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Abstract

Scientists and researchers are concentrating on cathode materials with enhanced nickel content
in layered oxides for lithium-ion batteries due to their increased energy density and capacity.
Consequently, this study successfully generated the cathode material LiNigsMno.1C00.102
(NMC811). However, these nickel-rich cathode materials continue to face commercialization
challenges including structural instability, structural deterioration, microcracks, increased
reactivity with electrolytes, as well as worries about electrochemical and thermal stability. We
have successfully produced lithium nickel manganese cobalt dioxide (NMCS811) in our
continuing study using a two-step process that includes co-precipitation and solid-state
synthesis methods. Subsequent to fabricating the NMC811 cathode, we employed the molten
salt etching technique to generate MXene (Ti3C,Tx), which was applied as a coating on
NMCS11 to enhance its conductivity. (Its reduced reactivity on the lower surface enhances
cycling durability, mitigates crack formation following repeated cycles, and promotes the
growth of lithium dendrites). Properties of MXene coated (NMC811) characterized by XRD,
SEM, EDX, CV and EIS. The structure, geometry of samples and crystallinity were confirmed
by X-ray diffraction. The morphology, shape and size of nanoparticles are revealed by scanning
electron microscopy. Analysis of the elemental composition of nanoparticles were investigated
by EDX. The CV curve exhibit redox behaviour of cathode material (NMC811) and composite
of CV curves has shown that conductivity has been increased due to the coating of MXene.
EIS plots indicate that due to coating of MXene on active electrode material (NMC811),
decrease its impedance between electrode/electrolyte interface layer, and enhance Li" ion

transportation between electrodes.



Chapter No. 1

Introduction

In this chapter we have discussed energy issues and how new energy storage devices globally
can reduce those issues. Brief introduction of energy storage devices and explanation of
advanced rechargeable lithium-ion batteries and their cathode materials. Later on, we have
discussed the challenges that facing by a lithium-ion batteries, and how these challenges solve
by nickel-rich cathode materials. At the end, we have briefly explained LiNig.sMno.1C00.102
(NMCS811) cathode material, its properties problems and solution of those problems. Finally,
in this chapter we have given a brief review of MXene (Ti3C>Tx) and nano-composite of

NMC811 with Ti3CoTx (NMC811- Ti3C:Ty).

1.1 Introduction

LIBs are formed from one or more generating components known as cells. Positive
electrodes, negative electrodes, and an electrolyte (that located among two electrodes) are the
three Sun is a natural source of renewable energy because H> and He; gases are burned in space.
Whereas non-renewable energy source, as an example of a fossil fuel is coal, natural gas, and
oil. Coal and gas release SO2 when burned, which polluted the environment. Fossil fuels are
also the cause of climate change and long-term temperature change which disturb the weather
pattern that’ results actually global warming. A factor that is part of climate change is global
warming, which is the gradual increase in the planet's temperature. It is imposed on by a rise
in greenhouse gas concentrations in the atmosphere, mainly as a result of human activities like
farming and the burning of fossil fuels. The development of electric vehicles (EVs) has been
facilitated by both global warming and the depletion of fossil resources. Furthermore, power
electronics industries' rapid growth has resulted in the realization of high energy-efficient
vehicles. Because public transport consumes a lot of energy, EVs are good source to lower

greenhouse gas emissions [1].

The number of flexible energy-storage devices is growing in popularity because of their
distinct, and lightweight devices. Soft products, roll-up displays, and wearable devices are
examples of wearable electronic devices. In recent years, maximum work has been put into
fulfilling the standards of significant progress has been made towards flexible energy storage

systems. However, current energy-storage modules made of supercapacitors and lithium-ion



batteries are often too heavy, inflexible, and bulky to meet the specific needs of flexible
electronics. As a result, the next wave of energy storage device development will focus on
producing thin, little units that are adaptable, having stylistic variety, and good mechanical
characteristics. Lithium-ion batteries and flexible supercapacitors are two specimen of flexible

energy storage systems., must be fulfilled and improved [2].

Lithium-ion batteries are outstanding source of energy in portable electronics, are
expanding rapidly into the grid-energy storage sector as well as the market for electric vehicles.
Balancing various performance aspects such as energy efficiency, power output, longevity,
affordability, safety, and ecological impact necessary, depending on the specific application.
The technology today for lithium-ion batteries is based on organic liquid electrolytes and
electrodes for insertion reactions. Development of solid electrolytes, lithium metal anodes, and

novel electrode materials that combine insertion and conversion processes [3].

Components that make up each cell. Lithium cobalt oxide (LiCoO;) or lithium iron
phosphate (LiFePOs) constitutes the positive electrode, while the negative electrode is crafted
from carbon (graphite). The selection of the electrolyte differs depending on the particular
battery type [4]. Positive electrode, known as the cathode, and the negative electrode, known
as the anode, within a standard Li+-ion cell, are both in contact with an electrolyte containing
lithium ions. Electrodes are kept away from one another by a separator, often a microporous
polymer membrane, this supports lithium ion exchange but not electron exchange between the
two electrodes [5].

LIBs are one of the most top ranked energy storage technologies since 2015. More
efficient, high specific capacity, energy and power density and good cycle life are properties
of lithium-ion batteries. LIBs widely used in electronics product such as EVs, HEVs,

electronics watches, mobile phones, notepad, laptops, e-bike [6].



Figure 1.1 Lithium-ion battery fundamental parts and functionality [5]

High capacity and high energy density materials are still mandatory to increase lithium-
ion battery performance. Transition metal oxide such as LiCoO>, LiMnOs,, three transition
metals (NMC) as cathode materials for lithium-ion batteries, and LiMnPO4 and LiCoPO4 are
two more phosphates utilized as commercial cathodes in lithium-ion batteries. Nickel-rich
layered (TM) oxide electrode materials (LiNixCoyMn,O2) (NxMyC,x +y +z=1,x>0.5)) have
their high operating voltage and large capacity as benefits. Due to their higher
capacity(200Ah/kg), nickel-rich (NMC) cathodes (N1 >80%) have recently obtained interest.
Nickle rich layered transition metals oxide having 250mAh/g specific capacity with 4.5V
(during Li" ion intercalation and de-intercalation). Discharge voltage is 3.8V, while (NMC811)
have average high capacity is 200mAh/g with 2.8V to 4.5V (during Li" ion intercalation and
de-intercalation). NMC811 is getting a lot of interest in lithium-ion batteries cathode materials
because of its outstanding electrochemical performance. A lot of attention has been enhanced
by LiNio.8Co00.15Al0.0s02 to improve lithium-ion battery energy density [7].

However, the widespread commercialization of NxMyCz or NCA based lithium-ion
batteries faces significant challenges due to rapid capacity degradation and a high risk of
overheating. Incorporating higher levels of nickel (Ni) in NxXMyCz or NCA can increase the
specific capacity, but it also leads to issues with cycling stability and thermal stability, which
is a major concern. The reaction of lithium compounds, such as LiPF6 and LiOH, generates
hydrogen fluoride (HF), a key factor in TM-dissolution. Additionally, the mixing of Ni**
cations cause Li/Ni site exchange and further capacity loss. Dissolved transition metal ions,

along with oxidative byproducts of the electrolyte, can infiltrate the anode side due to chemical



interactions, resulting in degradation of the solid electrolyte interphase (SEI) layer on the
graphite surface [8].

Researchers are currently working hard to increase the cycle stability of multilayer nickel-
rich cathodes of synthesis conditions, ion doping, surface coating and electrolyte formulating.
The most intriguing aspect is that lithium-ion battery electrochemical capabilities can be
considerably improved by adding functional additives (substance that are added to protecting

the formulation of the material from thermal and light-assisted oxidation at low concentrations)
[7].

1.2 Energy storage devices

Energy storage devices play a crucial role in modern society by enabling the efficient
utilization of energy resources and the integration of renewable energy sources into the power
grid. These appliances support balance supply-demand dynamics and guarantee a steady and
dependable energy supply. By enabling periodic energy sources, wind and solar might become
widely used, covering deserts with solar panels and fields with wind turbines. Pumped
hydroelectric storage (PHS), the most established and widely recognized energy storage
method to date since its inception in 1929, boasts an installed capacity of 20.36 GW. CAES
systems are high-efficiency combustion turbine facilities. It stays underground in a geologic
formation until energy is required, at which point it is released, heated, passes through a turbine,
and produces electricity. Although flywheels have been around for centuries, they have only
recently come to be identified as types of bulk energy storage. Although they are expensive,
these devices are very effective, quick to react, flexible to huge sizes, and environmentally
friendly. Lead acid batteries are among the earliest and best-known types of electrical energy
storage. Due in part to its inexpensive price and comparatively great efficiency, but restrained
by its short cycle lifespan and poor performance at high temperatures [9].

Nickel-electrode batteries have minimal maintenance requirement and a high specific
energy, but they are expensive and have a rather short cycle life. The world's largest battery
installation was a Ni-Cd array capable of delivering 40 mega-watt of power for 7 minutes.
However, in recent times, lithium-ion batteries have garnered significant popularity due to their
exceptional efficiency, high energy density, power density, and cell voltage compared to other
battery systems. But many large-scale systems haven't been created because of their huge
capital costs. Lithium-ion designs are stronger and less chemically reactive than other lithium-
based designs, which often use metallic lithium, which is extremely poisonous. Like the sodium

sulphur battery, the sodium nickel chloride battery is a "molten salt" technology. It is more
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resistant to overcharging and deep draining than its parent device, the NaS-battery, and may
thus be a safer device. But it also has less strength and energy than NaS-devices, density. The
Polysulfide-bromide batteries (PSB) device's power and energy capacity are virtually
independent, as with previous flow battery technologies, making the system easily scalable and

extremely flexible [8].

1.3 Batteries and their types

Figure 1.2 Primary batteries (Alkaline batteries, silver oxide batteries & secondary batteries

(Lithium-ion battery) [10]

In 1800, A. Volta developed the first battery (voltaic pile). It was non-rechargeable
battery. After that battery and its evolution begins and multiple batteries designed and that
approach will enter into secondary battery (rechargeable battery). Battery should have high
energy density, power density with high specific capacity for efficient output. We have state-
of-the-art batteries engineered to meet the distinct demands of various devices, including
energy grid stations for electric vehicles (EVs), hybrid electric vehicles (HEVs), and beyond
etc. [10].

A power source that consists of one or more electrochemical cells coupled to an external
source to power an electric device is known as an electric battery. An electrical object such as
a penlight, a mobile phone, or an alternative fuel vehicle can be powered by a battery. An
external electrical connection will allow ions from the positive electrode to flow to the negative
terminal. Upon connecting the battery to an external electrical load, a redox reaction occurs.

This transformation changes high-energy reactants into low-energy products, enabling the

6



discharge of the disparity in free energy as electrical energy into the external circuits. Electronic
applications have long been connected to advancements in battery technology.
Microelectronics and technological advancements like the transistor have pointed out the need

for batteries with increased energy density, greater lifespans, and leak-free construction [11].
Following are component of a battery:

e Anode

e (Cathode

e Electrolyte
e Container

e C(Collectors

Anode is the negative electrode. Cathode is the positive electrode. Electrolyte provides a
medium through which positive ions can flow. Steel can that acts as the cathode's container
and holds the components for the electrochemical process. Collectors act as connecting parts

that gather the electrical current produced at the electrodes and link it to other circuits.

Figure 1.3 Components of battery [11]

Two types of batteries:
1.3.1. Primary Battery

Batteries which can-not be recharged called primary battery. The zinc carbon dry-cell

serves as a widely used small-scale electrical energy source. Its electrolyte consists of a moist



paste containing zinc chloride and ammonium chloride, which functions as a salt bridge. It

produces 1.5V. At anode oxidation occur zinc lose electrons:
Zn = Zn*" +2e

At cathode manganese dioxide is reduced by gaining electrons:
2MnO; + 2e = Mn203 + H,0

Performance and lifespan are optimized in the alkaline cell. Compared to zinc carbon
dry-cell, alkaline cell is designed for more high capacity. Its life is 5 times more than zinc
carbon dry-cell. Button cells (primary battery) are useful in watches, some calculator and
remote car etc. Silver zinc cells and lithium cells are example of button cells, produces 1.6V
and 3V respectively. Alkaline batteries, silver oxide batteries, aluminum air batteries are

primary batteries.
1.3.2. Secondary Battery

Battery which is used multiple time (rechargeable), called secondary batteries. Lead-
acid batteries, alkali ions batteries, lithium-ion batteries. Electrical energy supplied by a charger
(while charging) is converted into chemical energy (while discharging) in rechargeable cell
(battery). Lead acid battery (car battery) is most widely used type of secondary cell. They are
relatively cheap with good electrochemical properties. In this battery six distinct cells are
serially arranged. Four negative electrodes are present, and three positive electrodes with
sulfuric acid as electrolyte. Each cell consists of 2V, so total 12V (connecting 6 cells in a series)

in this battery.

Anode:

Pb + SO* - PbSO4 + 2¢

Cathode:

PbO +S0O4 + 4H" +2e = PbSO4 + 2H,0

Nickel cadmium battery (NiCd) and Ni-MH (nickel metal hydrate) are also secondary
batteries. But more efficient and most prominent is lithium-ion battery (LIB) that is used in

widely due to its outstanding electrochemical performance [11].



1.4 Lithium-ion battery

First rechargeable lithium-ion battery developed by Whittingham in 1976. Its battery
cathode was made up of TiS; and its anode was made up of lithium anode. At early stages that
was not proper working due Li* dendrite formation on the anode surface and short circuiting
after some time. Besenhard suggested cathode as a positive electrode and anode as a negative
electrode for lithium-ion batteries. In the same year Goodenough introduced graphite as anode
material and LiCoO»> as a cathode material for lithium-ion battery. LiCoO> cathodes seems to
be more durable than Na and other metals and outstanding electrochemical performance [12].

Goodenough was first to suggest stacked LiCoO; has high energy density, and voltage
cathode material. In 1983, he also recognized manganese (Mn) spinel has cost effective cathode
material. Besenhard, Yazami and Basu were discovered graphite, also with layered structure
good anode material for Li* ion intercalation and de-intercalation in 1980s. Yoshino et al., in
1987, developed a with cell LiCoO»> as the cathode and carbonaceous anode. Both the carbon
anode and LiCoOz cathode are stable in air, proving to be promising materials for lithium-ion
batteries. Lithium-ion battery has continuously improved, attracted a lot of scientific interest
since 1990s and become an integral part of our daily lives [13].

A variety of secondary batteries (lithium-ion battery) with solid lithium anodes and a
liquid organic electrolyte have been announced over the past few decades. Li-TiS», Li-NbSes,
Li-MnOg, Li-SO», and Li-MoS; are all on the list. Lithium-ion battery has a high energy
density. With 3.6V operating voltage per cell, each cell may replace three NiCd or Ni-MH
(metal hydride) batteries. Depending on cell size and structure, energy density has increased
from 180 Wh/kg to as much as 330 Wh/kg. LIBs have important function in a variety of areas,
including the development of electric cars, load balancing, and energy storage (solar, wind etc.)
[12].

Important problems for modern lithium-ion battery are overcharge, which usually comes
on by defective cell chargers. Overcharging a battery can cause thermal runaway, which can
result in fire or explosion of the batteries. To achieve a high protection from overcharge the
shuttle's oxidation potential should be slightly lower than the electrolyte's oxidation and
decomposition potential and slightly greater than the cathode's end-of-charge potential.
Thermal runaway is typically associated with temperature increases that are mostly caused by
heat generation from the outside or the inside during extreme misuse. Positive temperature
coefficient (PTC) devices are frequently included as parts of commercial batteries in order to

prevent thermal runaway. The positive temperature coefficient devices can reversibly remain
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conductive after cooling down. Most common causes of internal short circuits in lithium-ion
batteries are the production of dendritic lithium. Battery short circuits will result from lithium
dendrites growing on the anode's surface damaging the polymer separator and connecting the
positive and negative electrode. Al, Cu, and Fe may be the main conductive metals responsible
for internal short circuits in modern lithium-ion battery components. Therefore, the most
crucial and efficient way to address the previously mentioned safety issues is to decrease the
flammability of the organic liquid electrolyte by adding a flame-retardant electrolyte additive
[14].

Particularly, Li (NixMnyCo,)O: is known as NMC, new cathode material in research
market. Thackeray et al., worked out to spinel structure of LiMn2O4, he reported LiMn,04 is
a more stable cathode material than LiCoO2, Mn is less expensive than Co. Mn is dissolved in
electrolyte at high temperature. Goodenough group creates thermochemical cathode notably
known as LiFePOs. Its redox potential 3.5V during Li" ions during intercalation and de-
intercalation, but it has good thermal stability. LiCoO, has 4V (Li" /Li) but its bad thermal
stability. Researches are struggling to sort out solution of LiCoO> thermal stability via doping
with nickel, manganese and other transitions metals. Many researches created to improve the

LiNixMnyCo,02 (NMC) cathode, due to its high energy density [15],[10].

1.5 Working Principle of Lithium-ion battery

Three basic parts make up a battery anode, cathode, and electrolyte. Common lithium-ion
battery cathodes are typically lithium metal oxides like LiCoO2, Li (NMC), nickel-rich in which
nickel concentration more than 0.5 and graphite (carbonaceous) anode. While electrolytes are
lithium salts like LiCl, Li,COs, LiPFs, LiIOH etc. Commonly cathode materials, (LCO) and
(LFP) used in lithium-ion batteries. Anode is consisting of graphite and electrolytes are

different that depend on anode and cathode materials of lithium-ion battery [16].

During charging (electrical energy converted into chemical energy) process Li" ions travel
towards anode from cathode via electrolyte through a separator, while electrons move from

wire and reach at anode. In this way chemical energy stored in battery.
Cathode:

LiCoO2 = Li" +Co0; +¢ (oxidation)
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Anode:

Li*+e + C¢ > LiCs (reduction)

Complete reaction:
Cs + LiCoO2 = LiCg + CoO2

During discharging (chemical energy converted into electrical energy) process Li' ions
travel towards cathode from anode via electrolyte through a separator, while electrons move

from wire and reach at cathode.
Cathode:
Li" + CoOz +&” > LiCoO, (reduction)
Anode:
LiCe &> Li" +e& + Cs (oxidation)
Complete Reaction:
LiCs + CoO2> LiCo0O,+Cs

Oxidation and reduction phenomena take place on both electrodes in alternatively. While
undergoing the charging process, a voltage is applied across the electrodes. This voltage
compels lithium ions to disperse into the electrolyte and insert themselves between the layers
of graphene within the anode. Conversely, during the discharge process, lithium ions are
integrated into the cathode's structure via the electrolyte. In addition, the electrolyte forces

electrons to go through the wires in the outside circuits [12].

LIBs come with electronic collectors built-in. Rechargeable batteries are safe to use since
they include protections against overcharging and overheating. The battery is completely
charged and ready for use when the ion flow stops. During the charging and discharging
operations, ions may migrate between the anodes and cathodes of rechargeable batteries,
allowing energy to flow in and out. In lithium-ion batteries, the voltage reaches its maximum

level when they are fully charged [13].
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Figure 1.4 working principle of lithium-ion battery [12]

1.6 Cathode materials for Lithium-ion batteries

Goodenough made the initial discovery of (Lithium Iron Phosphate) LiFePO4 with an
orthogonal olivine structure as a cathode material for lithium-ion batteries in 1997. The
capacity retention of that cathode is 88.8% after 700 cycles at 2C and good cycling properties
but not high energy density. Due to their high safety attributes, lengthy cycle life, and thermal
stability, (Lithium Iron Phosphate) LFP cathodes have drawn interest [17]. In lithium-ion
batteries, LiCoO: is the most frequently used cathode material. This substance adopts the o-
NaFeO: structure. After 50 cycles, the battery exhibited exceptional capacity retention,
maintaining 97% of its initial capacity within the voltage range of 4.4 to 2.75 V. The battery's
initial specific capacity was measured at 174 mAh/g. In comparison to LiCoO2, LiNiO2, which
also adopts the a-NaFeO; structure, is more cost-effective and offers a higher energy density
(15% by volume and 20% by weight). LiNiO2 displayed the maximum discharge capacity of
200 Ah/kg and voltage range of 3.0 to 4.3V [18].

Cathode material, 0-LiMnO; (orthorhombic lithium manganese oxide), is produced for
lithium secondary batteries through both solid-state and sol-gel techniques. (0-LiMnOz)

electrodes initial charge curve was characterized by a simple potential plateau at 3.7V [14].

Vanadium oxides as electrode materials is attributed to their ability to create layered
compounds. Leaf-like V2Os nanosheets prove to be promising cathode material for lithium-ion

battery. Vanadium electrodes function at relatively low voltages, and they have a large capacity
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[19]. Phosphates (LiMPO4) possessing the olivine structure (Pnma) present a fascinating family
of cathode materials. LiMnPOs and LiCoPOs4 are further phosphates that are utilized as
cathodes in lithium-ion batteries. Higher open circuit voltages (4.1 and 4.8 V, respectively) but
lower capacities. LiMni 5sNio504 has become known as a promising candidate, it has a capacity
of about 140mAh/g and operating voltage is 4.7V. Li-O, Li-S/C, and Li>S-Si can provide a
significantly higher energy density [20].

Improvements in energy density, longer cycle times, it is necessary for modern lithium-
ion batteries. Li (NijxyMnxCoy) Oz (NMC) oxides, which are layered, are promising cathode
materials that have the potential to solve some of the problems with next-generation energy
storage devices. Li (Ni, Mn, Co) O, offers significant capacity, excellent rate capability, and
is capable of operating at high voltages. Nickel in the lithium layer has been found to stabilize
the structure during de-lithiation, which enhances cycling performance even if it can be bad for
lithium transport. The performance of Li (Ni, Mn, Co) O2 electrodes is notably improved
through over-lithiation, particularly when the cobalt content is low. Although the capacity rises
with a higher charging voltage, cycling also causes a faster loss of capacity. Similar to Li (Nij-
xyMnx Coy) Oz, cobalt promotes in the reduction of nickel in the lithium layer and it has been

demonstrated that tiny levels of cobalt (up to 0.20-0.25) increase capacity [21].

Table 1.1 Common cathode materials for lithium-ion battery and its properties

Cathode Typical Specific | Specific | Potential
materials potential(V) | capacity | energy | window
(mAh/g) | (Wh/kg) | (V)
LiCoO> 3.9 170 546 2-4
LiMn204 4.0 130 ~500 3-4.5
LiFePO4 3.2 140 150-170 | 2.8-3.6
LiINMC 3.7 250-350 | 600-760 | 2.8-4.5
LiNiosMni504 | 4.5 147 600 2.5-4

1.7 Next generation cathode materials for Lithium-ion battery

Creation of new cathode materials with improved specific capacity and high running
voltage, has been accelerated by the search for high-energy-density lithium-ion batteries [22].

Ohzuku et al., showed NMC111 (also known as NCM 333) capacity of 200Ah/kg between 2.5
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and 4.6V or 155Ah/kg if the anodic voltage is restricted to 4.3V. NMC622 and NMC532 are
two more types of NMC cathodes material gain a lot of attention. Among the cathode materials
used in lithium-ion batteries is NMC532 is a member of the class of LiNiMnCoO> cathodes
and distinguished from other NMC family compositions by its higher energy density and
enhanced stability. NMC532 has increased stability, less deterioration, and a longer cycle life
and better thermal stability. Although NMC532 offers numerous benefits, but problem of
cobalt's sustainability and source reliability. NMC622 gave a discharge capacity of 183mAh/g
the usual 1 cycle voltage profile at 0.1 C (1 C=180mA/g). The cathode material NMC811
exhibited the highest discharge capacity among the tested samples, with a remarkable value of
178.93 mAh/g in the charge-discharge measurement results. NMC811 had an ionic
conductivity of 1.20x10”" S/ecm, which was a little bit greater than that of the commercial
previous one (1.04x107 S/cm).

(NMCS811) is a common cathode material, researchers are looking towards formulations
with more nickel, like NMC622 (6:2:2 ratio) and NMCS811 (8:1:1 ratio), to increase energy
density. The development of NMC811 with improved stability and lower cost is still being
pursued. High energy density NCA-cathodes are currently utilized in electric car applications.
In order to improve stability and reduce safety issues associated with high-voltage operation,
ongoing research attempts to optimize the composition and surface coatings of these materials.
Comparable to other cathode materials (re)insertion, the theoretical specific charge capacity of

NCA is 265 mAh/g (0.95 Li+) [23].
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Table 1.2 Advance cathode materials for lithium-ions battery and its properties

Cathode materials | Typical Specific | Specific
potential(V) | capacity | energy

(mAh/g) | (Wh/kg)

LiNig.8Co0.1A102 3.8 >200 680-750

[NCA]

LiCoO> 3.9 140 546

LiNi13Mn13C0130:2 | 3.8 160-170 | 600-650

[NMC333]

LiNio.sMno.1C00.102 | 4.8 ~200 ~700

[NMC811]

LiNio.sMno2C00.20: | 4.3 160-190 | 350

[NMC622]

In comparison to the other suggested compounds of that period, it displayed a favorable
blend of a relatively higher voltage, approximately 4.7V. Widespread use and
commercialization of next-generation cathode materials will be dependent on elements like
cost-effectiveness, scalability, and performance enhancements made possible by continuous
research and development initiatives. Experts in solid-state chemistry, materials science,
electrochemistry, and industrial sectors have dedicated significant attention to these materials
as promising contenders for utilization in lithium-ion batteries for electric vehicle (EV)

applications [24].

1.8 Lithium nickel manganese cobalt oxide

The NMC (nickel manganese cobalt oxide) cathode material has several different
formulations, including NMCS811 (nickel-rich cathode materials atomic ratio of
LiNip.8sMno.1Co00.102). It is regarded as a lithium-ion battery's cathode material of the future.
NMCS811 has a larger nickel content which benefits energy density. It has an atomic
composition of 80% nickel, 10% manganese, and 10% cobalt, or 8:1:1. The battery's potential
energy density improved by the larger nickel content, which helps to boost specific capacity
and higher voltage operation. NMC811 produce a high specific capacity of about 200mAh/g
with a relatively high average discharge potential of 3.8V against Li+/Li. Its capacity between
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3-4.3V is (1C=180mAh/g). The electrochemical capabilities of the NMC811 were evaluated at
0.1C rate (1C=275mAh/g) and 4.5V vs. Li/Li+. The lithium positive ion intercalation routes
will be wider as the crystal grows in size, increasing the storage capacity as a result. As
compared to other conventional NMC formulations like NMC111 or NMC622, NMCS811 has
a higher energy density. Increased power potential of NMC811 is a result of its high nickel
content. Faster rates of charging and discharging make it appropriate for high power output
applications like electric vehicles. Cathode materials must prioritize safety. Compared to
certain other high-nickel content cathode materials, NMC811 demonstrates higher thermal
stability and a lower danger of thermal runaway. NMC811 have showed enhanced cycle life,
indicating superior long-term stability and durability. Limited surface area and superior
mechanical stability allows them to offer higher volumetric energy density and high

gravimetric energy density [25].

To successfully commercialize NMC811 cathodes, several problems still need to be
solved, prominent among them being their noticeably quicker voltage and capacity fading when
compared to NMC materials with lower nickel concentrations. Few problems with this cathode
materials like, nickel cations block lithium-ion diffusion channels as a result defects produce
in structure which causes cycled NMC811 to have slow kinetics and poor rate capability.
Material frequently exhibits an unstable cycle life performance because of the numerous phase
changes that take place during charge and discharge cycles. Capacity fading and a gradient in

nickel content of the cycling sample happened when nickel ions diffuse fast in electrolyte [26].

Divalent and insulating NiO phase can be formed on the surface by effectively reducing
the significant concentration of unstable Ni*" in the de-lithiated state (H-3 phase). Reduction
of unstable Ni*" helps mitigate capacity fading issues that can occur during cycling [27].
Coating layer significantly improves NMC811 materials' overall electrochemical performance,
and in particular, results in better reversible capacity and a notable improvement in capacity
retention [28]. To increase performance and economic viability of NMC811 cathode materials
in lithium-ion batteries, researchers are actively trying to optimize synthesis processes, surface

coatings, doping and overall composition [29].
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1.9 Problems with Lithium nickel manganese cobalt oxide

NMCS811's instability at high voltages, which can cause side reactions and deteriorate
battery performance, is one of its main drawbacks. Because of the increased valence of
the surface nickel towards the highly reactive Ni*" and the bulk migration of Ni?* into the
lithium-layer, the increased nickel content may lead to enhanced cation mixing and
parasitic reactions. Since performance deterioration is substantially worse when cells are
charged over 4.2V compared to Li" /Li. Slow Li" diffusion results in the accumulation
of overpotentials, which reduces the cathode material's utilization and capacity. Although
there are issues with oxygen release, when Li+ is inserted or removed during charge or
discharge, crystal lattices (primary particles) expand and shrink, which gradually creates
strain and causes secondary particles to shatter. Intergranular/intragranular cracking, and
surface phase reconstruction, nickel-rich cathodes continue to experience quick capacity
fading and voltage dropping challenges. Transition metal dissolution may threaten anodes
through electrode position, solvent reduction catalysis and all of which can obstruct
lithium intercalation and lower capacity. Galvanostatic intermittent titration method
(GITT) measurements show that Li* diffusivity went up as the nickel content increased.
10712 to 10*m?/s chemical diffusion coefficient ranges for NMC811 [30]. Researchers
want to boost lithium-ion battery capacity and energy density while retaining high cycling

stability and reducing safety issues by boosting the nickel content.

1.10 Strategies to solve NMC811 problems

To enhance its performance and safety, (NMC811) must overcome a number of obstacles
and problems. To prevent obstructing lithium-ion diffusion and raise resistance at the
electrode/electrolyte interface, cover the electrode surface with a homogeneous layer of
controlled thickness. A coating that has a huge covering area, a high electron throughput, is
pinhole-free, and is extremely conformal for secure positive delay transition metal dissolution
at the electrode-electrolyte contact. Morphologies of coatings produced by various surface
modification techniques may differ greatly, directly affecting the positive electrode

characteristics and electrochemical performances [31].

17



A large number of oxides, phosphates, fluorides, composites, including lithium, and
carbon-based compounds are frequently utilised as coatings for positive electrode
modifications. Al,O3, ZrO;, V205, MgO, ZnO, and TiO; are just a few of the metal oxide
coatings that have been claimed to improve cycle performance and rate capability [19]. As a
result, coated NMC provides a longer lifespan at low C-rates, but MgO coated NMC gives
better capacity and energy at higher C-rate. Tungsten oxide, in contrast, has strong conductivity
and can be employed as a coating on nickel-rich electrode. Additionally, WO3 and lithium have
a reaction that aids in the removal of certain lithium traces from the surface of NMC materials.
Various coatings can improve NMC's electrochemical and structural stability in various ways
[20]. Rate performance, long cycling performance, and high voltage performance better when

(NMCS811) coated with carbon [32].

The cycling stability, voltage stability, and safety of the battery can all be enhanced by
adjusting the composition and concentration of electrolyte salts and solvents. With sulfone-
based localised high-concentration electrolyte, lithium metal battery cycle performance has
been greatly enhanced [24]. Some of the problems with the NMC811 material can be solved
by changing its shape and composition. The stability, cycling life of NMC811 cathodes,
specific capacity, are being improved by methods as doping with additional elements,
regulating particle size and shape, and optimising the crystal structure. Li-O used in lithium-
ion battery electrodes, especially high concentrated nickel material (NMC), can be modified
through doping. To increase the cycle stability of NMC811 zirconium (Zr) and aluminium (Al)
as complementary coating and doping materials, compared their qualities, and then logically
integrated their advantages [33]. Layered lithiated nickel-rich oxides can be stabilized by
doping and/or coating, which has been demonstrated to produce great stability and long-term

cyclability [34].

The structural stability is increased by the Tungsten (W) and Ca” substitution. The partial
Mo®" doping and Sn-doped materials increases the samples' thermal stability and lowers the
total heat generated during chemical reactions in a nickel-rich material [17]. During Li+
intercalation and deintercalation, the Li-ion site doped sodium-ion can act as barrier-ions to

keep the positive electrode materials' structural stability [35].

Battery designs that use NMC811 cathodes can be made to perform better overall and be
safer by optimising the cell design and manufacturing procedures. This covers elements like

electrode density, porosity, binder type, and thickness. Better performance and consistency of
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NMCS811-based batteries may result from improving the uniformity and stability of electrode
manufacturing processes. NMC811 can be modified or combined with other cathode materials
to improve overall performance and safety. To increase performance, safety, longevity of
lithium-ion batteries, new methods and ideas are always being researched in the quickly

growing field of battery technology.

1.11 MXene

MXenes, are 2D transition metal carbides and/or nitrides exhibiting unique
physiochemical traits. They are renowned for having exceptional mechanical and electrical
conductivities. Because of its excellent electronic conductivity, great mechanical strength, and
abundance of functional groups, MXene stands out among them as a useful coating material.
When the A-site element is selectively etched from MAX phase precursors, a class of two-
dimensional transition metal carbides and carbonitrides is created. These compounds have
potential for usage in energy storage applications. MXenes have generic formula My+1XnTx (n
=1, 2, 3, or 4), where M is one or more transition metals, X is carbon and/or nitrogen, and Tx
is the surface terminations (-OH, -O, -F, -Cl, etc.). The process of creating MXene involves
selectively etching the appropriate MAX phase's A-layer in F-containing solutions like HF or
a LiF+HCI solution. There have been reported HF-free techniques such electrochemical
etching, molten salt etching, and hydrothermal approaches, however these take hours to days
to create MXenes [25]. Conductivity of MXenes can span a wide range, from values below 1
S/cm to several thousand S/cm. This variation is heavily influenced by factors such as the
specific synthesis techniques employed and the methods used for their delamination. For
example, the conductivity of HF-etched Ti3C2Tx is relatively low at 2 S/cm. The conductivity
of LiF + HCl-etched TizC,Tx can be significantly higher, reaching up to 1500 S/cm. This
substantial contrast in conductivity due to differences in defect density and F-terminations.
Delamination of LiF + HCl-etched Ti3C>Tx lead to further enhancements in its conductivity
[36].

The M;+1AX,, general formula describes the stacked hexagonal carbides and nitrides that
make up the MAX-Phases, where M are transition metals (T1, V, Nb), A are group III-A (mostly
Al,) elements and X are carbides, nitrides are carbonitrides. MAX-Phase uses for making
MXene in which A-layer etched by different synthesis routes. Prepared MAX-Phases are
titanium aluminium carbide (211), titanium aluminium carbide (312), similarly vanadium
aluminium carbide (211), vanadium aluminium carbide (312) etc. Developing etching

techniques, including as alkali etching, in situ HF-forming etching, electrochemical etching,
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molten salt etching, and delamination procedures are some examples of etching processes. Easy
and non-hazardous method is molten salt etching. The majority of Al-containing MAX phases
can be processed using aqueous etching techniques at low operating temperatures to create

hydrophilic MXenes [36].

1.12 NMC811 MXene-based cathode composites

Composite cathodes based on NMC811 MXene are the recently developments used in
lithium-ion battery. MXene family includes two-dimensional carbonitrides, nitrides, and
carbides of transition metals, they are renowned for having exceptional mechanical and
electrical conductivities. Because of its excellent electronic conductivity, great mechanical
strength, and abundance of functional groups, MXene stands out among them as a useful
coating material. MXenes can be mixed with other substances to improve their applications-
specific characteristics. They have layered structure. MXene components are included into the
NMCS811 cathode structure in the case of MXene-based composite cathodes. The cathode's

overall performance and stability are designed to be enhanced by this combination [37].

NMCS811 cathode could get a number of advantages when coated by MXene. High
electrical conductivity in MXene materials can increase the battery's rate of charge and
discharge, mechanical stability and strength, which may reduce the chance of the cathode's
structural breakdown during cycling. MXene can be added to the composite cathode to increase

the (LIBs) overall performance, energy density, and cycle life [38].

A multipurpose addition called few-layer and rod-like MXene (Ti3C2Tx) considerably
improves the mechanical properties, cycle performance, and rate capability of Li/NCMS811
cells. NCM&811 containing 2.5 weight percent coated on MXene offers best rate performance
with a high discharge capacity of 209mAh/g at 0.2C high reversible capacity of 95mAh/g at
8C. In comparison to the pure NCMS811, which contains no MXene (0-MXene), 2.5-MXene
may retain capacity up to 77.0% after 100 cycles at a rate of 0.5C. Exceptional results are
attributable to the efficient and multipurpose inclusion of MXene facilitates the formation of a
flexible conductive network, enabling the storage and release of Li+ ions through cation
intercalation, thereby offering a larger space for deformation., to provide a cathode electrolyte
interface layer that is physically protective, and to prevent the M<—->H2 phase change for
LiNig.s§Mno.1Co0.102 cathode [39].
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To improve the electrochemistry of the nickel-rich LiNigg8Co00.1Mno.10> (NCMS811)
cathode or any other cathode materials, coating with MXene significantly enhance
electrochemical characteristics of that cathodes. The (Li/NCMS811) cell maintains a 166.2
mAh/g capacity after 100 times charge/discharge of 0.5C current density cycling, with a
retention rate of 90.7%. The method of coating commercial PP with MXene is considered a
direct, effective, and successful strategy for augmenting the electrochemical capabilities of the
nickel-rich NCM811 cathode. This method finds widespread application in high-performance

lithium-ion batteries [40].
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Chapter No. 2

Literature Review

In this chapter we have discussed a concise overview of literature related to (NMC) cathode
materials and nickel-rich cathode materials within the context of lithium-ion batteries in which
their synthesis method, advantages, drawbacks and their solution are discussed. After that we

have discussed MXene (Ti3C2Tx), its synthesis, properties and MXene based composite.
Introduction

Transition metal oxides layered structured, using the general formula LiNixCoyMn,Ox,
often known as NMC:s, is crucial cathode material for lithium-ion battery. Lithium-ion batteries
are being developed with greater energy density. Nickel-rich cathode materials are a good
choice because they are renowned to be the strongest candidates for lithium-ion battery. It is a
tool to produce batteries with high energy density. Nickel-rich substances have been formulated
as the next-generation cathode materials for use in commercial lithium-ion batteries designed
for automotive applications, expressing significantly improved energy density. NMC811 has
proved to be good cathode materials because of its high energy density that is around
(200mAh/g). Similarly, NCAS811 replaces aluminium with manganese as a high capacity and
high energy density cathode material). The physicochemical qualities (volume expansion,
chemical stability, excess lithium, Li+ diffusivity and electrical conductivity) and the
microstructure (particle shape and surface/bulk structural stability) of nickel-rich materials
affect their electrochemical properties and safety. This has been proposed that high manganese
(Mn) concentration provides thermal stability. While high content of nickel (Ni) provides good

discharge capacity [41].

In contrast, these cathode materials encounter problems when coprecipitation method
use for synthesizing NMC is the cause of structure cracking, such as battery performance
(capacity fading) due to lithium plating caused by electrolyte side reactions. Capacity loss
occurs when LiOH reacts with LiPFs to begin producing HF, which is the consequence of
(transition metal) dissolution. Transition metal dissolution disturb solid electrolyte surface on
graphite surface, this will result of loss capacity and short life cycle of lithium-ion batteries
(NMC). To solve this issue, cathode of the (NMC811) is coated with a hybrid of lithium metal
oxide (LiAlOz) and superconductor (LiTi204,) which improves the electronic conductivity of

the (NMC811). This method is applied on all nickel-rich cathode materials to optimize battery
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performance. Scientists use different strategies like ion doping, surface coating and lithium
salts for improving the cycling stability of nickel-rich cathode materials. (NCA811) and
(NMCS811) lithium-ion batteries have fault rapid discharge and a higher nickel composition,
which results in more capacity but lower cycling and thermal stability. Cobalt helps to reduce

cationic disorder, whereas manganese helps to maintain the structure [46].

NMC cathode materials have been synthesized using variety of techniques, which
encompass the hydrothermal approach, combustion process, co-precipitation, solid-phase
synthesis, and sol-gel method, among others. Synthesis procedure has a direct impact on the
morphological structure, crystallinity, particle size, and electrochemical performance of NMC
cathode materials. The co-precipitation method stands out as a widely employed strategy for
fabricating precursor materials intended for the cathodes of lithium-ion batteries. Due to its
simplicity, scalability, and capacity to create a homogenous structure at the particle size, co-
precipitation technique is beneficial in the ability to employ a variety of raw materials,
including sulphates, chlorides, organic anions, and nitrate salt to makes battery sector
particularly advantageous. Diminished particle size commonly improves the facilitation of Li+
ion integration and extraction. This outcome stems from an enlarged interface area connecting
the active material and electrolyte, alongside diminished ion diffusion pathways within the

solid phase while undergoing charge and discharge sequences [41].

Figure 2.1 The ideal NMC has an R-3m structure with transition metal [41].

Layered cathode material LiN113Mn13Co1302 (NMC333) was created using a self-
combustion process utilizing sucrose as the fuel and lithium, nickel, manganese, and cobalt
nitrates as the precursors [41]. Ryu et al., 2013 urea-assisted solvo/hydrothermal technique for

the synthesis of dumbbell-like LiNii;3Mni;3Co01302 precursors combined with nano cubes.
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Consistently shaped particles exhibiting higher tap density (1.23 g/cm?) and superior capacity
retention post 50 cycles (96.5%) compared to corresponding substances synthesized at pH 11.4
(with a median particle size of 16 micrometers). NMC333 structure, which mostly displays
Mn, Ni, and Co in Mn*", Ni*", and Co>" states that are most stable structure. Two of the most
efficient methods are surface coating and lattice doping to further stabilize the cathode structure
and improve its electron conduction capabilities [42].

Cathode material LixNig4Mno3Co030> are layers of transition metal oxides are often
referred to as (NMC433). Precursor preparation NMC433(OH), with ratio of 40% nickel, 30%
cobalt, and 30% manganese is prepared by co-precipitation, solid state or sol-gel method.
Homogeneity and the right distribution of the constituents, precursor materials are carefully
combined and milled. This process aids in creating a homogeneous composition in the finished
(NMC433) products. Lithium ions create the desirable (NMC433) structure by substituting
lithium-ions for some transition metal ions in the crystal lattice. Its show 160mAh/g between
3.0 to 4.3V [43].

Among the cathode materials used in lithium-ion batteries is (NMC532), is
distinguished from other NMC family compositions by its higher energy density and enhanced
stability. Great energy storage and delivery capability of (NMC532) materials makes them
appropriate for applications requiring long-lasting power. (NMC532) has increased stability,
less deterioration, and a longer cycle life than prior (NMC433) formulations. (NMC532)
cathodes offer better thermal stability because of its high-power output and energy density it is
often used in electric cars (EVs) and (HEVs). Cathode material tend to have a relatively high
capacity, often around 160-170 mAh/g making them capable of storing a significant amount of
energy per unit mass. It also has some drawbacks like the material is more expensive than other
cathode materials, and there are some questions about the cobalt's sustainability and source
reliability [43].

Qian et al., 2020 reported (SC-NMC) materials can be created by molten salt. Liang et
al., NMC622(OH),, produced through co-precipitation, exhibited greater sphericity when
synthesized at pH 11.2, along with an increased tap density measuring 1.65 g/cm?® [44]. At a
temperature of 900°C, particles of [Nio.sMno2Coo.2(OH):] hydroxide precursor, known as SC-
NMC622, were generated using LiOH and a touch of Li2SOs4. The combination of LiOH and
LiSO4 creates a molten salt mixture at the specified temperature. Galvanostatic cycling
experiments in the voltage range (2.8-4.3V), (SC-NMC622) gave a discharge capacity of 183
mAbh/g better than that of the polycrystalline (NMC622) 178 mAh/g at 0.1C [45].
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Wijareni et al., 2022 using two separate nickel sources, mixed nickel-cobalt hydroxide
precipitate (MHP) and nickel sulphate, cathode precursors of NMC811(OH), were created by
the coprecipitation approach. Synthesized precursors' elemental analysis found Ni: Mn: Co mol
ratios of 0.8:0.08:0.12 in the precursors. According to the examination of particle sizes, the
largest average particle size was found in (NMC811) 285.2 microns. The battery cylindrical
cells using (NMCS811) as the cathode material demonstrated 178.93mAh/g the best charge-
discharge value this agrees with the findings of the electrochemical impedance measurements,
which revealed the highest ion conductivity. NMC811 had an ionic conductivity of 1.20x107
S/cm [42].

Thomas et al., 2022 reported the Ni?* ion's susceptibility to oxidation during synthesis
makes it difficult to manufacture nickel-rich cathode materials like (NMC811), careful control
of the synthesis conditions is necessary. Advantageous for the creation of the precursor NMC
hydroxide (NixMnyCo, (OH)2) which is often combined with a lithium salt and calcined to
generate LiNixMnyCo,O> with a layered a-NaFeO: crystalline structure. Van Bommel et al.,
illustrate when NMC811(OH)a particles were synthesized under pH 11.5 conditions, in contrast
to particles produced at pH 11.8. The former exhibited a nearly uniform size and a heightened
tap density of 1.91 g/cm?, surpassing the tap density of the Nio.33Mno33C00.33(OH)2 precursor
at 1.5 g/cm? [46].

Figure 2.2 Preparation steps for NMC cathode materials via co-precipitation method [46].
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Problems and its solution

S Zhang et al., 2019 reported LiNixCoyMn,O2 (NCM) and LiNixCoyAl,O> (NCA), two
nickel-rich layered oxides with x+y+z= 1 and x>0.8 respectively, best options for the cathode
material of high-energy lithium-ion battery. The two fundamental issues of (1) performance
deterioration and (2) safety danger throughout the course of the battery's lifetime, however,
restrict their use in practical lithium-ion batteries. Swelling and impedance growth, as well as
operational voltage and battery capacity reductions, are all signs of performance deterioration.
Safety issue (thermal runaway), which happens when abuse situations like overcharging,
overheating, and electric shorting are present, poses a safety risk. Battery volume and
impedance rise along with a decrease in capacity and operational voltage as performance
degrades. Under abusive situations like overcharging, overheating, and electric shorting, the

risk of thermal runaway increases [47].

R Jung et al., 2019 reported specific capacity rises as nickel concentration rises, while
thermal stability and capacity retention decrease. Multiple phase changes occur during the
charging process, from hexagonal (H1) to monoclinic (M) to hexagonal (H2 and H3) phases,
and the discharging process then reverses these phases. It is discovered that although the
potential for H2 to H3 phase transitions reduces as the nickel concentration rises, the potentials
for H1 to M and M to H2 phase transitions are not significantly different. For NCM622,
NCM523, and NCM333, the H2-H3 phase transition occurs at >4.6V vs. Li"/Li, whereas it
happens at 4.3V and 4.2V for those with x=0.8 and 0.9 [48].

Presence of residual lithium compounds (RLCs); and oxygen loss, particularly as a
result of the H3 phase's thermodynamic instability. Nickel-rich layered oxides will always
include residual lithium compounds and number of these compounds rises with the nickel
concentration. RLCs are initially present as Li2O and during storage, interactions with the

surrounding air's H>O and CO; cause lithium to ultimately transform into LiOH and Li>COs.

Han et al., 2011 reported washing with water or an acidic solution as a result of residual
lithium compound removed. Residual lithium compounds also removed by surface coating
process since the coating solution is often an acidic aqueous solution as a result of the
hydrolysis of the coating precursors i.e., the metal ions of salts and halides. Heating at a high

temperature may be used to eliminate the residual lithtum compounds on the surface [49].

When Ni" /Li" is mixed, both the capacity and the mobility of lithium are decreased,

and crystal structure changes from layered over spinel to a rock-salt phase that resembles NiO.
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Ni/Li mixing is a problem with the thermodynamic instability of layered oxides rich in nickel.
P. Kalyani et al., 2005 addressed the solution of Ni/Li" mixing, it can be prevented by reducing
nickel content and restricting SOC, but doing so comes at the penalty of material cost and
capacity. It has been shown that restricting Ni/Li" mixing in the synthesis may be achieved by
adding excessive amounts of lithium sources and raising oxygen partial pressure as it moves

towards the layered oxide product [50].

Q Xie et al., 2019 added former provides safeguarding the de-lithiated cathode against
undesired interactions with electrolyte components, while the latter contributes to the chemical
stabilization of the layer structure. Both the lithium and nickel sites are open to cation entry for
cation doping. Cations with lower valence, such as Mg+ and K+, are primarily introduced into

the lithium sites through a preference for the same principle underlying M/Li mixing [51].

F Kong et al., 2019 investigated that all layered oxide cathodes show oxygen evolution
at the end of charge, and the start potential of oxygen evolution decreases as the nickel content
rises. All layered oxides were found to exhibit the oxygen evolution reaction (OER), which is
caused by the thermodynamic instability of the H-3 phase. Chemical stabilization of NiO bonds

by cation doping is the most practical solution for oxygen evolution reaction [52].

According to Park et al., there is obvious microcracking in the voltage areas over 4.0V
because the H2 to H3 phase shift is perfectly timed with the lattice unit cell volume change and
secondary particle structure breakdown. When lithium is inserted into or extracted from a
material, more phase transitions and higher volume changes occur, which will further induce
fractures within the secondary particle along the grain boundary. When this occurs after
multiple charge/discharge cycles, the structural stability suffers. These cracks become greater
as the temperature, operating voltage, and nickel content rise. Single crystal (NCM) material
has some improved strength and particle crack-reduction qualities, as well as higher pellet
density and volumetric energy density. Long-term cycles have not damaged a single crystal

particle's integrity [53].

Utilizing a transition metal featuring a higher oxidation state, the nickel-rich (NMC)
material provides an increased charging capacity. Metal tends to emit active oxygen, which
causes an electrolyte-cathode side reaction. The cathode and electrolyte will experience a more
intense side redox reaction when thermal storage and cycling take place at a high temperature.
Lithium cells made from nickel-rich NMC-materials are thus faced with significant issues in

cycling, thermal storage, and safety. Fundamentally, the precursor NMC(OH)> determines how
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well NMC-material performs. Preparing NMC-materials benefits naturally from a well-
crystallized precursor with improved texture, fewer surface flaws, and reduced impurities. In
industrial settings, precursor material is produced in large quantities using a continuous stirred
tank reactor (CSTR). Sintering is a key factor in NMC-materials' performance; excessive or
inadequate sintering will lead to subpar electrochemical performance. For best results, big and
tiny particles should be sintered at various temperatures. Regarding electrochemical
performance, it might be said that batch-produced precursors with a respectable level of

uniformity are favored for NMC-materials [54].

Wilcox et al., 2009 reported that modifying functional materials often involves doping.
In comparison to pure LiNiO2, LiNij.xyCoxMnyO; is a mutually doped solid solution made up
of the elements LiNiO», LiCoO,, and LiMnO:. It exhibits greater electrochemical and thermal
stability. Mg, Al, Fe, Ti, Zr, Cr, Y, Ga, etc elements are selected for doping for stabilize the
structure of the NMC-materials [55].

Since the dopants increased the lithium slab distance, they were able to promote the
transport of lithium ions. Aluminum doping increases the (NMC) cathode material's cycle
stability and thermal storage at the expense of capacity and rate capability. Incorporating
titanium through doping proves advantageous in enhancing cycle durability and rate capability.
Similarly, substituting chromium for manganese and aluminum for nickel leads to an
enhancement in both cycle performance and rate capability. The improved lattice parameter
"¢" in doped materials facilitates the diffusion of lithium ions, further contributing to these
benefits. Mg and F are co-doped to decrease cation mixing and enhance the material's capacity,
cycle performance. Another efficient method for improving the stability of nickel-rich cathode
materials is surface coating reported by Bai et al., 2013. Surface has been coated with one or
more metal oxides or phosphates that are nanosized, such as Al,O3, TiO2, CeO2, Y203, ZrO»,
and MPO4 (M = Al, Fe). Surface coating has the following effects (1) partial removal of the
oxidizing cathode from the electrolyte solution; (2) scavenging of the harmful HF species from
cathode materials under attack; and (3) consumption of the surface impurities in lithium (4)
Surface doping boost brought on by a coating element's high concentration diffusing into the

thin surface layer [56].

Chen et al., 2019 discuss increasing manganese content and reducing cobalt content,
leads to increase the thermal stability of (NMC) with a specific level of nickel content. To

enhance thermal stability, it is recommended to increase particle sizes and reduce the specific
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surface area of the cathode material. To minimize the "thermal runaway" of lithium-ion
batteries, which is caused by the de-lithiated cathode material's exothermic reaction,

appropriate doping and coating strategies [54].

Lipson et al., 2021 discuss thermal stability and cycling performance increased by
coatings. Wang et al., 2020 reported hybrid coating layer of (LiAlO>) on nickel-rich cathode
material enhance it cycling. (LiAlOy) is an excellent ionic conductor because the structural
deterioration of the coating layer and the occurrence of fractures may be reduced during
prolonged cycling. NMC622 material exhibit 166.8 mAh/g of discharge capacity and 74.5% of
capacity retention at 5C after 300 cycles after hybrid coating [54].

Outlook

The industry has steadily migrated away from LiNio3Mno3Co030: in order to enhance
the nickel content in LiNij.y..MnyCo,0O> as a result of the growing interest in lithium-ion nickel,
cobalt, and manganese oxide batteries. High nickel content has the potential to enhance
volumetric energy density, and capacity for nickel concentration below 0.5. However, (NMC-
622) to (NMC-811)'s high nickel concentration causes issues and reduces lithium-ion batteries
capacity. NCA capacity decreases to 180mAh/g. Doping various elements into materials for

nickel-rich cathodes is the solution to this problem.
MXene (Ti3C2Tx) and its synthesis

By selectively etching the A-layers from MAX phases, MXenes have been created.
General formula of MAX-Phase Mu+1A X4, M is an early transition metal, A is an element from
group IITA or IVA, X is an element from group IIIB or IVA, and n is either 1, 2, or 3. There
are presently more over 70 MAX phases and many more solid solutions of these phases known.
oxidation-sensitive materials, including as porous Ti, Ti3SiC,, and Ti2AIN MAX-phases, in an
air environment, created by the molten salt-shielded synthesis (MS?) technique in 2019.
Layered hexagonal crystals (P63/mmc symmetry) make up the structure of these materials. If
neighboring My+1 X, layers are interspersed with pure A-layers, M layers are almost completely
closed packed, and X atoms occupy the octahedral positions. Because M-X bond is typically
mixed covalent/metallic in MAX phases but metallic in M-A connections, the bonds between
MAX layers are difficult to break mechanically. Although aqueous acidic solution produce
carbide and carbonitride MXenes effectively, they are unable to etch away A-layers from
nitride-based MAX phases for unknown reasons. Over their carbide relatives, nitride-MXenes

may provide a number of benefits. The electronic conductivities of transition metal nitrides are
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known to be greater than those of carbides. MXenes are chemically unstable, especially at high
temperatures, due to MAX-Phase oxidation sensitivity. Ti-N is a well-known potential
plasmonic material, therefore nitride MXenes will perform better in transformation optics and

metamaterial devices [25].

Patrick et al., reported first two-dimensional transition metal nitride, TisN3-based
MXene, was synthesized and published. Utilizing density functional theory calculations,
researchers examined both unmodified Ti4N3 and Ti4N3Tx with terminal groups, revealing the
most energetically stable configuration for this MXene compound. It is expected that TisN3
will be metallic both bare and functionalized [57]. MXenes, such as Ti2CTx, CroCTx, and
V2CTy, is accomplished using a general method based on thermally assisted electro chemical-
etching. Ti2CTx is created a two-stage process during the etching of Ti2AlC with Cl etchant.
An applied voltage initially eliminates aluminum atoms from stacked carbides at stage 1
because the Ti-Al link is weaker than the Ti-C bond, after which step two involves the etching
of both aluminum and titanium atoms until only single layer carbon atoms are left. E-etching
procedure, the atomic percentage of the aluminum element significantly decreased (from
11.74% to 0.69%), indicating that aluminum atoms were successfully removed from Ti2AIC.
E-etching process become more versatile, effective, and safe way to synthesize a variety of

MXene compounds on a big scale as compared to HF method [58].

Tengfei et al., used HF-routes for preparing two-dimensional MXene. Most synthesis
use HF, which is very corrosive and bad for lithium-ion batteries. This technique was modelled
after bayer process used in the refinement of bauxite. Fluorine-free technique produces
multilayer Ti3CoTx with 92 weight percent concentrated. The main determinant of Ti3CaTx
production is temperature, while the concentration of NaOH has an impact on the purity of the
resultant MXene. Sin et al., 2019 reported two-dimensional MXenes made by HF-acid etching.
More than 20 reported MXene synthesizes using HF-related techniques [59].

First time in 2019, carbide MXenes created directly from elemental precursors using
molten salts (lewis salt etching). To achieve a low-melting-point effect, a protective layer of
molten salt is generated around the sample under low temperatures. KBr serves as a reaction
medium, shielding products from oxidation while undergoing high-temperature synthesis.
Employing M, A, and X (carbon) atoms as precursors, one-pot molten salt synthesis to produce

MXenes. Chen et al., 2021 prepared (MXene) Ti3C,Tx by molten salts method [11].

30



Figure 2.3 Timeline of the progress in MXene synthesis [36]
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Table 2.1. Summary for synthesis of MXene [60]

Precursor MXene Etchant | Temp Time Yield
Ti2AIC Ti2CTx HF 25°C 10h 80(%)
V>2AIC V2CTx HF 25°C 90h 60(%)
Nb2AIC Nb2CTx HF 25°C 90h 100(%)
Ti2AIN TiaNTx HF 25°C 24h NA
MoxGa,C MoxCTx HF 50°C 3h NA
(Ti0.5Nbo.5)2AIC | (Tio.sNbos)CTx | HF 25°C 28h 80(%)
Ti3AlC, Ti3C2Tx HF 25°C 2h 100(%)
(Vo.5Cro5)3A1C, | (Vo.5Cros5)3C2Tx HF 25°C 6%h NA
TasAlC3 TasCsTx HF 25°C 72h 90(%)
NbsAIC3 Nb4C3Tx HF 25°C 96h 77(%)
V4AIC3 V4C3Tx HF 25°C 165h NA
Ti3AICN Ti3CNTx HF 25°C 18h 80(%)
Mo TiAlC; Moo TiCoTx HF 25°C 48h 100(%)
V>2AIC V2CTx LiF+ HCI | 90 °C 48h NA
Ti3AIC, Ti3C,Tx LiF+ HCI | 40 °C 45 h 100(%)
Ti3AICN Ti3CNTx LiF+ HCI | 35 °C 12h NA
CrTiAIC, CrTiC, Tk LiF+ HCI | 55 °C 42 h 80(%)

MXene and MXene based composites

MXenes are recognized as promising candidates for the synthesis of multifunctional
composites due to their two-dimensional form, layered structures, and high degree of
flexibility, which has inspired a rush in research into MXene-based composites. MXenes
possessing exceptional mechanical attributes, hydrophilic surfaces, and metallic conductivity,

have the potential to augment the mechanical and thermal properties of polymers through their

incorporation into polymer composites [60].

According to Ling et al., a mono-layered composite of MXene and polyvinyl alcohol

(PVA) was created by combining an aqueous solution of PVA with a colloidal solution of
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Ti3C,Tx films. PVA is dispersed between layers of Ti3C,Tx in the TizCoTx-PVA composite. It
has a high thermostability because Ti3C,Tx, and extremely hydrophilic PVA may form robust
hydrogen bonds. Ti3C>Tx-PVA as compared to independently Ti3C,Tx with PVA, gives greater
flexibility, tensile strength, and compressive strength. Having a high conductivity, TizC2Tx

gives this composite [61].

Polyacrylamide (PAM) and Ti3C,Tx are combined to create a composite by Naguib.
The composite offers the finest mechanical characteristics and maximum electrical
conductivity of 3.3x102S/m at 6 weight percent Ti3C2Tx. Alginate/PEO, poly (ethylene-oxide),
poly(vinylpyrrolidone), and poly (acrylic-acid) also combined with MXenes to make
composites. Additionally, a lot of them exhibit strong electric conductivity, making them
intriguing for use in wearable electronic devices [62]. MXene-oxide composites, exhibit higher
electrical conductivity and remarkable electrochemical durability. Consequently, they hold
promise as electrode materials for applications like lithium-ion or sodium-ion batteries, in
addition to supercapacitors. TiO»- Ti3C2Tx nanocomposites created hydrothermally by Zhu et
al., and used as electrodes in electrochemical supercapacitors. An electrode made of synthetic
Ti02-Ti3C>Tx has a high specific capacitance and great cycle stability. TiO2-Ti3CoTx electrode

illustrate outstanding electrochemical performance [37].

Zhang et al., manufacture layered orthorhombic Nb2Os-NbsC3Tx hierarchical
composite. Nb2Os is consistently distributed throughout the NbsC3Tx sheets in the NbOs-
Nb4C3Tx composite, reducing the length of the ion diffusion routes. TiO2, Nb2Os, Lig Tis O12,
Nap23Ti02, SnO2, Co0304, N1C0204, Sb203, Fe3Os, and Cux0O are a few of the metal oxides
known to mix with MXenes to create composites. The one with the highest reversible capacity
(1330 mAh/g at 0.1C with 100Cycyles at 1C) is a spray-coated Ti3C2Tx-NiC0204 hybrid film
electrode [38].

Zhao et al., manufacture TizCoTx-CNT composites for capacitors. When CNT and
Ti3CoTx layers are successively placed on top of one another TizCoTx-CNT composite arises
from the layered arrangement resembling a sandwich. Volumetric capacitance of the Ti3CoTx-
CNT electrode experiences an increase from 340 to 370 F-cm-3, marking an approximately
55% enhancement compared to the Ti3C>Tx electrode after 10000 cycles that show growth of
roughly 55% retention electrode after 10000 cycles [39].

Extraordinarily high discharge capacity of LiNipsCoo.1Mno.1O2 (NCMS811) >200

mAbh/g is drawing more and more attention. However, its large-scale practical applicability is
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constrained by insufficient mechanical strength, cycle stability, and rate capability. Yi Liao et
al., 2021 show that MXene (Ti3C,Tx), a few-layer and rod-like addition, considerably improves
the Li/NCMSI11 cells' mechanical characteristics, cycle efficiency, and rate capacity. The
NCMS8I11 contains 2.5 weight percent MXene (2.5-MXene) also offers greatest rate
performance with a high discharge capacity of 209 Ah/kg at 0.2 C as well as high reversible
capacity of 95 mAh/g at 8 C. In comparison to the pure NCM811 without MXene, capacity
retention of 2.5-MXene may achieve 77.0% after 100 cycles at 0.5 C rate. Superior
performances are the result of the efficient and multipurpose. The incorporation of MXene
additive contributes to the enhancement of a more effective conductive network, facilitates the
storage and release of Li+ ions through cation intercalation, provides increased room for
deformation, forms a protective physical interface layer at the cathode-electrolyte interface,

and mitigates the M—>H2 phase transition within NCMS811 electrodes [63].

Surface terminations on MXene greatly affect their mechanical properties. It is
expected that MXenes ended by other groups (F and OH) would have lower stiffness than
MXenes terminated by O. Compared to F or OH terminated MXenes, O-terminated MXenes
often exhibit worse lattice properties. For example, Guo et al., found that functionalizing Ti.C
will decrease its young's modulus, yet functionalized Ti2C can sustain more strain than
uncovered Ti2C and even graphene. The chemical formula of MXene, My+1Xs, which yields n
as the number of atomic layers, also affects the mechanical characteristics of MXene. In their
study, Yorulmaz et al. explore the Young's moduli and elastic constants of unmodified MXenes
through classical molecular dynamics. Among various Tin+1Cn (n= 1, 2, and 3) compositions,
the thinnest Ti2C material exhibits the highest Young's modulus, with its elastic constant
approximately double that of MoS, [64]. According to Borysiuk et al., the strength and
hardness of My+1Xn Tx steadily increase when n is decreased. A composite made of polymers
or carbon nanotubes is discovered to improve the mechanical characteristics of MXenes in
experiments. Ti3CoTx-polyvinyl alcohol composite exhibits high tensile and compressive
strength while still being very flexible. Ti3C.Tx -PVA composites have tensile strengths that
are about four times higher than isolated Ti3C,Tx [62].

Electrochemical properties

Because of their wide range of compositional possibilities, many surface
functionalization options, and adaptable thickness controllability, MXenes may exhibit a wide

range of electrical characteristics, from metallicity and semi-conductivity to topological
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insulative. From 1.8 eV to 8 eV, metallic MXenes may vary greatly. The WFs of MXenes are
shown to be more sensitive to their surface chemistry than the naked surface for a particular
MXene. The WFs of all OH-terminated MXenes are very low (2.8 eV), nearly as low as Sc,
which is the lowest among elemental metals. While Pt has the largest WF among all elemental
metals, certain O-terminated MXenes have WFs that are considerably greater. Notably, in
recent investigations, The WFs of MXenes often revert to an intermediate value due to the
mixing of F, O, and OH groups on the MXene surfaces [65]. Ti2C(OH)xFy computed work
function by Xu et al., to be ~98 eV. Hence, precise management of the surface functional group
types is essential to attain the ultralow (or ultrahigh) work function of OH (or O)-terminated

MXenes [66].

It has been hypothesized that typical two-dimensional semiconductors like transition
metal dichalcogenides and blue phosphorene have the potential to establish n-type Schottky
barrier-free interfaces with OH-terminated MXenes featuring ultralow work functions. Six
materials (V2CO2, Cr2CO2, M02CO2, V4C302, CraNO», and VoNO3z) connections to MoS; with
disappearing p-type schottky barriers at MoS;-MXene interfaces. This enables very effective
hole injections into MoS> [67].

Conductivity of MXenes may vary from less than 1 S/cm! to hundreds of S/cm!, and
this greatly relies on the processes used in their synthesis and delamination. For instance, HF-
etched Ti3C>Tx has a conductivity of just 2 S/cm!, but LiF + HCl-etched Ti3C>Tx has a
conductivity that might reach 1500 S/cm'. When Ti3C>Tx that has been etched with LiF+HCI
delaminates, its conductivity is increased even further. In practical applications, the
combination of MXenes with other promising electrode materials is a common approach to
create composites that demonstrate exceptional electrochemical properties in lithium-sulfur
batteries and lithium-ion batteries. While SnO»- Ti3C,Tx is based on an alloying/dealloying
mechanism and Ti02-Ti3C2Tx on an intercalation/deintercalation mechanism, Fe3O4-Ti3C2Tx
and Co304-T13C,Tx both employ a special "conversion reaction" process. The exceptional

electrochemical characteristics of Ti3C2Tx-TMO composites are best electrical properties [68].
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Chapter No. 3

Materials and Methods

In the first section of this chapter, we have studied experiments conducted during the synthesis
of the nanoparticles and the synthesis method used for the preparation of these nano materials.
Synthesis of (NMC811-Ti3C2Tx) nanocomposite and its electrode fabrication is discussed after
through a description of molten salt etching method for producing (Ti3C.Tx) and co-
precipitation method and solid-state reaction method for producing LiNigsMng.1Co0.102
(NMCS811) nanoparticles. In second part we described the experimental techniques used to

characterize (Ti3C.Tx), (NMC811) and (NMC811-Ti3C,Tx) nanocomposite.

3.1 Materials
3.1.1 Required materials for synthesis of MXene

Chemicals

Chemicals Chemical Molar mass Purity
formula

MAX-Phase (312) | TizAIC, 134.73g/mol >98.9%
Ammonium-per (NH4)2S520 228.18 g/mol 99%
sulphate
Potassium KCl 74.55 g/mol >98.9%
Chloride
Sodium Chloride | NaCl 58.44 g/mol >98.9%
Copper-Chloride | CuClz 134.45 g/mol >98.9%
(Anhydrous)
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3.1.2 Required materials for synthesis of (NMC811)

Chemicals
Chemicals Chemical formula Molar mass Purity
Ammonia-hydrated NH3.H20 35g/mol 26%
solution
Cobalt-sulfate Co0S04.7H,0 281.1g/ mol 99%
heptahydrate
Lithium-hydroxide LiOH.HO 42g/mol 99%
monohydrate
Manganese-sulfate MnSO4.H>O 169 g/mol 99%
monohydrate
Nickle-sulfate NiSO4.6H>0O 262.7 g/mol 98%
hexahydrate
Sodium hydroxide NaOH 40 g/mol 98%

3.2 Synthesis and synthesis methods

3.2.1 Molten salts etching method

The majority of synthesis techniques are ineffective for etching MAX-phase precursors
with A-site elements other than aluminum, such as Si, Ga, and Zn, displaying them unsuitable
for such precursors. The range of potential MAX-phase precursors was expanded in 2020
proposed is a Lewis molten salt etching technique designed for the selective etching of MAX
phases, incorporating different A-site elements. MXenes, however, are chemically unstable due
of their oxidation sensitivity, especially at high temperatures.

In 2019, a molten salt (MS?) process was innovated for generating oxidation-sensitive
materials in air atmosphere environment like porous Ti, Ti3SiCa, and Ti2AIN MAX-phases. In
this method, a low-melting-point KBr acts as a reaction medium, protecting products against
oxidation throughout high-temperature synthesis. This is achieved by creating a protective
shield of molten salt around the sample, even at lower temperatures. We have recently proposed
an innovative technique to fabricate MXenes, which employs a one-pot molten salt synthesis

approach. In this method, we utilize M, A, and X (carbon) elements as the precursors for the
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successful fabrication process, molten salt technique used in the synthesis of MAX-phases and
the Lewis-salt etching method for creating MXenes. Identical MAX- phases have been utilized
as precursors in molten salt process utilized for MXene production involved the utilization of
CuCl, lewis salt as the etchant. In a similar manner, a molten salt environment was created
using low-melting-point eutectic chlorides (NaCl + KCl) as the salt bed. Purpose of molten salt
is preventing direct contact between high temperature air and the reactants. Without inert gas
shielding, some carbide MXenes and nitride MXenes that are generally challenging to obtain

by normal methods were effectively synthesized in a much less time [25].

Figure 3.2.1 Molten salt-shielded synthesis process for producing (Ti3C;Tx) MXene in an air
atmosphere [25].

Synthesis of MXene

The first step involved combining molten salt (NaCl: KCl = 1:1 stoichiometric molar
ratio) with 0.5g of Ti3AIC2 MAX-phase powder in a weight ratio of 1:4-6. The mixture was
grinded using a mortar and pestle for a duration of 20 minutes. The resulting powder was then
uniformly pressed in a hydraulic presser to form a pellet. (To keep MAX-phase from potentially
oxidizing during the heating process, the NaCl/KCl-pressed MAX-phase precursors are put
together into a pellet. The cylindrical-shaped final pellet was placed into a crucible.
Subsequently, it underwent grinding for 10 minutes. A separate crucible, also with a capacity
of 30 mL, was filled with a salt solution containing 8.766g of NaCl, 11.183g of KCl, and 2.073g
of CuCly. This prepared solution was then added to cover the pellet. The pellet was introduced
into a furnace, which was heated to 700°C at a rate of 10°C per minute. The temperature was
then maintained at 700°C for a duration of 10 to 40 minutes. with a lid on top. The Ti3C,Tx/Cu
combination was repeatedly washed with deionized-water to eliminate out ions after reaching

RT. Washing the resulting (T13C2Tx/Cu) mixture for 1 hour at room temperature with 100 mL
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of 0.5M APS solution removed the Cu from mixture. After multiple washing with deionized
water, the resulting solution was filtered. Subsequently, the (Ti3C,Tx/Cu) MXene powder was

subjected to a vacuum drying process at room temperature for a duration of 12 hours [36].

Preparation steps

= =

3.2.2 Co-precipitation method

Importance of the co-precipitation technology is increasing for spreading the precursors
and components used in a reaction to produce the necessary sample. Co-precipitation approach

is used to create materials with dual functions by creating comparable precipitates that closely

39



mix elements during precipitation while keeping chemical homogeneity throughout
calcination. In the co-precipitation method, transition metal salts are mixed with a base that
acts as a precipitating agent at ideal temperatures. However, this synthesis technique is
frequently used [69]. Co-precipitation approach has the benefit of producing crystalline sizes,
the co-precipitation method exhibits a significantly narrower range of variation compared to
other synthesis processes. Co-precipitation technique has significant drawbacks, this method
involves continuous washing, drying, and calcination steps to achieve the production of a pure
phase. Co-precipitation approach has advantage that the precursors behave uniformly at the
molecular level. Co-precipitation method has many benefits, such as a high number of finished

products, transparency and purity, simplicity of responsibility, and low cost [70].

3.2.3 Solid-state reaction method

Solid state reaction technique used frequently to synthesize polycrystalline materials
from solid reagent. In this method synthesizing a compound by mixing solid precursors and
heating them a high temperature in reactive environment. Effectiveness and large-scale
production are two advantages of the solid-state reaction approach. Temperature required for
solid to react is 1000°C-1500°C. The success of the solid-state reaction relies on multiple
factors, including reaction conditions, structural attributes of the reactants, solid's surface area,
and their inherent reactivity. It is cost defective, minimum waste of material, but it is

challenging for getting high purity of material and homogeneity in final product [71].
Synthesis of lithium nickel manganese cobalt oxide

For preparation of nickel, manganese and cobalt stoichiometric solution with ratio 8:1:1
respectively, take 21g NiSO4.6H20 with 40 ml of deionized-water, 1.69g MnSO4.H>O with
5ml of deionized-water and 2.81g CoSO4.7H20 with Sml of DI-water in a three separate
beaker. All three-solution stirred for 2-hours. After that three well stirred solution mix in a
beaker and again stirred for 2-hours at 50°C. 2M NH3.H2O solution and 4M NaOH solution
added dropwise in a mixture of transition metals stirred solution of 50°C. Upon adding
NH3.H>O solution and NaOH solution in transition metals solution, solution changes PH. When
PH maintain 11.5-12.0, then stop adding NH3.H>O and NaOH solution and put on stirrer for
24-hours at 50°C temperature again for proper mixing of three solution. After 24-hours
precipitates are collected, centrifuged (washed with 500milli litre deionized water), precursors

separated and put in dryer at 90°C for a night.
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Dried precursors collected and weighted, add LiOH.H>O with 5% excess of total weight
of dry precursor, then both grinded well with the help of mor-tor pestle. Make pellets of grinded
mixture and put in tube furnace for 12-hours (place in boat crucible) in the presence of oxygen
flow at 800°C temperature. After 24 hours boat crucible gets out from tube furnace carefully

and grinded pellets well for obtain LNMCO, (NMCS811) powder [27].

Preparation steps

= =
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3.2.4 Coating of different materials on (NMC811) cathode material

Enhancing the performance and stability of (NMC811) cathode materials can be
achieved through the application of various coating materials. These coatings serve multiple
purposes, including improving electrode-electrolyte interface, mitigating undesirable side
reactions and enhancing the structural stability of the cathode. NMCS811 stands out as a high-
voltage cathode material for lithium-ion batteries. It boasts an impressive specific capacity of
200 mAh/g and is characterized by an upper cut-off voltage of 4.3 V vs Li/Li+. Unfortunately,
Typically NMC-based lithium-ion batteries have been associated with low cycling stability,
this phenomenon can be ascribed to the oxidation of the electrolyte at the cathode surface,
along with structural alterations in the materials occurring at high potentials or temperatures.
The purpose of surface coating is to enhance coulombic efficiency and cycling stability, it is
possible by removing lithium compounds and prevention from parasitic reaction. Zhang et al.,
proposed a simple coating procedure that involved ball milling a suspension of N-methyl
pyrrolidinone (NMP) NMC-LiPFs and LiPF¢ as a cathode additive. The Li/NMCS811 cells'
cycle stability and rate capability were both increased by coating of LisPO4-LiF on NMC
surface as a result of the milling procedure. Stable LiF dominates the coated surface of LizPOs-

LiF as a result of stable solid electrolyte LizPO4-LiF [41].

Li/NCMS811 cells' mechanical properties, cycle performance, and rate capability are all
greatly improved by rod-like MXene (Ti2C3Tx), a multifunctional addition. It helps in creating
a more effective conductive network, cation intercalation storage and release of Li+, by
offering additional deformation space, creating a physical protective solid electrolyte
interphase layer, and suppressing the M—H2 phase transformation, NCM811 electrodes can
be effectively improved [63]. The cathode powder of LiNipgCo0o.1Mno.1O> (NMC811) was
coated with Li-Nb-O through a wet chemical method, utilizing lithium niobium ethoxide as the
precursor giving the material a coating/substitution co-modification that greatly enhances
electrochemical performance [72]. NMCS811 cathode materials are frequently coated with
carbon-based materials to improve their electrical conductivity, such as carbon nanotubes or
carbon black. The incorporation of carbon coatings can enhance the overall battery

performance, including rate capability and cycling stability [73].

NMCS811 cathode coated with metal oxides like (Al203), (TiO2), or (SiO2) to increase
structural stability and lessen undesirable side reactions. Researchers have looked into polymer

coatings like polyvinylidene fluoride (PVDF) or polyethylene oxide (PEO) to increase the
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stability and cycling performance of NMC811 cathodes. Cathode structure mechanically
supported by polymer coatings, which improve the presence of carbon coatings enhances the
adhesion between cathode particles, thereby reducing their dissolution of transition metals into
the electrolyte. Composite coatings mix many materials to benefit from each one's unique
properties. For example, the simultaneous improvement of electrical conductivity and
structural stability has been explored for a carbon-coated NMCS811 cathode with an extra metal

oxide coating [73].

It's crucial to remember that the selection of the coating material is influenced by a
number of variables, including the particular battery application, economic concerns, and
production methods. Improve functionality and durability of NMC811 cathode materials,

researchers are still investigating various coating techniques.

3.2.5 MXene coating on (NMC811)

First of all, ~0.003g of MXene and 0.085g of NMC811 (2.5 wt.% of MXene with
respect to NMC811) individually sonicate 2 hour with ethanol for proper dispersion. Then both
collected in beaker and put for drier at 80°C for 6 h. After that coated (MXene on NMCS811)
material obtained. Similarly, procedure repeated for 4% and 10% composite of MXene with
NMC811 (MXene (0.032g) and NMC811 (0.8g) and (MXene (0.06g) and NMCS811 (0.6g)
respectively [39].

3.2.6 Electrode fabrication of Pristine NMC811/Ti;C;Tx-NMC811

For the manufacture of electrodes, a weight ratio of 80%, 10%, and 10%, respectively,
of the active material NMC811, Acetylene-carbon black, and polyvinylidene-difluoride
(PVDF) is used. 0.01g of PVDF dissolved in 0.25mL of NMP solvent in glass bottle and stirred
for 4-5 hours. Then 0.08g of active material (NMCS811) and 0.01g of carbon black added above
stirred solution and put on stirring for overnight for making gluey slurry. The slurry was
subsequently brushed on nickel foam and allowed to dry for 12 hours at 80°C in a drying oven.
The same procedure is done for the Ti3C2Tx -NMC811(2.5 wt%) composite, which contains
0.08g of the active ingredient and Ti3C>Tx as an additive (coated) on pristine NMC811. In case
of Ti3C2Tx-NMC811(2.5 wt%) composite, weight of nickel foam cathode is 0.11g, in which
material loading weight is 0.063g. while for pristine NMC811 cathode, weight of nickel foam
cathode is 0.05g, in which material loading weight was 0.025g, and TisC,Tx as an additive
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(coated) on pristine NMC811 weight of nickel foam cathode is 0.06g in which material loading
weight was 0.03g.

3.3 Characterization Techniques

This portion will contain brief introduction of characterization techniques for

nanomaterials, that are used to characterize our materials.

3.3.1 X-ray Diffraction

X-ray diffraction (XRD) is a technique employed to analyze the atomic and molecular
structure of materials, utilizing the principles of X-ray diffraction theory. X-ray diffraction
technique, which was initially presented by Max von Laue in 1912, was further developed by
William Henry Bragg and his son William Lawrence Bragg. The basic principle is that when
x-rays target on a crystalline substance, the x-rays interact with the atoms in the crystal lattice
and are diffracted, or dispersed, in a pattern. The atom arrangement within the crystal is shown
by this diffraction pattern. Depending on their variation in course, the scattered x-rays can
interfere either positively or negatively. It is mathematically described as nA=2dsin6, in Bragg's
Law, "n" represents the order of diffraction, "A" denotes the wavelength of x-rays, "d" signifies

the distance between neighboring lattice planes in the crystal, and "8" represents the angle at

which the x-rays are incident.

Figure 3.3.1 XRD Mechanism [https://wiki.anton-paar.com]

A sample is exposed to a monochromatic (single wavelength) x-ray beam, angles and

intensities are measured when x-rays are diffracted by the crystal lattice. A detector, whether it
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be photographic film or a digital detector, captures the diffracted x-rays, and subsequently, the
resulting diffraction pattern is recorded. The constructive interference of x-rays dispersed by
various atom planes inside the crystal lattice results in a succession of brilliant spots or peaks
that are seen in the diffraction pattern at particular angles. Different structural characteristics
of the material, such as the distance between lattice planes, the crystal structure, the orientation
of crystal domains, and the existence of any impurities or defects, can be identified using these

angles and intensities.

Figure 3.3.2 XRD Machine [https://www.bruker.com]

Based on x-ray diffraction data, Scherrer's formula, commonly referred to as the
Scherrer equation, is a mathematical formula used to find the typical size of crystalline particles

in a solid substance. In 1918, swiss scientist Paul Scherrer created it.
The formula is written as follows:

D=KA/ (P cos 0)

Where:

D is the average crystallite size
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K is the Scherrer constant, which depends on the shape of the crystalline particles (usually

taken as around 0.9)
A is the wavelength of the X-ray radiation used

B represents the full width at half maximum (FWHM) of a diffraction peak, which serves as a

measure of the peak broadening.
0 is the Bragg angle, the angle of incidence of the X-rays on the crystal surface

According to Scherrer equation, the material's crystalline particles, which are finite in
size, are the only factor contributing to the peak broadening. It takes into account how these
particles affect x-ray diffraction and links to observed broadening of diffraction peaks to

particle size.

3.3.2 Scanning Electron Microscope and Energy Dispersive X-ray
Spectroscopy

It is advance tool for study of structural details of nanomaterials. SEM technique use
electrons for imaging of materials. We can investigation the metallographic details,
imperfections, topology and morphology, such as particle sizes and shapes of nanocrystalline

powders and bulk materials.

SEM instrument includes these components:
» Electron source

» Anode

» Condenser lens

» Scanning coils

» Objective lens

Electrons are produced by uppermost section of the microscope's column. These electrons
are drawn by the positive charge on the anode plate, thus creating a beam of electrons. Number
of electrons within the beam and its dimensions are controlled through the use of the condenser
lens. The image resolution is contingent on the beam size, and apertures can also be employed
to regulate the beam's size. The beam moves in a rectangular path across the sample's surface,

the scanning coils are utilized for deflecting the beam along both the x and y axes. The objective

46



lens, which is the last lens in the series, plays a crucial role in producing the electron beam. It
focuses the beam to a tiny point on the sample, given its position as the lens closest to the
sample. SEM lenses are electromagnetic and composed of a coil of wires. Due to magnetic
field current flow through these coils and electrons allows the microscope's lenses to exert

precise control over them.

This technique is helpful collecting information like image of materials, morphological
studies of materials like sample is hollow or solid, sphere or square, pores or non-pores etc.
Normally use micro-size (107®) and nano-size (10~°) for image and high resolution. We can

measure diameter/ area of materials at micro and nano scale level.
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e h _ Anode

‘ ‘ Magnetic
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Secondary
Electron
Detector
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Figure 3.3.3 SEM setup [http://emicroscope.blogspot.com]

Energy-dispersive X-ray spectroscopy (EDS) is a analytical method utilized for
conducting elemental analysis and chemical characterization of materials. It is also known as
energy dispersive x-ray analysis or energy dispersive x-ray microanalysis. EDS relies on the

interaction between an x-ray excitation source and a sample. It is built in SEM setup.

47



3.3.3 Cyclic voltammetry

Cyclic voltammetry (CV), an electrochemical technique, is employed to examine the
redox properties of a chemical species. It includes giving an electrochemical cell a controlled
potential waveform and measuring the resulting current. Cyclic voltammetry functions by
applying a potential waveform to an electrochemical cell and then observing and measuring

the resulting current.

An electrochemical cell with a working electrode, a reference electrode, and a counter
electrode makes up a common CV-configuration. The working electrode is typically
constructed from a substance that interacts with the desired electroactive species. In the context
of current flow, the counter electrode serves to complete the circuit, whereas the reference
electrode provides a stable potential reference. By sweeping the potential repeatedly between
two predetermined limits, a potential waveform is applied to the working electrode. Although
alternative waveforms and scan rates can also be employed, the potential is normally swept
linearly at a fixed scan rate. Between the electrode and the species, there is an electron transfer
during these reactions. An ammeter is used to measure the resultant current that flows through
the electrochemical cell. Voltammogram is a useful tool for learning about a system's
electrochemical behaviour. Peak potentials and placements provide information about the

oxidation.

Figure 3.3.4 Cyclic Voltammetry setup [https://pubs.acs.org/doi/10.1021/acs.]
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Chapter No. 4

Results and Discussions

In this chapter we have discussed result and testing of prepared nano-materials NMC811,
Ti3C,Tx and nano-composite (NMC811-TizCoTx). (NMC811) nanoparticles synthesized by co-
precipitation and solid-state reaction method, while MXene (Ti3C2Tx) was prepared by molten
salt etching method. After that MXene coated cathode prepared by using wet-chemical method
ethanol as a solvent. We used XRD, SEM, EDX and CV characterization for investigation of

our prepared materials.

4.1 X-ray Diffraction

Nano particles of LiNiggCo0o.1Mno.1O> prepared by co-precipitation and solid-state
reaction method, and LiNig8Co0o.1Mno.1(OH), precursor prepared by co-precipitation method.
X-ray diffraction (XRD) results are measured by using Cu K-a radiation (A=1.54nm with range
of 20 =10 ° to 80°). We have observed all characteristics peaks of LiNig.8C0o.1Mnyo.1O> are well
matched with pure LiNiogCoo.1Mno.102 (NMC811) literature review data and peaks appeared
at the same angle which show well crystalline structure. Peaks angle and miller indices (hkl)
values are matched from its (JCPDS) card (96-152-0790). Peaks indices are (003), (101), (006),
(104), (015), (107), (108), (113), (021) show hexagonal and well crystalline material. The
T04/Too3 ratio is 1.44 at 800°C indicate that lower order of cation (Ni/Li") mixing in this
material. According to the XRD patterns, pristine NMC811 is a single-phase multi-layered-
rhombohedral (LNMCO,) with R-3m space group.

XRD pattern of LiNig.8Coo.1Mno.1(OH)2 show P-3m space group, all diffraction lines
are indexed to hexagonal structure and all peaks appeared at the same angle and well matched
with literature data. The Ii11/Tioo ratio is 1.50 exhibit lower order of cation (Ni*/Li") mixing.
After that we coat pristine NMC811 with MXene by using ethanol as a solvent. XRD results
(figure 4.2) show that all peak intensity becomes reduced by coating, looking crystalline all
these peaks are indefinable with that LiNiosCo00.1Mno.102. The average crystallite size of the
pure NMC811 and Ti3CTx-NMC811 was determined by Scherrer formula is 50nm and 33nm

respectively.
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Figure 4.1 XRD pattern of NMC811(OH), precursor and pristine NMC811

Figure 4.2 XRD pattern of 2.5% wt. of MXene coated NMC811 and stacked graph of pure NMC811,
10% and 2.5% wt. of MXene coated NMC811

Figure 4.3 show XRD pattern of Ti3AlC, precursor and stacked graph with MXene
(T13C2Tx) before and after molten salt etching for 10-40min at 700°C with 1 hour and 10 mins
ramp time and 40 mins soaking time. After 40 mins of etching, the diffraction peaks of Ti3AlC:
(MAX-Phase) almost disappeared, while sharp diffraction peaks of the TizC>Tx (MXene) were
observed. After etching, the (002) peaks of the Ti3AlC; shifted left from 26=9.56° to 26=9.30°
with increasing interlayer spacing d=9.24nm from d=9.49nm which corresponds etching of
aluminum from precursor. (004) peaks shifted from 26 =19.21° to 26 =18.98° with minimum

intensity indicates almost aluminum removed from our materials. (008) peaks less intensity in
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Ti3C,Tx due to aluminum layer remove and surface functional group (Tx) introduce and one

peak is disappeared due to etchant (Cu?*) removed.

Figure 4.3 XRD pattern of TizsAlC, (312) precursor and stacked graph of TizAlC, with (Ti3C,Tx)

4.2 Scanning Electron Microscope and Energy Dispersive X-ray
Spectroscopy

Scanning electron microscopy (SEM) was used to study the particles shape and size
(morphology) and distribution of LiNipsCo00.1Mno.1O2  (pure NMC811) and
LiNip.8Co0.1Mno.1(OH)> precursor as shown in (fig 4.4) and (fig 4.5) majority of the particles
seemed to have a spherical, cubic and rectangular shape (few particles) similar to a building
block obtained and average particles diameter almost 150nm for pure (NMC811) and 5000nm
for LiNio.gCoo.1Mno.1(OH)2 precursor. Change in particle morphology due to stirring rate of
rpm during synthesis. EDS /EDX in SEM mode was used to create compositional maps. The
chemical nature of the particles deduced using energy dispersive X-ray spectroscopy. The EDS
maps spectrum of pristine NMC811 (fig 4.4) show Ni, Mn and Co elements have a uniform
distribution over the particles. Atomic ratio of Ni: Mn: Co in the sample is measured to be
60%: 7%: 5%, which is approximately close to desired composition. The EDS maps spectrum
of NMC811(OH): precursor (fig 4.5) show maximum percentage of nickel with other elements
(Mn, Co, O, S, and C). After adding LiOH.H>O salt in NMC811(OH), precursor and sintering
at 800°C for 12 h for obtaining NMC811 with desired ratio.
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Figure 4.4 SEM and EDS spectrum of pristine NMC811
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Figure 4.5 SEM and EDS spectrum of pristine NMC811(OH), precursor

Figure 4.6 present scanning electron microscopy images of pristine Ti3AlC, precursor
layer ternary structure, in which A-layer in between transition metal carbide. Energy Dispersive
X-ray spectroscopy (EDS) mapping of pristine TizAlC, precursor show approximately 100%
composition of Ti, Al and C elements. This ratio makes MAX-phase precursor for MXene (by
removing Al almost Ti-Al ratio should be 3:0.02).
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Figure 4.6 SEM and EDS spectrum of pristine Ti3AlC, (312) precursor

Figure 4.7 displays scanning electron microscopy (SEM) images of TizC,Tx (Tx=Cl)
MXene, illustrate the characteristic and anticipated multilayered structure exhibited by all
MXene particles. The images illustrate the separation of MXene sheets, with 60% aluminum
being etched from the MAX-phase. Energy Dispersive X-ray Spectroscopy (EDS) mapping
further indicate the presence and distribution of Ti, C, Al, CI, Cu, and O elements. After 40
minutes of etching, the Al to Ti ratio significantly decreased from 1:3 to approximately 0.4:2.7,
indicating the near-complete removal of Al from the original Ti3AlC, precursor. Maximum
composition of titanium is obtained as desired, Cl (surface group) and etchant Cu?* (Lewis’s

acid) almost etched and obtained in 0.1 and 0.3 ratio respectively.
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Figure 4.7 SEM and EDS spectrum of Ti3C,Tx (MXene)

SEM images of MXene coated (NCM811) shown in (figure 4.8). The coating of MXene
results in the creation of point-face and line contacts between transition metals that’s increase
empty spaces. This phenomenon contributes to the formation of an improved conductive
network or channel, facilitating enhanced electronic and ionic exchange capabilities. Presence
of MXene serves to hinder the initiation of unwanted side reactions of cathode material.
Additionally, the adaptable layered structure of MXene contributes to enhancing the
mechanical characteristics (control volume expansion during cycling process) of the NCMS811
cathode. Energy Dispersive X-ray Spectroscopy (EDS) mapping further indicate the presence
and distribution of Ni, Mn, Co, Ti, C and O elements. Presence of Ti and C elements show

MXene successfully coated on cathode material.
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Figure 4.8 SEM and EDS spectrum of NMC811-TisC,Tx (coated NMC811) 10% of NMC811

4.3 Cyclic Voltammetry
A cyclic voltammetry (CV) analysis was conducted on (NMC811) cathode material,

MXene (Ti3CoTx) and NMC811-(Ti3C2Tx) nanocomposite using a Gamry machine. The CV-
tests were performed in a three-electrode system, where the electrodes were connected to a
computer. Nickel foam was employed as the active electrode. This electrode was immersed in
a 1 M solution of lithium chloride (LiCl) electrolyte. The research involved conducting (cyclic
voltammetry) analysis. Cyclic Voltammetry (CV) experiments were performed using a Gamry
machine to analyze the behavior of pristine (NMC811) cathode material, TizCoTx (MXene) and
MXene coated NMC811 (NMC811-Ti3C,Tx). The potential window ranged from -0.6V to
0.6V, and the scan rates varied from 10mV/s to 100mV/s. The results indicated distinct
oxidation (anodic peaks) and reduction (cathodic peaks) responses, which are summarized in
Table 4.1 for NMC811 and Table 4.2 for MXene, respectively. First cycle of de-lithiation (Li"
extract from anode and move towards cathode, called discharging) occur at 0.338V and

lithiation (Li" extract from cathode and move towards anode, called charging) occur at -.052V
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and -0.16V with different discharging and charging current values. The oxidation peaks
observed during the cycles correspond to the transformation of the material from the high-
capacity hexagonal (H-M) phase to the lower-capacity monoclinic (M-H) phase and further to
Hexagonal-1to Hexagonal-2 phases. These phase transformations occurring during the
charging and discharging processes are identified as the main reason for the unstable cycle life
performance. Moreover, at a scan rate of 10mV/s, a minimal difference of 0.16V is observed
between the oxidation (anodic) and reduction (cathodic) peaks. This observation indicates that
Li+ ions are being reversibly intercalated and de-intercalated in the LiNio.8C0o.1Mno.102
cathode material, illustrate good stability during the process. The specific capacitance of each
cycle, as indicated by the CV-area, demonstrates the electrochemical activity of the material.
Furthermore, the cyclic voltammogram area increases with higher scan rates, indicating its
potential as a promising electrode material for future battery applications. This suggests that
the material exhibits favorable characteristics for energy storage and holds promise for use in

advanced battery technologies.

For MXene all cycles of anodic peak observed at 0.44V and cathodic peak observed at
~0.3V with almost constant current values which indicates reversible behaviour of Li"/Li.
MXene coated NMC811 (NMC811-Ti3C,Tx) exhibit higher specific capacity on 10mV/s rate
than individually pristine (NMC811) and MXene (Ti3C2Tx). Specific capacitance of 10mV/ of

CV-area demonstrates best electrochemical activity of (NMC811-Ti3C,Tx) nanocomposite.
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Figure 4.9 Cyclic voltammetry of pristine NMC811, MXene (Ti3C;Tx) and nano-composite of
(NMCS811-Ti3C,Ty) at different scan rate with potential window of -0.6V to 0.6V respectively.
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Table 4.1 CV measurements of cathode material (NMC811)

LiNio.sMno,1C00.102 | Scan-rate | Anodic Cathodic Current-at Current-
(NMCS811) mV/s peaks (V) peaks (V) Anode peaks | at cathode
(A) peaks (A)
1% ¢cycle 100 0.338 -0.052,-0.16 | 0.00197 -0.001
2 cyele 70 0.312 -0.052,-0.13 | 0.0018 -8.5x10™
3" cycle 50 0.314 -0.040, -0.12 | 0.0018 -8.0x10™
4 cycle 30 0.264 0.014, -0.08 | 0.0012 -3.0x10™*
5theycle 20 0.256 0.046, -10.0011 -5.5x107°
0.060
6 cycle 10 0.23 0.067, -10.0010 -1.87x10*
0.038
Table 4.2 CV measurements of MXene (Ti3C2Ty)
MXene Scan-rate Anodic Cathodic Current-at | Current-at
(TizC2Ty) mV/s peaks (V) peaks (V) anode peaks | cathode
(A) peaks (A)
1% ¢cycle 100 0.443 0.287 0.005219 -0.007221
2" cycle 70 0.437 0.296 0.0044 0.0061
3" cycle 50 0.426 0.303 0.0039 -0.0052
4t cycle 30 0.4117 0.324 0.0028 -0.0038
5t cycle 10 0.415 0.336 0.0014 -0.0018
4.4 EIS Analysis

Electrochemical Impedance Analysis was conducted on (NMC811) cathode material,

MXene (Ti3C2Tx) and NMC811-(Ti3C,Tx) nanocomposite using a Gamry machine. Figure 4.10

clearly show that charge transfer resistance (Rct) of NMC811-Tiz3CoTx smaller than that of

pristine NMC811 electrode material. Nyquist plots demonstrated that Ti3C.Tx coating on

electrode materials improve the lithium transportation, which leads to small electrochemical

interface impedance and is beneficial to the rate capability.
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Figure 4.10 The Nyquist plots of pristine NMC811 and Ti3C>Tx materials, and stacked
plots of both materials with composite (10% Ti3C,Tx coated NMCS811)
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Chapter No. 5

Conclusion

Lithium-ion battery nickel rich cathode material LiNipsMno.1Co00.102 (NMCS811)
successfully synthesized by co-precipitation and solid-state reaction method. For improving
electrochemical performance and solving problems of cathode, MXene coating employ on it
that was prepared by molten salt etching method. (NMC811) cathode material characterized
by XRD, SEM and CV techniques. XRD demonstrate cathode material crystallinity with
hexagonal layered rhombohedral R-3m space group. Average crystallite size of the pure
(NMCS811) and (TizC,Tx -NMC811) is 50nm and 33nm respectively was measured. Peaks
intensity ratio more than 1.2 indicate lower cation (Ni*", Ni?*/Li") mixing in electrolyte.
Morphology and particles size investigated by (SEM) technique demonstrate that nanoparticles
made in cubic, spherical, and hexagonally shape, while elemental composition of Ni, Mn, Co
and O with desired transition molar ratio 8:1:1 in pristine (NMC811) and Ni, Ti, C, Mn, O and
Co homogeneously distribution in MXene coated (NMC811) was revealed by EDS spectrum.
Conductivity of pure (NMCS811) and (TizCoTx-NMCR811) electrodes checked by cyclic
voltammetry (CV) under potential window of (-0.6 to 0.6) at different scan rate between 1mV/s
to 100mV/s to study redox behaviour. MXene coated (NMC811) cathode exhibit higher
specific capacity than pristine (NMC811) cathode. We observed oxidation and reduction on
electrodes by study pattern of CV-curve confirmed our material is applicable for rechargeable
battery applications, while EIS Nyquist plot of cathode composite with MXene shows
minimum resistance between electrode/electrolyte interface surface in a electrolyte during

charging and discharging.
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