltammogram and EIS of the

coin cell as shown in Fig 3.16.
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CORATESY

Portable Potentiostat / Galvanostat

Figure 3.16 Image of CV and Els tester.

3.2.16 Multimeter

An ammeter, voltage tester, or ohmmeter can all be read with a multimeter, which is
a multifunctional electrical tool. There are indicator needles for positive and negative
values on a numeric LCD digital display. Using multimeters, one may test batteries,
power sources, and electric motors. We used a multimeter to measure the open

circuit voltage of the manufactured battery for our investigation (Fig. 3.17).

Figure 3.17 Image of a multimeter.

3.2.17 SEM machine

A scanning electron microscope used to investigate the morphology of as

synthesized Ti2C MXene and Ti2AlC precursor.
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3.2.18 XRD machine

The X-ray diffraction patterns of the Ti2C MXene samples were observed by using
Cu Ka as the radiation source (Empyrean, PANalytical-Netherlands). The diffraction

patterns were recorded over a 20 range from 10 to 90 at a step size of 0.10.
3.3 Etching

To separate the Al atom from Ti2AlC Max phase etching process was carried out.
Initially, 4 g of NaOH pellets were added to the 100 ml of distilled water to prepare 1
M of NaOH solution then 10 g of Ti2AIC powder (~ 325 meshes) were gradually
added to this solution. The solution was kept under continuous stirring for 48 h. To
fully etch Al from Ti:AIC another 4 g of NaOH pellets were added to the solution
after 1%t 24 hr as shown in Fig. 3.18.

Figure 3.18 Etching process under stirring.

3.4 Filtration, Heating, and Ball milling

After completion of the etching process filtration was carried out to separate the
residue from the solution and cleaned the separated residue by using distilled water

several times as shown in Fig. 3.19.
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Figure 3.19 Filtration process of Ti2C MXene.

The moisture content present in the separated Ti2C MXene was completely

eliminated by heating up these powders in an oven at 105°C for 30 hr.

Then the heated Ti2C powders were ball milled for 4 hr at 400 rpm to minimize the

particle size as shown in Fig. 3.20.

Figure 3.20 Ball milling process.
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3.5 Characterization

The term "material characterization" describes the procedures or techniques used to
quantify and identify a material's mechanical, chemical, physical, and
microstructural characteristics. The as-synthesized samples were characterized at the
BUET material laboratory in Dhaka. The morphology and structure of the TiC
MXene sample were examined using a high-resolution scanning electron microscope
(SEM; JSM 7600F, JEOL-Japan). The crystal structure and composition of the sample
were ascertained using an Energy Dispersive X-ray (EDX) and an X-ray
diffractometer (XRD) (Empyrean, PANalytical-Netherlands) using radiation from
the copper target (k, =0.15406 nm). The approach used in this thesis is described in

the parts that follow.

3.5.1 X-ray diffraction (XRD)

One effective analytical method for examining the structure of crystalline materials
is X-ray diffraction (XRD). Its foundation is the idea that atoms in a crystal lattice
scatter X-rays, producing a characteristic diffraction pattern that reveals details
about the atoms' arrangement inside the material. The XRD method can be used to
determine if a material is amorphous or crystalline. With this adaptable,
nondestructive method, exact details regarding a material's physical attributes,

chemical makeup, and crystal structure can be obtained.

An X-ray source with Cu K radiation (= 1.5406) is used to perform the XRD analysis.
Electromagnetic waves having a wavelength of only one and a size similar to atoms
are called X-rays. The X-ray beam is made up of numerous distinct waves that may
intersect and cause interference with one another. Interference is produced when X-
ray beams and atoms in crystals interact. The interference is particular to the crystal
structure and happens at an angle to the atomic planes. Fig. 3.21 shows how

interference occurs by Bragg's law.
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The formula for Bragg's law is nA = 2dsin©, wherein n is an integer, O is the angle
between the incoming X-ray beam and the scattering plane, d is the atomic layer

separation, and A is the X-ray wavelength.

%
S %,
Q?’ e - %
3 = i $
i I i %
-37' '\ ) 'Iz"f ) /;)
\{"‘\l \\x l__,f” H_.-""f'
Rﬂ\ . / ek P
ik % e L L i

Figure 3.21 Schematic of Braggs law.
Acute interference maxima, or peaks, with the same symmetry as the atom
distribution make up the scattered waves in crystals when the atoms are arranged in
a regular sequence. Moreover, information about the structural properties of the
crystals may be obtained from the diffraction peaks. The equation D= 0.94 A / (3
cos0), where A is the X-ray wavelength, (3 is the full width at half maximum of a
reflation located at 20, and D is the average crystallite dimension, is commonly used

to quantify the crystallite size of polycrystalline material..
3.5.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a high magnification imaging method that is

used to evaluate the surface shape and composition of a material. In-depth three-
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dimensional details regarding the topography and structure of the sample are given.
A beam of extremely intense electrons is produced in SEM by an electron source,
which is usually a field emission cannon or tungsten filament. Electromagnetic
lenses are used to direct the electron beam onto the sample, just as light is focused in

an optical microscope. Fig. 3.22 shows the SEM working diagram.

J"
A .
Secondary
Electron Detector

Secondary
Electrans

Electron Gun

Electron Beam

Anode

Condenser Lens

Objective Lens

Sample/Stage

Figure 3.22 Schematic diagram of SEM working.

3.5.3 Energy-Dispersive X-ray Spectroscopy (EDX)

Finding a material's elemental composition can be done by an analysis process called
energy-dispersive X-ray spectroscopy (EDX), sometimes known as energy dispersive
X-ray analysis (EDX or EDXA). It frequently works in tandem with transmission and
scanning electron microscopy techniques in electron microscopy research. The
unique X-rays produced by EDX are created by the sample interacting with an
electron beam. As high-energy electrons from the electron beam of the microscope
impact the atoms in the sample, inner-shell electrons are activated or driven off of
their orbits. The voids left by the displaced electrons are then filled with outer-shell

electrons, releasing the energy as X-rays. Different energies in the emitted X-rays
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correspond to the elements present in the sample. In an EDX system, the main
component is an X-ray detector, which is typically a solid-state semiconductor
detector. It recognizes these characteristic X-rays and measures their energy. After
the observed X-rays are converted into electrical signals, their energy is measured
using a spectrometer. By measuring the X-ray intensity at different energies, the
spectrometer generates an energy-dispersive X-ray spectrum. The spectrum displays
peaks at certain energies that correspond to the different X-rays that the different
elements in the sample release. By comparing the observed X-ray energy to the
known typical X-ray energies of the constituent elements, the composition of the
sample can be determined. The intensity of the X-ray peaks indicates the relative

abundance of the elements.

3.6 Anode Preparation

After characterization of the ball-milled Ti2C MXene powder, the anode was

prepared by mixing this powder with PVDF and NMP binder as shown in Fig. 3.23.

e A 3g mixer of Ti2C MXene and PVDF was prepared where 2.4 g was Ti-C and
0.6 g was PVDF powder.

e Added a sufficient amount of NMP binder to make the mixer paste-like.

e The paste was coated over the Cu foil and heated in the oven at 80 °C for 24
hr.

e A 15mm in diameter was punched out to use as a coin cell anode.

Punched Ti:C
anods

Ti2C MXene powder Mixing of TixC, NMP and
PVDF binder

Coating of Ti2C over Cu foil

Figure 3.23 Anode preparation process.
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3.7 Coin Cell assembly

An as-prepared anode and a 15 mm LiCoO2 disc were initially punched out of the
strip. To prevent short circuits, the separator was punched slightly bigger (18 mm)
than the electrodes. The CR2032 coin cell was put together in this work according to
the order indicated in Figure 3.30. The CR2032 coin cell's positive shell was first
connected to the anode, and then a plastic dropper was used to administer an
electrolyte drop. After that, the separator was installed and moistened with an
electrolyte drop. The spacer, wave spring, and negative coin cell enclosure were then
gradually placed on top of the punched LiCoO2 cathode, as seen in Fig. 3.24. At last,

a hydraulic battery crimper was used to crimp the coin cell.

e Negative Case

B i (CR 2037)

PrT— Sprnng

oy Cathode

LiCo0z cathod .

e P Al

Anede (T12C

3 ' mxene)
" A e Poavtve Case
(CR 2032)

TizC anode

Figure 3.24 CR2032 coin cell preparation process.
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3.8 Electrochemical Measurement

After crimping the coin cell the galvanostatic charge/discharge tests were carried out
by using a LAND-CT2001A battery testing system in a voltage range between 0.02
and 3 V at various current rates. In addition, cyclic voltammogram and EIS analysis

were performed in CORRTEST CS 100 at various scan rates between 100 to 1 m.

110



Chapter 04

RESULT AND DISCUSSION

4.1 Background

Energy storage and consumption efficiency, sustainability, and innovation have all
been fueled by lithium-ion batteries, which have transformed many sectors and
facets of everyday life. The majority of portable electronics run on it, and it also
provides the high energy density required for electric cars to go far between charges,
making them a competitive alternative to gasoline-powered vehicles. Additionally, it
stores energy generated by renewable energy sources, especially wind and solar
power and is increasingly being used for grid energy storage to assist utilities in
managing demand and supply fluctuations, enhancing grid stability, and
introducing additional renewable energy sources to the grid. It also helps reduce
greenhouse gas emissions and dependency on fossil fuels. In addition to all of these
benefits and applications, LIBs had low power and energy density as well as
capacity fading problems during cycling. Several anode materials were investigated
to create a high-performance lithium-ion battery to solve the aforementioned issues.
Ti2C MXene materials have several unique properties that make them interesting
candidates for anode materials in lithium-ion batteries (LIBs). These properties
include high electrical conductivity, a large specific surface area that can
accommodate a high number of lithium ions in their layered structures, and good
structural stability over cycles of lithium insertion and extraction. In this chapter, the
electrochemical performance of Ti2C MXene will be discussed along with its

structural morphology.
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4.2 XRD Analysis

The XRD pattern of Ti2AlIC powder before and after etching shown in Fig. 4.1. To
synthesize Ti2C MXene, Ti2AIC was utilized as a precursor which resulted in the

presence of some residual Ti2AIC in the finished sample.

The XRD pattern of the precursor before etching shown at the bottom of the figure
where the peaks at the angle of 20= 13.01°, 36.07°, 39.60°, 41.88°, 52.95°, 71.59° were

representing the characteristics peaks of Ti2AlC powder[177].

After etching the Ti2AIC powder by NaOH, the peaks at 13.01 vanished and a
significant peak was observed at 20=7.25° at the plane of (002), which was the
characteristic peak of Ti2C MXene[178]. In addition, nearly every peak was identified
at the angle of 20=36.07°, 39.60°, 41.88°, and 52.95° which were also present in the
XRD pattern before etching representing the presence of Ti2AlC powder also noted
in the XRD pattern after etching attributed to the partial etching of Ti2AIC powder.
Due to the lower concentration of NaOH during etching, the Al was not fully etched

out and Ti2AlC powder was present in the sample after etching.
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Figure 4.1 XRD pattern of Ti2AlC precursor before and after etching.
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4.3 SEM and EDX analysis

SEM analysis was performed to investigate the surface morphology of Ti:AlC
powder before and after etching. Fig. 4.2 (a) and (b) depicts the structure of Ti2AIC
powder before etching at lower and higher magnification. In low magnification
image, large, flat and hexagonal or rectangular platelike structures were observed.
These platelets varied in size and often appeared as larger aggregates or clusters. In
high magnification image, the well-defined edges and corners as well as minor
surface roughness and layered nature of the platelets were observed more clearly
and showing how they stack or align in the material. Fig. 4.2 (c) and (d) displayed
the low and high magnification image a Ti2AIC powder after etching. variety of
irregularly shaped and sized platelets and pebbles were seen. The materials
appearance was uneven and less structured or aggregated indicating the incomplete

etching of Ti2AIC attributed to the low concentration of NaOH during etching.

113



: - g w
NCE-BUET 03-Aug-24 _— 100nm NCE-BUET 0
WD 7.4mm 12:50:18 X 50,000 5.0kv SEI SEM WD 7.4mm

i‘ ! ol - '1:

293
NCE-BUET 0 — 100nm NCE-BUET 0
EN

WD 7.3mm

WD 7.2mm .39:58 X 50,000 5.0kv SEI SEM

Figure 4.2 a) Low Magnification b) High magnification image of precursor before
etching and c) Low Magnification d) High magnification image after etching.

EDX analysis was performed to reveal the mass fraction of Ti2AIC before and after
etching. Fig. 4.3 (b) and (d) depicted that the mass fraction of Al was reduced from
11.19% to 7.57% due to the etching of Ti2AIC by using NaOH. The presence of Al
after etching means that, the Ti2AlC powder were partially etched attributed to the

using lower concentration of NaOH during etching.
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Figure 4.3 EDX analysis of Precursor before etching (a,b) after etching (c,d)

Fig. 4.4 (a) and (b) depicted the low and high magnification SEM image analysis of

anode material. In low magnification image, the surface was smooth with minor

porosity and at high magnification image, much irregular surface along with lots of

cavities were seen. Fig. 4.4 (c) and (d) displayed the EDX analysis of mass percentage

of anode material at (003) location. The percentage were C= 45.35%, F= 52.39%,

Al=0.16% and Ti=1.75%.
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Figure 4.4 a) Low Magnification b) High Magnification image of anode (c,d) EDX

analysis of anode.
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4.4 Electrochemical analysis

The variation of voltage and current along with time over (a) 1-20 and (b) 21-40

galvanostatic Charge-Discharge cycles shown in Fig. 4.5 and Fig. 4.6.
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Figure 4.5 Change of Current and Voltage with respect to Time for 1-20 Charge-

Discharge cycles.
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Figure 4.6 Change of Current and Voltage with respect to Time for 21-40 Charge-
Discharge cycles.

The cutoff voltage was varying in the range of 0.3-1.3V. Initially, the voltage was
1.250 V. However, with the battery cycling the voltage drops drastically and at the

end of the 100% cycle, the measured voltage was observed 0.407V.

The galvanostatic charge-discharge cycle was conducted to determine the
electrochemical performance of the as-prepared Ti2C MXene anode. Fig. 4.7 depicts
the variation of capacity for 1-20 charge-discharge cycles at a current density of 50

mAg.
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Figure 4.7 Cycling performance of Ti.C MXene at 50 mAg™.

The first cycle Charge and discharge capacities were found to be 658.02 mAhg! and
419.11 mAhg! respectively with an initial columbic efficiency of 63.6%. The huge
irreversible capacity loss in the first cycle could be attributed to the formation of SEI
film on the electrode surface along with the irreversible reduction of
electrochemically active surface groups such as -OH in this case [76]. However, in
the subsequent 2" cycle the charge-discharge capacity drastically reduced to 384.50
mAhg! and 295.77 mAhg' and the columbic efficiency increased sharply and
stabilized within the range of 90%-92% after the third cycle. After 20 cycles, the Ti-C
MXene maintained a capacity of 283.7 mAhg-! corresponding to an efficiency of
90.9%. This stable capacity could be ascribed to the formation of stable SEI layer and

the intercalation of Li*ion in the interlayer space between the Ti2C sheets [23].
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The rate performance of Ti2C MXene was tested at different current densities as
shown in Fig. 4.8. The capacities were decreased from 419.11 mAhg to 263.2 mAhg’
1, to 237.3 mAhg* and to 203.7 mAhg! as the current density increased from 50 mAg-
'to 100 mAg?, to 150 mAg™ and 200 mAg*. When the current density again reduced

to 50 mAg? excellent capacity retention with the capacity of 265.3 mAhg' was

observed.
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Figure 4.8 Cycling performance of Ti2C MXene at different current densities.

Table 4.1 displays the comparison of the performance of as prepared Ti:C MXene

anode with other conventional anode materials.

Table 4.1 Comparison of Cycling performance of various anode material

Materials Synthesis Process Discharge Capacity | Ref.
after n*Cycle
TiC NaOH etching 259.1mAhg? after | In this work

100 cycles at 50

mAg!
Ti2C HF etching 80 mAhg! after | [179]
120 cycles at 3 C.
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Materials Synthesis Process Discharge Capacity | Ref.
after n*Cycle

TisC2 HF etching 118.7 mAhg' after | [180]
75 cycles at 1 C.

CNT/GP CVD 290 mAhg! after | [181]
40 cycles at 30
mAg?!

Porous Graphite Thermal Oxidation | 175 mAhg? after | [182]
100 cycles at 2.5 C

Anatyse TiO2 Hydrolysis 148 mAhg! after | [183]
40 cycles at 50
mAg?!

Porous SnO: Spray pyrolysis 410 mAhg?! after | [184]
50 cycles.

MnQO/C Hydrothermal 618.3 mAhg! after | [185]
200 cycles at 0.66 C

NiO/Ni Thermal Oxidation | 25 mAhg" after 30 | [186]

cyclesat1 C.

The high-rate performance along with cyclic stability with respect to other electrodes

was facilitated by the wide surface area of the layered Ti2C MXene structure, which

also allows more lithium-ion deposition over the surface and allows more

electrolytes to come in contact with the anode. The outstanding stability of Ti.C

MXene up to 100 cycles could be attributed to the lower volume change during

lithium insertion and de-insertion.
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The cyclic voltammetry curve for the first cycle charge-discharge at a scan rate of 0.2
mVs? shown in Fig. 4.9. Two broad reduction peaks were observed at 0.57 V and
1.25 V respectively, corresponding to the formation of SEI layer and reduction
reaction. However, three broad oxidation peaks were observed in the oxidation
process. The first, at 1.7 V was due to the oxidation reaction while the second at 1 V
was due to the oxidation of Al and third was at 0.6 V due to the partial
decomposition of the SEI layer [23,138] .
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Figure 4.9 CV curves at 0.2 mVs.

Throughout this chapter the morphology of as prepared anode and the
electrochemical performance of as prepared lithium ion battery were investigated.
To compare the performance of as prepared Ti2C MXene anode with conventional
graphite anode and TiO: anode, it was found that the theoretical capacity of TiO,
Ti2C and graphite were 336 mAhg?, 331 mAhg' and 372 mAhg' respectively as
shown in Fig. 4.10. However, after 100 cycles the capacity delivered by TiO: and
graphite were almost 210 mAhg and 230 mAhg respectively whereas the capacity
shown by Ti2C MXene was 259.1 mAhg? at a higher density. That means, if pure
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Ti2C MXene can be prepared by completely etching Al from the precursor, this

MXene could be a good replacement of conventional graphite anode.
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Figure 4.10 Comparison with different anode materials.

4.5 Summery

In this chapter, NaOH etched Ti2C Mxene was used as anode material for lithium-
ion Batteries. The surface morphology and electrochemical performance of as
prepared anode were evaluated. The observed first cycle charge-discharge capacities
were found 658.02 mAhg-' and 419.11 mAhg™ respectively with an initial columbic
efficiency of 63.6% and excellent capacity retention of 259.1 mAhg™ obtained after
100 cycles at a current density of 50 mAg. Outstanding rate performance was also
observed when the current density increased from 50 to 200 mAg™ the capacities
varied from 419.11 mAhg! to 203.7 mAhg?! respectively. The excellent cyclic
performance and stability of this cell are attributed to the unique properties of
MXene structure such as high electronic conductivity, low operating voltage, large

surface area, and fast Li ion diffusion characteristics.
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Chapter 05

Conclusion and Future Study

5.1 Conclusions

In this study, Ti2C MXene was synthesized by selectively etching Al from the Ti2AIC

MAX phase. The etching process was carried out by using NaOH solution at room

temperature with continuous stirring then the samples were ball milled to make it

nanostructured. After that, the characterization was carried out to check the

synthesis output. The findings of characterization and the performance of the as-

prepared electrode include the following:

From the XRD pattern analysis, it was observed that the Ti2C MXene was
produced by using NaOH etching which could be confirmed by the
characteristics peaks at 20=7.25° . However, the Ti2AIC powders were
partially etched.

The first cycle charge-discharge capacities were found to be 658.02 mAhg!
and 419.11 mAhg' with a columbic efficiency of 63.6%. The low efficiency
during first cycle was caused by the formation of the SEI layer and the
irreversible reaction of the electrolyte with the electrode surface. However,
after the third cycle, the efficiency was stabilized and after 20 cycles a capacity
of 283.7 mAhg! was found with an efficiency of 90.9%.

This electrode shows excellent rate performance, capacity retention, and
stability up to 100 cycles ascribed to the formation of -OH terminal group on

the surface of Ti2C MXene.
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5.2 Limitations

A novel two-dimensional Ti2C MXene anode is fabricated and carefully investigated

its performances. However, several limitations are encountered during the

investigation. The following list are the limitations of this study:

The Ti2AIC MAX phase used in this study was bought from china, which was
99% pure.

LiCoO: sheet, which was bought from China, served as the cathode material
for this research. The voltage of the manufactured LIBS fell because there was
less active material on the sheet.

Volatile and photosensitive LiPFs was employed in the investigation. The
electrolyte disintegrated readily in the open air. One of the main difficulties in
this investigation was handling the electrolyte in an open setting.

Lithium-ion batteries (LIBs) require a moisture-free environment for testing
and installation. The best LIB is made in a glove box setup with an inert
atmosphere in a well-controlled, moisture-free environment. The LIB battery
was assembled in the open environment due to the lack of a glove box facility,

which had an adverse effect on the battery's electrochemical performance.

5.3 Future Study

The number of applications for MXenes have recently been explored such as water

purification, electromagnetic interference (EMI) shielding, biosensors, transparent

conductive electrodes, and as electrodes for lithium, sodium, potassium, and

aluminum- ion batteries. MXenes can be considered as promising anode materials

for LIBs due to their superior mechanical properties, low Li* diffusion resistance, and

metal conductivity as shown in Fig. 5.1.
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Figure 5.1 Schematic representation of LIB with MXene as anode.

However, there are still several key issues that need to be studied to improve the

performance when MXenes are used as anode of LIBs are follows:

Lithium compound is used as cathode materials of commercial LIBs when
graphite is used as anode materials. However, pure Li metal is used as
cathode materials in most of the studies when MXene materials are used as
anode. Hence, it is necessary to find which commercial grade Li compound is
more suitable to respective MXenes as anode of LIBs.

As of right now, acid etching remains the primary way of obtaining MXenes;
nevertheless, it comes with a high risk and low yield. As a result, there is a
pressing need for safe, effective, high-quality, and environmentally friendly
methods to synthesize MXenes that have a controlled number of layers,
modifiable surface groups, enhanced layer spacing, and superior quality. To
support the feasible large-scale commercial production of MXenes and
MXenes-based materials, it is also necessary to do extensive research on the
generation mechanism and optimize the currently available synthesis
techniques. In addition, the surface chemistry of these materials is mostly
unknown which is necessary to study more before using as anode of LIBs.

At present, most synthesized MXenes are in powdered form which neEDX to
be glued by using binder materials and pasted on the current collector. The
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active materials of MXenes might lose connection during electrochemical
cycling of LIBs and mixed with electrolyte which led to low practical energy
density.

e The proper electrolytes need to be found that will not react with MXenes

materials during the electrochemical cycling of LIBs.

Success in addressing these issues should lead to the successful application of

MXenes as the anode of LIBs at this very early stage of this type of research.
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