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Abstract

Developing alternate energy storage systems for transportation are motivated by a combination of
socio-economic issues like environmental conservation to combat global warming, fast diminution
of conventional non-renewable energy sources, rising cost of fossil fuel and concern for
sustainable energy. Electrochemical energy storage may be considered as an important strategy
while addressing the increasing demand for clean energy. In this complex situation Lithium-ion
battery has come up as a potential alternative energy source that can be used in number of areas.
However, the energy density of Li-ion battery is still much lower than that of fossil fuel. Therefore,
at present the major challenge for the Li-ion battery research is focused on to increase the energy
density along with power density to fulfil the demand for energies required for electric vehicles
and high-end portable electronics. Now to satisfy the requirement of higher energy and power
density, improved LIB materials are required with better electrochemical performance along with

safety.

Cathode materials are the primary component responsible for increasing the energy and power
density of rechargeable Li-ion batteries. The olivine structured LiMPQO4 (where M = Fe, Mn, Ni,
or Co) has a great potential to serve this purpose. Among the various cathode materials, LiFePO4
and the materials derived from LiFePO4are most widely used positive electrodes in LIBs. Along
with LiFePOas, LiMnPOys is also gradually becoming attractive due to its high energy density (700
Whkg™), higher operational voltage at 4.1 V vs. Li, stability of traditional electrolyte solutions at
this voltage electrochemically, improved safety due to existing strong P—O covalent bond, low cost
and its environmentally benign nature. Having 20% higher redox potential compare to LiFePOQa,

LiMnPOuis considered as a potential cathode material while replacing LiFePOg in LIB. However,

Vii



the cyclic stability and rate performance of LiMnPO4 are somewhat restricted due to its lower

electronic and Li* ion conductivity.

In this work, LiMnPOg4 olivine structured cathode material at optimum pH condition with optimum
content of conducting carbon in cathode material has been successfully prepared by low
temperature (180°C) hydrothermal method. Optimum percent of La dopant in carbon containing
cathode material is obtained based on electrochemical performance of the material. Physical and
morphological characterization shows the structure and phase purity and their nano size
morphology. Substitution of Mn?* with La®*" in LiMnPO, improves the bulk conductivity as well

as electronic mobility of the material than that of pure LiMnPOa.

During the past two decades, the development of lithium-ion battery research has been focused on
exploring and improving the electrode materials and electrolytes. However, the separator, an
indispensable component of Li-ion battery is not studied extensively. In general, a separator has
major two functions, i.e., preventing the electronic connection between positive electrode and
negative electrodes while providing transport pathways for Li* ion movements. Commercial
separators for Li-ion batteries are usually made of polyolefin materials having two major

drawbacks viz. low thermal stabilities and poor electrolyte wettability.

The development of advanced separator has been a major concern, in recent years for rechargeable
lithium-ion batteries for varying areas of applications like portable electronics, electric vehicles
and power grids. Having served the role of a physical barrier against the electronic conduction

between cathode and anode in order to prevent electrical short circuiting, separator also holds the

viii



liquid electrolyte which acts as a vehicle for Li* ions transport during charge/discharge cycles of
Li-ion battery. The performance of Li-ion battery is largely dependent on the materials and

structure of the separators.

In the present work, we have synthesized Boehmite (y-AlO.OH) nanorods (length 90-140 nm; dia.
~15 nm) by a simple low-temperature (180°C) hydrothermal method and coated onto both sides of
surface modified polypropylene (Celgard). The prepared composite separator has been tested in
LiFePO4//Li half cells as well as in LiFePO4//MCMB full cells in coin cell configuration for
understanding the influence of this separator on electrochemical performance. It is found that
composite separator results in improved cell kinetics due to better electrolyte uptake and formation

of a Li* ions buffer reservoir facilitating fast ion transport at high current rates.
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INTRODUCTION



CHAPTER 1

INTRODUCTION

Lithium-ion battery (LIB) systems have become the commonly used power sources for various
electronic and electrical applications viz. portable electronics as well as transportation such as for
electric vehicles (EVs) as well as hybrid electric vehicles (HEVS) etc. This is because of their high
voltage, high energy and power density and long cycle life. In the area of renewable energy
systems, LIB is regarded to be the most prospective energy storage device. Following is the history
and commercialization of Lithium-ion battery. Whittingham from Exxon first conceived the
concept of Li-ion battery and showed a working cell consisting of Li metal/TiS> 1970. In 1979
Goodenough first published the paper showing that LiCoO.can be used as an intercalation cathode.
Following the year in 1980 Rachid Yazami first published the concept of using graphite anode in
LIB and with this Lithium-ion battery technology underwent a revolutionary change in the
direction of its commercialization. The first commercial L1B was developed by Sony Corporation
in 1991. Nowadays, many devices, depending upon their applications use various types of LIBs.
These applications include portable electronics to automotive to power grid. According to the
prediction of International Energy Agency (IEA), the light-duty EV fleet is likely to grow from ~

10 million in 2021 to 124-199 million in 2030 globally [1].

1.1 Challenges and Motivation

Combustion engine was the primary energy source for transportation because of its high energy
and power densities in 20" century and also in the beginning of 21% century. However, the
increasing rate of global warming and limiting supply of fossil fuels demand a sustainable

alternative energy source. Electrochemical conversion (Fuel cells) and storage devices (Batteries



and Supercapacitors) can be considered as best alternatives to this direction. Battery technology
has been commercialized and is recently being in use in electric and hybrid electric vehicles
(EV/HEV). Out of various battery systems lithium-on battery (LIB) showed the highest potential
for the application in electric vehicle and advanced energy storage systems for clean electricity.
However, significant increase in energy and power density is required for such high power
applications [2-4]. Higher power density essentially decreases the Li-ion battery charging time,
which is a primary consideration for electric vehicle. Specific power is the product of specific
current and voltage. This can be increased either by raising the voltage by judiciously selecting the
positive and negative electrode materials or by improving the rate of charging/discharging or by
increasing both. One of the possible ways to increase the overall charge/discharge rate is to develop
the positive electrode materials using nanoparticles instead of conventional microparticles [5, 6].
Although the use of nanoparticles as active materials promises higher power density for LIB,
however, the nature of electrochemical storage in these nano engineered materials is not fully
understood. To commercialize the LIB using nanoparticles as active materials for electrodes still
require sophisticated electrode formulation for better understanding of charge storing mechanism.
Therefore, this work is motivated by a need for a deeper understanding of the use of nanoparticles

towards the formulation of cathode active materials to be used in Li-ion batteries.

The majority of electrical energy requirement as on today is fulfilled by fossil fuels. However,
increasing demands for fuels along with its increased cost and resulting environmental pollution
has created a pressure on world energy infrastructure. To combat this situation, a significant effort
has been put forward to develop alternate renewable energy sources like solar cells, fuel cells etc.

along with electrochemical energy storage systems such as Li-ion battery [7-10]. The wide



application of lithium-ion battery is mainly because of its light-weight and rechargeable property
which is suitable for portable electronics such as laptop, mobiles, camera etc. Recently, this system
is also being in use in hybrid electric vehicle (HEV). However, the energy and power density,
operating voltage, capacity, safety and cost issues has put a limit towards its commercialization.
In this research, focus has been given on to enhance the performance of olivine structure based

cathode material for improving the energy density in addition to power density of cathode material.

The separator is an indispensable component in a battery, be it primary or rechargeable. It prevents
the electronic connection between cathode and anode, while permitting ionic communication
between electrodes. Porous structured insulators naturally do the job. Historically, felt, glass,
asbestos, rubber, cellulose, wooden veneer, organic fibres, nylon and polyolefin have been used in
lead-acid and alkaline batteries [11, 12]. In the era of LIBs, polyolefin microporous separators
have prevailed since the very commencement of their commercialization in the early 1990s [11].
This is due to their satisfactory performance and socioeconomic feasibility. The initiation of
research on LIB separators incudes efforts made on the identification of alternative materials with
good wettability for non-aqueous electrolytes and high thermal stabilities, and the modifications
of polyolefin separators to achieve the same purposes. This has been well-summarized in several
review papers [11, 13, 14]. However, the most drastic expansion of the separator research started
after year 2010, when post-LIBs gained significant attention and modified separators were found
capable of solving/mitigating certain problems associated with them, e.g., polysulfide shuttling
[15] and Li dendrite growth [16]. The gained knowledge from the post-LIBs in return stimulated
the development of advanced separators for high performance LIBs. In this research the focus has

also been given on separator material for improved electrochemical performance and safety.



1.2 Research Objectives

The primary objective of this work is to understand the methods and procedures necessary to
investigate the effect of nanoparticles on performance improvement of Li-ion battery cathode
material. The investigation of critical issues associated with the use of nanoparticles as active
material for positive electrode, namely, cathode formulation along with active material synthesis
and its property evaluation are the goals of this work. This work would, therefore hopefully
contribute to the improvement of devices requiring high power such as the EV/HEV and other

electrochemical devices.

The objective of the separator work to investigate and develop a suitable surface modified
polypropylene separator for advanced lithium-ion battery, which would not only serve its basic
purpose of being an insulator against the electronic conduction between cathode and anode
electrodes but also act as a buffer layer for Li* ion storage for improved electrochemical

performance.
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The energy and environmental issues are the two major concern at present and these issues have
triggered the searching for alternative clean energy sources. Addressing these issues though the
development of clean energy sources in turn manifests the societal and technological advancement.
The continuously increasing demand for energy and rapid depletion of non-renewable energy
resources have posed a threat on present day energy economy. Moreover, greenhouse gas emission
associated with the use of non-renewable energy sources such as fossil fuels are considered as one

of the major reasons for global warming [17, 18].

The revolution in transportation such as faster automobiles and airplanes have enhanced people’s
movement significantly in last two centuries. As this mode of transportations are primarily
dependent on fossil fuels, therefore the utilization of fossil fuels has also increased steadily, which
in turn generated a large volume of greenhouse gas (GHG) followed by causing the global warming
as well. According to a report in 2011, the energy consumption in US transportation is around 28%
and the major portion of this energy (93%) came from petroleum and this directly linked to the
GHG emission of 28% [19, 20]. The increasing volume of GHG emission due to over usage of
fossil fuels have therefore, become a limiting factor that has shaped the future of transportation.
Therefore, moving from fossil fuels to alternative energy sources in the area of transportation

require to address the following issues:

Energy security: Becoming self-reliant by gradually reducing/ eliminating the fuel import.

Preserving Environment: Technology development without negatively impacting the environment.



Revenue protection: Generate/increase the revenue by reducing operating cost of alternative
renewable energy technology

While addressing these issues, various clean energy technologies have been evolved in the areas
of electric vehicles and alternative propulsion systems based on fuel efficiency maintaining
stringent emission standard. With the advent of hydrogen fuel cells and high energy density
batteries, electric vehicles can be demonstrated as the possible replacement of conventional
vehicles operated by internal combustion engine (ICE). Various energy systems can be used to
provide electrical energy to run the electric vehicles having different power system design. One of
the main advantages of electrically driven transport system is its significantly lower operational

cost compared to conventional vehicles operated by ICE.

Hybrid/Electric Vehicle Designs: Electric vehicles have started its journey since more than a
century ago. A Belgian electric vehicle was the was the first to be reported to cover 30 m/s in 1899
[21, 22]. The lack of progress in energy storage system had slowed down the development of EVs.
However, with the advent of electrochemical energy storage system, the electric and hybrid
vehicles once again re-emerged in the recent times. Unlike EVs for which the power source is
electric propulsion system only, hybrid vehicles are powered by two or sometimes with more
power sources. For hybrid electric vehicle (HEV) an electrical energy storage system is used to
power a motor or a generator which then used in association with an ICE. Generally, such vehicles
are classified based on degree of hybridization (DOH), which can be expressed as [23]:

DOH = It is the ratio of electric motor power to that of total power of electric motor and 1C engine

Based on DOH, the hybrid vehicles are categorised as follows:



Mild hybrid: This type of vehicle has a stand by electric energy storage system to assist ICE.

The size of battery pack is moderate. This type of battery has lower driving range due to
comparatively lower energy density, lower power output due to low power density and little
improvement in fuel savings. The existing ICE vehicles can be made to mild hybrid with little
modification. The commercially available mild hybrid vehicles are Toyota Prius and Honda

Insights.

Plug-in hybrid: This type of vehicles run in all-electric driving range. However, an ICE or turbine
is also available only to extend driving range or to recharge the battery whenever required. Here
the battery pack is large with high power output. The other advantage is that battery is compatible
for grid charging. PHEV contributes in maintaining a significant fuel economy; thus, in turn
reduces GHG generation also. However, larger and higher weight of battery packs for this type of
vehicles increases the cost of vehicle. The commercial vehicles in this category includes GM’s

Chevrolet Volt and Ford C-Max Energy.

Electric vehicle: This type of vehicles powered by only electric storage system without ICE. The
battery pack is extremely large therefore having higher weight. Recharging of this type of battery
is done from grid only. Theoretically there should not be any GHG emission from this type of
vehicle. The challenges for EVs are high cost and lower driving range compare to conventional
vehicles. Commercially available EVs are Nissan Leaf and Model S. The 2030 Agenda for
Sustainable Development,” which has been unanimously adopted in September 2015 at the United
Nations Summit [24] includes Sustainable Development Goals (SDGs) which is consisting of 17

goals and 169 targets for resolving key social issues globally and realizing a sustainable world.



Out of these 17 goals, most SDGs are focused on energy and environment related problems which
needs technological solutions. One of the most important SDG is to ensure energy-sustainable
society, which requires the efficient use of renewable energy in infrastructure. However, the
renewable energy such as solar and wind power is not stable and thus often causes frequency
fluctuation in the power grid. Lithium-ion batteries are capable in mitigating this fluctuation and
solving this problem. Among the various energy storage systems, compare to Lead acid, Ni—Cd
and Ni-MH battery, LIB has higher energy and power density along with longer cycle life with

relatively much lower environmental impact [25].

The battery research and development is an interdisciplinary area where industries and academia
are required to work jointly by supporting each other for ensuring the maximum benefit in this
sector. The primary attributes of a battery, which are required to be looked into before its
installation in electric vehicles are its energy and power density, chemistry of the cell, cell design
and cycle life. These attributes will determine the installation space for a battery in an electric
vehicle along with its range with a full charged battery, high power pick up, safety and life span

[26].

In spite of various advantages, one of the major factors that limit the lithium-ion battery
performance is its operating temperature. For application in electric vehicle, the suitable operating
temperature is in-between 15 — 35°C. Both, the too high as well as too low temperature are
detrimental for lithium-ion battery when used in electric vehicle. At higher temperature, the growth
of SEI is significant which leads to decomposition of electrodes, results reduction in capacity.

Similarly, at lower temperature, the lithium plating and dendrite formation is significant, which
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again reduce the capacity and power of lithium-ion battery. Therefore, for an effective and efficient
utilization and sustainability of lithium-ion battery a battery temperature management system

(BTMS) must be adapted [27].

Presently the electric vehicle market is increasing and is expected to surpass 300 million on-road
vehicles by 2030 and this predict the installation capacity of LIB to reach at 3000 GWh by the end
of this decade. Now as the voltage and capacity of a single cell is limited due to unavailability of
the different LIB component materials, encompassing all respective properties together for each
component, therefore at present the battery pack consists of hundreds of cells connected in parallel
and series to meet the high energy and power density, particularly for electric vehicle application.
In this present scenario, a strong and robust battery management system (BMS) is required to
handle this high energy (>100 kWh) and high voltage (>300 V) battery packs. The battery state
estimation, such as state-of-charge (SOC), state of-health (SOH), state-of-power (SOP), state-of-
energy (SOE), and state of-safety (SOS), is the first and foremost factor of BMS for an efficient
and sustainable battery pack [28]. In the recent days, the price of the lithium-ion battery raw
materials has been increasing due to higher demand for electric vehicles. Worldwide Russia is one
of the major producers of high-purity Ni and Co. However, on the verge of Russia Ukraine war
started in February 2022, Europe and United States imposed various economic sanctions on
Russia, which includes trading of various items required for manufacturing of lithium-ion battery.
This results an abnormal soaring of the cost of raw materials for lithium-ion battery. This also

motivated the researchers to search alternative source of raw materials [29].
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Moreover, the life of lithium-ion battery generally spans in-between 1-3 years. After the battery
become unusable, its generally thrown in the garbage or used as landfill. However, these used LIBs
have created significant environmental threat as it contains toxic elements such as Li, Ni, Co as
well as plastic materials and organic electrolyte. Therefore, the safe disposal of these used batteries
or the environmentally benign and energy efficient recycling of the elements present in the battery
are a serious concern of LIB market. A recent dated report shows that approximately 10,700 tons
of waste LIB is generated in the year 2012 and this value is increasing on each passing year by
59% annually and with this rate of increment, it is expected to reach the LIB waste to 464,000 tons
by 2025 [30]. Now a days, there is an increasing demand for spent lithium-ion battery. The energy
that is stored in lithium-ion battery is renewable. However, the source of raw materials with which
the LIB is manufactured is limited and are not renewable. Now as the demand for lithium-ion
battery is increasing, particularly for its high end applications, such as in electric vehicles, the
global market expects the growth of lithium-ion battery from > 2500 GWh in this decade during
the years 2020-2030. This predicts a substantial increase in demands for LIB raw materials.
Following this analysis, if the spent LIBs can be used as an alternative source of raw materials
instead of mineral from mines, then this alternate raw materials solution can mitigate the number
of problems linked with economic, environmental, sustainable and geographical issues that are

related to lithium-ion battery [31].

2.1 Energy Storage Systems
The onboard energy storage system is the most critical part from design aspect of HEV. However,
various choices are available for such onboard system. Based on DOH of the vehicle, the system

varies from fuel cell to battery to supercapacitor etc. Flywheel and less favoured pneumatic power
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can also be installed [32]. Figure 1 shows a comparative study of energy density between various
energy storage systems. Among these systems, batteries are the most favoured choice primarily

because of the ease of their use in various applications utilising the available infrastructure.
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Figure 1. Energy Density of Various Energy Storage Systems [33]

In the present scenario, investment in exploiting the renewable energy resources such as solar,
wind and battery power systems has been increased manifold. The focus has been given on fuel
cell, Li-ion batteries and nickel containing metal hydride batteries. Among them, batteries have
many advantages compared to conventional energy storage systems. Nowadays, Li-ion battery
technology is becoming the forerunner among the different battery systems. Lead-acid and nickel
cadmium battery technologies, which are considered to be as conventional battery technologies,

are slowly being replaced by Li-ion battery technology.
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2.1.1 Lead Acid Battery

Lead acid battery is a rechargeable secondary battery. The first prototype lead acid battery was
produced by Gaston Plante during 1854-1859 and soon this battery substituted its other
contemporary batteries technologies [34, 35]. Till mid-80s, almost 40% of the battery market was
dominated by lead acid battery [34]. The minimal voltage of a single cell of lead acid battery is
described as 2 V and energy density is 32 mWhg™. The major drawback of this type of batteries is
its weight due to extremely high density of lead. Therefore, for higher voltage applications, the
device weight becomes very high [36, 37]. Due to its higher weight, lead acid batteries are not
suitable for consumer electronics market and are still used in automobiles. However, lead acid

batteries are still preferred for large scale energy storage [29, 30].

2.1.2 Nickel-Cadmium Battery

The Ni-Cd battery is also a secondary battery and falls in the category of alkaline battery family.
This battery dominated the consumer electronics market in 1990s. The full-cell reaction for this
battery is given below.

2NiOOH + Cd + 2H,0 =2Ni(OH); + Cd(OH)2

The cell voltage of this battery is 1.2 V and its average energy density is ~50 mAhg™. However,
the major drawbacks of this battery are the toxicity of cadmium and rapid capacity fading if
charged often without making it fully discharged. Therefore, Li-ion battery having similar cost of

production soon replaced this nickel cadmium battery [35].
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2.1.3 Lithium-lon Battery

The main motivation for Li-ion battery technology is its higher energy density because of metallic
lithium, which is the most electropositive metallic element having lowest electrochemical potential
(-3.04 V vs. SHE) and is lightest in weight (0.534 gcm®) which makes it favourable in
electrochemical energy storage system of higher energy density [7] (Figure 2). There are other
merits of lithium-ion battery such as size and dimensional flexibility and easy maintenance along
with better cyclability over 500 cycles compare to other battery technologies. Many research
activities are going on to augment the electrochemical performance of this battery technology such
as cycling life, safety as well as cost. This technology is mostly in use in the area of high-end
electronic market such as laptop, mobile camera etc. However, recently this technology has been

introduced in power tool and hybrid electric automobile market.
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Globally the CO emission can largely be reduced with the use of electric vehicles and renewable
energy sources. The International Energy Agency (IEA) explained that for a sustainable future the
CO emission needs to get reduced at least 21% and 42% from transportation and power generation
sector respectively by 2050. This can be achieved by introducing three-fourth of all on-road
vehicles with electric power source and introducing at least 310 GW for grid storage by electrical
power [40, 41]. The new battery technology having higher energy density with lower cost can
fulfil both the demands in the respective areas. The energy density of battery requires to be
improved to enhance the driving range of electric vehicles with comparable efficiency. The
electrode materials are primarily responsible for lowering the cost of batteries. Basic changes in
positive and negative electrode materials are needed to increase the specific energy and also to
reduce the cost. Developing high energy density electrode materials are mainly responsible to

reduce the cost of battery.

The graphite anode and lithium containing transition metal oxide cathodes are generally used in
Li-ion batteries and can produce maximum ~ 250 Wh/kg energy density [42-44]. However, the
higher price and low energy density Li-ion battery (Table 1) restricts its use in electric vehicle

which otherwise cannot produce similar or near driving range to that of ICE.
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Table 1: Goals Set for Commercial Advanced Batteries for EVs till CY 2020: United States

Advanced Battery Consortium (USABC) (2014)

Parameter (Unit) System level | Cell level | Current Technology
at cell level
Specific energy @C/3 (Wh/kg) 235 350 ~250
Energy density @ C/3 (Wh/L) 500 750 ~500
Specific discharge power, 30 s Pulse | 470 700 -
(W/kg)
Cycle life 1000 1000 >1000
Calendar life 15 15 ~10
Operating temperature (o C) -30 to +52 -30to +52 | -
Selling price @ 1000k units ($/kWh) | 125 100 ~400 — 500

For large scale use of non-conventional renewable energy systems such as wind as well as solar,
an intermittent energy storage is required which must be reliable as well as inexpensive. Figure 3
shows the significant differences in installation cost (per kWh of energy) between the DOE targets
for specified viable grid storage and modern energy storage technologies. The compressed air and
hydraulic pump are excluded from this list as this are usually bounded by specific geographical
border. Electrochemical energy storage system has the potential to reduce this gap. However,

reduction in cost by ten-fold or more is challenging and require new battery chemistry.
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Figure 3. Cost of Current Technologies Compared to DOE Targets [46]

2.2 Approaches to and Challenges for Li-lon Batteries

Non-conventional and renewable electrochemical energy storage as well as conversion systems
are demonstrated to have the full potential to successfully address the issues related to clean energy
supply and to fulfil its ever-increasing demand and thus drawn extensive research attraction.
Figure 2 above shows general Ragone plots (gravimetric vs. volumetric energy density) of major

energy storage systems [47].

Among the various battery systems Li-ion battery is shown to have the highest energy density.
Extensive research has been done on Li-ion battery for last two decades and as a consequence this
has taken a shape of a technology and also been commercialized and in use in a wide spectrum of
high-end consumer electronics market. The future of Li-ion battery is very much promising.

However, this battery system also includes some major challenges as:

A) Improving the energy density can be considered as the foremost challenge of LIB. The higher

energy density is required to fulfil the demand particularly, for electric vehicles and for large scale
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energy storage applications. The cathode materials are mainly responsible for improving the
energy density. The modern day cathode materials are LiCoO2, LiINiMnCoO, and LiFePO; etc.
while carbon based anode material such as graphite is used as anode. The theoretical capacities are
140 mAhg* in the operating voltage range of 3-4.2 V for LiCoO2, 150 mAhg™ in the operating
voltage range of 3.5-5V for LiNiMnCoOand 170 mAhg™in the operating voltage range of 2.5-
4.2V for LiFePO4[46, 47]. However, this capacity values are still too low to fulfil the requirement
of high-end applications. Therefore, some alternative materials having higher theoretical capacity
is urgently required. Figure 4 shows the theoretical capacities of various electrode materials. Sn,
Si and Si-C composite materials can have very high electrochemical capacities, more than 1000
mAhg™ compare to conventional cathode materials which is having the limited capacity of <200

mAhg™. However, there are still chances to improve the electrode potentials to have better energy

quality.
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B) The next big challenge of Li-ion battery is to enhance its lifespan without significantly losing
the electrochemical performance. It’s true that Li-ion battery starts degrading since it leaves the
factory. Although, the life of a Li-ion battery largely depends on its internal charge capacity and
the temperature of its application but in true sense Li-ion battery loses 20% of its theoretical
capacity on every passing year. The one of the solutions to increase the life of a Li-ion battery is
to understand and control the electrochemistry of the cell, development of potential electrode

materials and the design of the battery.

C) Reduction in cost of LIB particularly, the cost of production of electrode materials would also
promote this battery system in many other applications. Many researches are going on various
aspects of LIB to reduce the cost. The standard LIB cost as on today is $680 per kwh. However,
this is still four times higher than that of Lead Acid battery. Therefore, reducing the cost of LIB is

also a challenge [48, 49].

D) Development of non-toxic and comparatively inexpensive electrode materials, particularly the
cathode materials are also a challenge as the cobalt and nickel which are the essential elements for

cathode active material till date are expensive and environmentally not benign.

The future research based on the above challenges should primarily focus on the following areas
of LIB.

I) The battery chemistry and design as well as engineering aspects of battery are need to be
researched on in detail. As for example, the conventional electrolyte solutions often decompose

and become unstable at higher voltage and thus restricts the use of high voltage cathode materials.
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Selective combination of cathode-electrolyte-anode are required to be optimized to eliminate the
detrimental side reactions in electrode-electrolyte interphase. This would consequently enhance

the electrochemical performance as well as lifespan of LIB.

I1) Understanding and improving the performance of the existing electrode materials along with
exploring the new electrode materials is another area to be focussed on. Unlike the intercalation
mechanism, conversion mechanism between Li and Si or Sn based anode materials can produce
very high capacity. The conversion reaction is mainly an alloying process. In this reaction two or
more Li ions can be accommodated by a single transition element thus produce very high capacity.
However, the major drawback of this type of mechanism is large volume change (Sn-260% and
Si-360%) associated during alloying and dealloying process during charge/discharge which leads
to disintegration of the anode material thus decreasing the electronic and ionic conductivity within
the negative electrode material. Table 2 shows some characteristics of the anode materials [50-

52].

Moreover, for Sn based anode materials, insulating Li2O is generated during the conversion
reaction within the material which reduces the electronic transfer between the particles. This
problem can be minimised by reducing the anode active material particle size from micron level
to nano level. Another important change that happens during conversion reaction is the complete
structural reorganization of the anode materials, which creates large polarization loss and
significantly reduce the rate capability. This problem can also be addressed by decreasing the

particle size; thus, decreasing the associated volume change and thereby reducing the particle
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disintegration. To this effect, using materials having particles of nano dimension can be a possible

solution.

Table 2: Properties of Various Anode Materials (Capacity Values are based on Delithiated

State of Material except Lithium Metal [50]

Materials Li C LisTisO12 Si Sn Sb Mg Al
Density (gem™) 0.53 2.25 3.5 23 7.3 6.7 1.3 2.7
thhlatedphase Li LiCs Li7TisO12 | Lis4Si Lis4Sn | LizSb Li3Mg L]Al
Theoretical Sp. 3862 | 372 175 4200 994 660 3350 | 993
Capacity (mAhg')

Volume change (%) 100 12 1 420 260 200 100 96
Potential vs. Li (V) 0 0.05 1.6 04 0.6 0.9 0.1 0.3

I11) The more sophisticated and in-situ characterization tools are indeed required to study in depth
the reaction mechanism of LIB. The computational modelling and simulation are also required to
anticipate some critical properties and process mechanisms, which otherwise cannot be

approached through experimental procedures [53].

2.2.1 Advantages of Nanomaterials

The usage of nanoparticles having various morphology in positive and negative electrode materials
of LIB is a fastest growing area of research. The materials having at least one dimension in nano
range, i.e., 1-100 nm is called nanomaterials. Accordingly, nanomaterials can be categorized in
three groups, viz., zero dimension (0D) like nanoparticles, nano crystal or nanograin etc. then one

dimension (1D) like nanotubes, nanofibers etc. and two dimension (2D) like nanocoating,
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graphene etc. The interesting characteristic of nanomaterials is its distinct property unlike single
atom (or molecule) or bulk material of same composition. The application of nanomaterials in

different components of LIB produces various advantages as summarised below [54].

a) With nanosized particles some reactions proceed effectively which otherwise do not take place
in micron scale or above, however, some adversely affected reactions can also take place and thus

need to be taken care of.

b) The nanosized particles provides shorter path for Li ion movement from one particle to another
within the cathode and anode materials resulting increase in Li ion conductivity and thus

improving the rate of Li ion diffusion during intercalation/deintercalation mechanism.

c) The nanosized particles also facilitate faster electron transportation, which improves the rate

capability particularly at higher C-rate.

d) The nanostructured electrodes provide better contact between cathode, anode and electrolyte

causing higher Li ion flux in electrode-electrolyte interphase. However, caution must be taken

against some negative side reactions which may also increase simultaneously.

e) Going down to nano range may change the chemical potentials of Li ions and electrons; thus,

modifying the electrode potential.
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f) Nanoparticles enhance the reactivity thus forming more solid state composition. However, the
strain associated with these solid particles are better accommodated in nano range during

charge/discharge.

2.3 History of Li-lon Batteries

The energy can be stored electrochemically was first discovered in 18th century by Luigi Galvani
when he observed a movement in a frog’s leg when connected with wires of two different metals.
However, he mistakenly explained it as short of vital energy of a living being. After a short time,
Alessandro Volta was able to demonstrate the generation of electricity by stacking intercalated
zinc and silver metallic plates separated by pieces of cloth soaked with brine solutions without
using any living organisms [11, 35].These two observations motivated the researchers to focus on
Volta’s pile which eventually led to the generation of present day electrochemical energy storage
systems gradually, where energy is stored in different Li containing material by the Li ion

intercalation mechanism [34, 35, 55].

Li-ion battery has three major components, viz., cathode (a positive electrode material), anode (a
negative electrode material) and separator. The separator is soaked in liquid electrolyte. The
working principal of Li-ion battery is based upon the mechanism of Li ion exchange between
cathode and anode followed by the redox reaction in the electrode material (‘rocking chair’
mechanism) [56]. The Li-ion battery research is now on an advanced stage. The main focus is
given on to exploit to maximum potential of the existing electrode materials, exploring the new
electrode materials, nanoscale production of the cathode as well as anode active materials and also

to modify the crystal structure of the electrode materials [57, 58]. Researchers are also going on to
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identify the different salt-solvent system of electrolyte solution so as to ensure its higher Li ion
conductivity as well as stability at higher voltage along with existing electrolyte solution of LiPFe
dissolved in carbonate solvents. Understanding the solid electrolyte interphase (SEI) which is an
integral part of Li-ion battery is required to be investigated thoroughly [59]. Significant researches
have been started on separator material also along with solid-state electrolytes (polymeric,

inorganic, glass, glass-ceramic etc.) to solve the issues related to safety of Li-ion batteries [60, 61].

G.N. Lewis initiated the research on exploiting the highest capability of Li-ion battery in 1912
[62]. However, the first commercial Li-ion battery was made available only on early 1970’s.
M.S.Whittingham first proposed this commercial battery [63]. This initial day battery was
composed of TiS; as positive electrode material and Li metal as negative electrode material. The
cathode of this battery performed well but anode deteriorated due to uneven dendritic growth of

Li metal as shown in (Figure 5).
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Figure 5. Dendrite Formation on Lithium Anode [7]
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The battery research took its impetus on 1980°s with rechargeable lithium batteries with lithium
metal as anode and was capable of providing higher voltage and improved capacity which
consequently resulted in higher energy density. However, this battery did not come up owing to
mainly safety problem due to vigorous reactions happening inside the battery at relatively higher
temperature. Then the focus on battery shifted to Li-ion battery from Li metal battery due to
comparatively better safety. The significant discovery of Li-ion battery came up with the advent
of intercalation electrode materials of Li-ion battery. The graphite lithium interaction in lithium-

graphite half-cell was first demonstrated by Touzain et al. in 1986 [64].
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Figure 6. Structure of Graphite Lithium Intercalation [65]

During intercalation mechanism, Li ions are suitably inserted and removed from the electrode
materials without making much change to the host structure. However, the first intercalated
cathode material in the family of LixMO2 (M = Co, Mn or Ni) was proposed by Dr. J. Goodenough
few years later [66]. Following that Sony Corporation commercially first released the Li-ion

battery in 1991 [67, 68].
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2.4 Working Principal of Li-lon Battery

A battery is consisting of a single cell or number of cells depending upon its application. This cells
actually converts the stored chemical energy into electrical energy following a certain mechanism.
Based on its rechargeability, the batteries can be classified into two major categories: primary and
secondary. Primary batteries are not rechargeable battery because the reactions responsible for
transformation of chemical energy into electrical energy is not reversible. This type of battery must
be discarded once its charge is exhausted after one time use. The secondary batteries can be used
multiple times by charging every time after it got discharged as it is a rechargeable battery. This
is because of the reversible transportation of Li ions (intercalation/deintercalation), back and forth
(Rocking Chair) between positive and negative electrodes during charging and discharging while
maintaining the host structure and charge neutrality by redox reactions in the electrode materials
[69, 70]. The Li-ion battery is mainly composed of mainly four components: positive electrode,
i.e., cathode, negative electrode, i.e., anode electrolyte and separator. Cathode and anode
periodically get reduced and oxidised during discharging and charging. Electrolyte mainly acts as
a vehicle for Li ion movement and separator basically acts as a barrier to insulate the cathode and
anode electronically while provide the pathway for Li ion movement. Figure 7 and 8 graphically

represent the working mechanism of Li-ion battery.
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Figure 8. Schematic Representation of Charge/Discharge Mechanism in Li-lon Battery [71]

The mechanism as shown in the above figures can be explained as follow. During charging Li ions

moves from positive to negative electrode through the electrolyte while at the same time electrons
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move through external circuit. Similarly, during discharge reverse reactions occur. This red-ox

reaction is shown below.

charge
Positive: LiMO, = Li; xMO2 + xLi* + xe-
discharge
charge
Negative: C +xLi* +xe S LixC
discharge
charge
Overall: LiMO, + C = LixC + Li; xMO;
discharge

2.5 Design of Cell and Various Configurations

Basically, the design of a Li-ion battery includes four major parts. Part 1: The aluminium foil
coated cathode material usually LiCoO>; Part 2: Copper foil coated anode material usually layered
meso carbon micro beads (MCMB)carbon; Part 3: A liquid electrolyte connecting cathode and
anode ionically and basically composed of a solution of inorganic salt (LiPFg) in organic solvents
generally carbonates; and Part 4. The separator generally composed of layered structure of
polyethylene and polypropylene, acts as an electronic insulation between cathode and anode to

avoid short circuiting [72].

Nowadays, the most common and available Li-ion battery configurations are like cylindrical or

flat polymer type, or coin type or like prismatic shape configurations as shown in Figure 9.
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and d) Thin and Flat Polymer type [7]

The cylindrical type 18650 i.e. (18 x 65 mm) is the most common type of Li-ion battery, mostly
used in laptops and electric cars.18650 Li-ion battery from Sony corporation shows the electrodes
inside the battery (Figure 9). The cell phones are mostly using the prismatic type battery. The
coating slurry for positive electrode is prepared by mixing the active cathode material (LiC0O2)
with conducting acetylene black using PVDF (polyvinylidene fluoride) as binder. This slurry is
then coated on both side of aluminium substrate. Coating slurry for the negative electrode is
prepared by mixing active carbon (MCMB) with polymer binder. This slurry is then coated on to

the both surfaces of copper substrate (Figure 10).
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Figure 10. Coated Cathode and Anode for Sony 18650 LiCoO> Battery [65]

The cathode and anode slurries are prepared separately by uniformly mixing the respective
ingredients and also a certain and uniform thickness is maintained during coating. After drying the
coating, the foils are cut into required dimensions and subjected to calendaring for several times
to have uniform coating thickness and also to ensure the coating sticks to the foil effectively.
Finally, the cathode and anode coated foils are subjected to rolling with the separator in-between
them. A winding machine is used to roll the battery component together and after rolling, the whole

thing is put it in a cylinder having 18 mm in diameter and 65.0 mm in length.
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2.6 Battery Specifications

The electrochemical performance of a Li-ion battery is directly dependent on its major three
components, i.e., positive electrode cathode, negative electrode anode and electrolyte. The
performance is indirectly dependent on separator also. There is an ample scope of research in the
area of cathode materials. This material is having higher free energy of reaction while reacting
with lithium and is primarily responsible in determining the cell voltage and capacity of the battery
[69, 74]. On the other hand, the research in the area of anode materials is almost saturated.
Generally, MCMB is used as negative electrode material in commercial Li-ion battery. This
material has the electrochemical capacity almost double the capacity of cathode material (LiCoO3)

and is comparatively safe and inexpensive.

The material design for the cathode component is primarily based on its structural stability, ionic
diffusivity and electronic conductivity. As these materials need to accommodate large amount of
Li insertion and removal during charge and discharge, therefore it should be structurally stable.
The higher ionic diffusivity and electronic conductivity eventually increase the power density as
well as rate capability of the cell. The cathode material should be inexpensive also. The selection
of anode materials is also dependent on the same factors that of cathode. The electrolyte should be
ionically conducting and electronically insulating. It should be stable; thus, should not oxidise or
reduce at different voltage range and finally it should be inert and should not react with electrodes
or other battery components. The performance of the battery is determined by several parameters
such as specific capacity, voltage, cyclability, power density, rate capability etc. along with safety,

cost.
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2.7 Practical Parameters in Evaluating Battery Performance
In evaluating the battery performance and to compare between various battery systems, following

properties are need to be analysed carefully before concluding any battery system.

2.7.1 Capacity and Rate Capability
The specific capacity of a battery system is determined by the electrode materials and is expressed
as the amount of energy stored per unit mass or volume of electrode materials. The specific

capacity of Li-ion battery electrode materials can be defined as:

Fxz
Cg=———— mAh/g

M x 3.6

Where, F = Faraday Constant; z = number of charge transfer per mole of material; M = molar mass

of materials. The full cell specific capacity is defined as:

Cg(anode) X Cg(cathod e)

Ccean=
Cg(anode) + Cg(cathode)

The Coulombic efficiency is another important parameter which literally signify the reversibility
of electrode reactions. This parameter is mathematically measured as the ratio between delithiation
capacity and lithiation capacity. This Coulombic efficiency accounted all the reactions, positive as
well as negative reactions (side reactions), between battery components, in particular electrode
and electrolyte and this substantially affect the battery capacity with increasing cycle number
especially when the quantity of lithium and amount of electrolyte is limited. Figure 12 shows the
typical capacity fading with increasing number of cycles when Coulombic efficiencies are

different and lithium supply is limited.0.1% decrease in Coulombic efficiency results 10%
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reduction in capacity over 100 cycles. And 1% decrease in Coulombic efficiency can reduce the

battery capacity to 64% over 100 cycles.
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Figure 12. Effect of Coulombic Efficiency on Cyclability [75]

The rate capability for a battery system is defined as the rate of current required to completely
charge the battery during galvanostatic cycling and is expressed in terms of ‘C’. The 1C means the
current needed to fully charge/discharge the battery to its nominal capacity in 1h. The other current
densities are demonstrated as C/R, where R is the time (in hours) needed to fully charge/discharge
the battery to its nominal capacity. For example, when a battery having 4 Ah capacity is charged
at 2A current then the charging rate is said to be C/2. The capacity as well as rate capability of a
battery depends on the electrode materials and design of the cell. The reaction kinetics can be best
understood by subjecting the system at different C-rate. The following figure shows the typical

discharge capacity profile for C/LiCoO> (18650-type) Sony battery.
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Figure 13. Capacity Plots with Voltage [69]
Typical rate capability graphs for C/LiCoO- cell (18650 type) are depicted in the figure below

(Figure 14).
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Figure 14. C/LiCo02 (18650 type) Batteries Show Rate Capability at Constant Current [69]

2.7.2 Cyclability
In literal sense, cyclability defines the lifespan of a battery. Compare to other battery systems, Li-

ion battery can hold its stability without significantly decreasing its capacity and rate capability
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even after 500 cycles and that too in a short range of varying temperatures. Mathematically,
cyclability is defined as the number of charging cycle, which an electrochemical cell can undergo

during its lifespan.

In a lithium-ion battery, the capacity, rate capability and cyclability are inter-related to each other.
The cyclability of a battery is directly affected by its rate capability. Generally, cyclability deceases
at higher C-rate. Similarly, discharge capacity decrease with increasing cycle numbers. From the
structural point of view, this can be explained as all the Li that goes from cathode to anode side
during charging does not make it to come back to cathode during discharging. Along with that as
the cycles goes on increasing, due to other side reactions cell impedance also increases which

eventually lower down the voltage and thus deliver lower energy density.

2.7.3 Voltage

The voltage of a cell is determined by the thermodynamic reactions that are happening in the
electrodes during charging and discharging. The cathode and anode in any battery system has
different electrochemical potentials. The electrochemical potential is defined as the relative
tendency to lose electrons during reactions. Now, when two electrodes are connected in charged
state, then anode loses electrons to the external circuit produces current while the Li ions move
from negative to positive electrode through the electrolyte. The driving force for losing the
electrons from anode and accepting to the cathode is expressed by the Gibbs free energy of reaction

(AGY):
AGY= X AGY (product) - 2 AGY (reactant)
Where, AGt" is the Gibbs free energy during formation.
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Then voltage of electrochemical reaction is defined as:

AG,®
E can=
-zF

Here, E cenn = voltage of the cell, F = Faraday constant and z = number of charges.
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Figure 15. Different types of Discharge Curves Represented Schematically [76]

The voltage of a specific battery system is primarily determined by the cathode materials and this
may include number of phases depending upon the composition used for cathode material. The
voltage profile actually expresses these phases resulting from different stages of electrode
reactions.

For a single-phase reaction such as:
xLi" + A + xe" = LizA
If Li and A produces a solid solution, then as the reaction progresses, the composition of LixA

changes continuously, thus the Gibbs free energy for the reaction between Li and LixA also

changes accordingly. Consequently, the voltage varies with the magnitude of reaction.
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Whereas, if the reaction between Li and A forms a new phase (LiA), then reaction can be expressed
as:

xLi" + A + xe =xLiA + (1-x) A
The Gibbs free energy of reaction (AG°) and the Gibbs free energy of formation of LiA, [AG+°
(LiA)] are equal to each other, therefore, the electrode potential remains constant. In case of a
multi-phase reaction, the Gibbs free energy of reaction (AG(°) at any given stage of the reaction

can be expressed as the combination of above reaction mechanisms.

From electrodes point of view, the voltage of the cathode should be as high as possible whereas
the voltage of anode should be very low so that the overall cell voltage would be high. Having the
lowest potential -3.04 V (vs. SHE), Li metal can be considered as a favoured choice for anode
material to get the higher voltage and thus higher energy density. Conventionally, low quality
energy system is said to have voltage between 0-1.5 V while a cell is considered to be high quality

energy system when its voltage ranges between 3.5-5.5V [77].

2.7.4 Energy Density
The Li-ion battery energy density is generally the product of voltage and capacity. The specific
energy is the integration of capacities across the voltage range of a battery system. The gravimetric
energy density is expressed in terms of Wh/kg.

Energy = [ EdC
Specific energy is the parameter directly indicate the amount of useful work that can be obtained

from a cell for practical applications.
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2.7.5 Power Density

From application point of view, the power density indicates the amount of energy that can be
drawn instantaneously from a battery system. This is particularly applicable for electric vehicle,
where momentary energy requirement is more to start the vehicle. The power density is actually

the product of current and voltage.

2.7.6 Safety

The safety of a battery is a major concern particularly to secure the future of Li-ion battery.
Overcharging and overheating of a Li-ion battery may cause thermal runaway and thus
disintegration the battery components. Compared to other battery systems, this has been the main
drawback for Li-ion battery [17]. In the recent past, the major thrust in the area of research has
been focussed on safety issues of Li-ion batteries related to internal short circuiting, overcharging

and thermal safety [17].

2.7.7 Cost

Cost is always a major factor for commercialization of any technology. Compare to other battery
systems, Li-ion battery is most cost effective. However, for electric vehicle applications, the cost
is still much higher. In other ways reducing cost of Li-ion battery system can be done by replacing
the Cobalt element of conventional cathode material (LiCoO2) with other elements having +3
oxidation state, which include manganese, iron, nickel or vanadium or chromium. Another way to
reduce the cost is to lowering the amount of cobalt as this element is expensive and rare. Many

researches are going on in this area.
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2.8 Details of Battery Components

The driving force of research for Li-ion battery advancement is the development and growth in
consumer electronic market and electric vehicle. Ever since, the first commercial Li-ion battery
for consumer electronics market was brought by Sony Corporation in 1991, researchers are
constantly searching for a new combination of cathode-electrolyte-anode to improve the battery
performance in terms of energy density, power density, safety and cost along with materials
availability and its environment benignity. However, whatever the battery technology, the primary
parameters, to evaluate a battery such as capacity, rate capability, energy density, power density

and safety, depends on the electrodes and electrolyte materials.

In the area of positive electrode materials, initially the research was focussed on layered structured
materials such as LiCoOg, LiFeO», LiNiO2 and LiMnO,. Out of these materials only LiCoO-
established itself as a commercial cathode material. However, Co is expensive and toxic. On the
other hand, LiFeO: is not easy to prepare while LiNiO2 and LiMnO. inherently possess structural
instability along with some safety issues for LiNiO2. Moreover, LiMnO, converted to spinel
structured LiMn2Oswith increasing cycles. However, recent studies show that cationic substitution
with chromium can significantly decrease this conversion from LiMnO2 to LiMn2Os [69].
Therefore, research on cathode materials shifted to some other materials having different structures
such as olivine, spinel and NaSICON (family of Na super-ionic conductors) type of materials [7].
The olivine structured LiFePO4 has a great potential to be used as positive electrode material for
future Li-ion battery. Almost 90% (165 mAhg™) of its theoretical capacity can be exploited when

used this material in suitable condition in Li-ion battery.
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2.8.1 Cathode Materials

The cathode is the positive electrode in Li-ion battery. This material is required to have the
following criteria [77]:

a) This material should have high redox potential to have high cell voltage

b) The material should have the low molar mass with higher amount of intercalated to lithium
which gives rise to higher electrochemical capacity

c) The material should be structurally stable with minimum volume change/ structural
modification so that it can accommodate large volume of lithium intercalation and deintercalation
reversibly

d) The chemical diffusion coefficient of the material should be high so that faster redox reaction
can take place

e) The material should have good electronic conductivity as well as better lithium-ion diffusivity
simultaneously so as to minimize the addition of conducting additives externally and to reduce the
polarization loss respectively.

f) Lastly the material should be abundantly available, non-toxic and environmentally benign

2.8.1.1 Requirements for Cathode Materials [78]

Higher working voltage with high capacity gives rise to higher energy density. Long cycle life
indicates the better structural stability both in terms of Li intercalation/deintercalation and
electrode-electrolyte interaction. These are the basic requirements for ahigh performance cathode
materials. Therefore, some basic aspects are required to be taken into consideration while

designing a new cathode material.
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a) Open Structure
The structure of the material should be open enough to reversibly accommodate a large volume of

lithium in the lattice without any structural disintegration/modification

b) No Electrode and Electrolyte Interaction
There should not be any chemical reaction at the interphase between electrode-electrolyte.
Moreover, electrodes should not induce any oxidation or reduction in the electrolyte. This would

give rise to higher cycle life.

c¢) Higher Energy Density

The specific energy density is the product of voltage and capacity. The voltage depends on the
redox potential of transition metal element in the composition while capacity depends on the
number of Li ions that can be accommodated reversibly. Therefore, to have higher specific energy

density both these components should have higher values.

d) Higher Electronic and lonic Conductivity

The both lithium insertion and extraction to and from the cathode material involves the Li ion
diffusion within the particles along with transfer of electrons from bulk to surface and vice versa.
Both this process is interrelated and happens simultaneously within the material. The higher Li ion
diffusivity and higher electronic conductivity essentially increase the rate capability and reduces

the polarization loss.
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e) Inexpensive and Environment Friendly

The lower cost and environmental benignity (non-toxic/or less toxic) are always the prerequisite
as well as challenge while developing of a new cathode material. The minimum working voltage
required for a material to perform as a cathode material is 3 V. They include lithium containing
transition metal oxides of different structures like layered structure, spinel structure, olivine

structure etc. [7].

The cathode materials can be broadly categorized in three major groups: layered structure
(LiCoOz, LiNiO: etc.); spinel structure (LiMn204, LiFe204 etc.) and olivine structure (LiFePOs,
LiNiPOg4 etc.). However, in recent times, many new materials have come up which are not falling
in these categories. The more open structure like VV20s, tunnel structure like MnOz and olivine

structure like LiFePOg are the most promising cathode materials at present [66, 79].

Layered LixCoO; [66, 80, 81], LixNiO2[79, 82, 83] and LixMnO; [84-86], spinel LixMn204 [87-
89] and olivine structured LixFePO4[90] are the most investigated cathode materials in the last two

decades [66]. The above materials will be studied in detail in the subsequent sections.

2.8.1.1.1 Layered Oxides

Lithium cobalt oxide (LiC00O>):

Still today LiCoO: is the most commonly used commercial positive electrode material for Li-ion
battery. Structurally LiCoO: is having a-NaFeOz structure with R-3m space group representing a
Rock salt structure. The oxygens are positioned as a cubic close packed order and the alternate Li*

and Co®" containing planes (111) are located in octahedral sites. LiCoO; as a Li-ion battery cathode
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material was first reported by Goodenough and his team1980 [66]. LiCoO: is a stable compound
and does not undergo any significant structural changes even after several Li-ion
intercalation/deintercalation reactions, have theoretical capacity of 248 mAhg™ and flat voltage
plateau at 3.6 V vs. Li*/Li. However, in spite of possessing higher theoretical capacity, only 120-
180 mAhg™ can be exploited for practical applications. In spite of having the above advantages,
LiCoO; also possesses several drawbacks, like environmental issues as the Cobalt is toxic in
nature, thermal issue as the Co*' is thermally unstable, safety issues as the Co*'reacts with
electrolyte and finally expensive and not abundant on earth. Furthermore, larger ratio of
Co**/Co**destabilize the structure of the material resulting loss in cell reversibility [81]. Therefore,
delithiation is restricted to only half of the lithium available in the material; thus, the capacity is
not achieved up to the theoretical level. These drawbacks, however, motivated the researchers to
explore the new materials having same structure with improved properties, which includes LiNiO2

and LiMnOz and many substitutional materials.

Li(Ni,Mn)Oa:

The other layered oxides, LiNiO2 and LiMnO; are structurally identical with LiCoO> and their
crystal structures are also same asa- NaFeOz [91]. The phase pure LiNiO: is difficult to obtain
because of the volatilization loss of lithium from the structure [92]. Although, the discharge
capacity of LiNiO, can be as high as 195- 210 mAhg* [93], but due to rapid loss of lithium, the
cyclability of the system becomes low [94]. To mitigate these problems several efforts have been
attempted to improve the structural stability, thus, improving the capacity as well as cyclability by
coating the material with metal oxides or substituting nickel with other metallic elements such as

Al, Mg, or Co.
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The phase pure LiMnOzis prepared in various ways such as ion exchange reaction from aNaMnO2,
hydrothermal reaction, synthesis at high temperature in air atmosphere etc. This material is non-
toxic, comparatively inexpensive and have high theoretical capacity. Bruce et al first reported the
capacity of LiMnO2 as high as 230 mAhg on the first cycle. However, capacity drops drastically
to 130 mAhg™ on subsequent cycle. The major drawback of this material is its thermodynamic

instability at higher temperature [84, 95, 96].

2.8.1.1.2 Spinel Structure

The spinel structured LiMn204 is another potential material to be used as Li-ion battery cathode
material. The major advantage of this type of structure or material is the 3D diffusion of Li ions in
the structure during intercalation/deintercalation process and this has been possible due to the
interconnected structure of empty 8c octahedral sites and empty tetrahedral sites. Along with this,
LiMn2Oshas several other merits such as it is non-toxic, stable at higher temperature,
comparatively less costly having theoretical capacity 148 mAhg* and almost flat voltage plateau
between 3.95 - 4.1 V. However, the capacity fading during cycling is the major drawback of this

material [88].

2.8.1.1.3 Olivine Structure

Goodenough and his team reported a new structure (olivine) of a material which is phosphate based
rather than oxide based in 1997. The family of such materials can be expressed as LIMPO4 (where
M = Fe, Mn, Co and Ni). Out of these four compositions, LiFePO4shows many advantages such
as environmentally non-hazardous, having low cost, thermal stability, resistance to overcharge etc.

The theoretical capacity of this material is 170 mAhg™ and it has also a flat voltage plateau which
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is at 3.40 V vs. Li+/Li and this eventually give rise to higher energy density [81]. Moreover, this
material is open enough to accommodate large volume of Li insertion/de-insertion during
charging/discharging without undergoing any structural changes, thus having excellent cyclability
with no obvious capacity degradation over cycling even after 100 cycles [90]. LiFePO4 although
possesses many advantages still have some demerits such as low electronic conductivity (< 10°
Scm™) and comparatively lower Li ion diffusivity. Conductive additives such as carbon may be
added to increase the electronic conductivity. Substituting Li with higher super valent elements
may also increase the electronic conductivity. On the other hand, Li ion diffusivity can be enhanced

by decreasing the particle size from micron level to nano level [97, 98].

Depending upon the structure, the Li ion diffusion is 1D in olivine based material, 2D in layered
structure and 3D in spinel structure. The respective structures are shown in Figure 16. The
important parameters related to electrochemical performance for these three types of materials are

also tabulated in Table 3 [99].

(a) L1CoO; (layered structure) (b) LiMn204 (spinel structure) (c) LiFePO4 (olivine structure)

layered LiCoO, spinel LiMn, O, olivine LuFePO“
2D 3D 1D
) —
—_~

Dimensionality of the Li*-ions transport

Figure 16. Schematic Representation of Three Major types of Positive Electrode Materials [100]
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Table 3: Characteristics of Three Major Types of Positive Electrode Materials [100, 101]

Characteristics LiCoO; LiNiO» LiMn:04 | LiFePO,
Framework Layered rock salt | Layered rock salt | Spinel Olivine
Redox couple Co*/Co?** Ni**/Ni¥* Mn*/Mn?* | Fe**/Fe?*
Average potential 4.2 4.0 4.1 345
(Vvs. LVLiY)

*Sp. Capacity (mAhg!) 272 274 148 170
**Discharge capacity 140 160 120 160
(mAhg!)

Safety Fair Poor Good Good
Environmental Poor Fair Good Good
Cost High Fair Low Low
* Theoretical  ** Practical

2.8.1.2 Brief Detail of Cathode

The materials having properties Li ions intercalation and de-intercalation without much changes
in the structure are the favourable choice for Li-ion battery and the lithium containing metal oxides
having such properties were first discovered by Goodenough et al. in 1980. Soon after, Sony
corporation released the first commercial battery having LiCoO, (LCO) as cathode material [88].
The LCO dominated the market for more than 15 years after its discovery. But the inherent
disadvantages possessed by LCO such as its toxicity, scarcity and unable to exploit its full
theoretical capacity due to structural instability pushed the researchers to think over some new

materials [9, 102-105].

Another potential material came up in the market to compensate the demerits of LCO is the spinel
type LiMn20O4 (LMO) which is comparatively inexpensive having higher operating voltage but

ultimately this material was unable to replace LCO. The most serious problem of this material was
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leaking of Mn?* in the electrolyte solution during deintercalation, which gradually makes the
structure unstable over a number of cycles. Moreover, this free Mn?* ultimately moved to the anode
and deposited on it; thus, reducing the electrochemical performance of anode resulting severe
capacity fading [106]. A comparative study of important electrochemical parameters of commonly
used cathode materials are shown in Table 4.

Table 4: Properties of Commercially Available Cathode Materials [107]

Crystal Compound Sp. Capacity (mAhg?) Volumetric capacity Average

structure (Theoretical/Experimental) (mAh em™) voltage
(Theoretical/Experimental)

Layered | LiCoO» 274/148 1363/550 3.8
Layered LiNi0,33Mno,33C00 3303 280/160 1333/600 37
Layered | LiNipgCoo15Alo0sO2 | 279/199 1284/700 3.7
Spinel LiMn;04 148/120 596 4.1
Olivine LiFePO4 170/165 589 34

Instead of using pure LCO, hybrid materials such as LiCoNiO; is used now a days for several
applications including electric vehicles. Substitution of a suitable transition metal by some other
metals ions such as aluminium can results in accessing more lithium from the material, thus,

eventually increase the capacity with sacrificing a minimum voltage drop.

The olivine structure LiFePO4 are composed of FeO® octahedra and PO* tetrahedra layers and in-
between Li atoms are located in interstitial position. The octahedra and tetrahedra are connected
through oxygen atoms in b-c plane and also this octahedra and tetrahedra are shared by one edge.
This makes an infinite chain of lithium atoms in alternate a-c planes.

The equation for calculating maximum theoretical specific capacity (MTSC) at constant current

condition for an electrode material is demonstrated below [76].
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For an example, if the electrode reaction is: XA+R=AxR

MTSC= (XE/W) F
Here, X is expressed in equivalent per mole, E is expressed in volts, Wt is expressed in g mol™* and
F is Faraday constant. For an example, the charge-discharge profile of a graphene based anode

material is shown in Figure 17.
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Figure 17. Graphene based anode material showing Typical charge-discharge profile [108]

Another important evaluating parameter for a Li-ion battery performance is the operating voltage
and based on the output voltage Li-ion battery can be classified in to three categories [76]; High
voltage battery (3.5-5.5 V), then Medium voltage battery (1.5-3.5 V) and Low voltage battery (0-

15V).
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2.8.1.3 Recent Developments in Cathode Materials

The layered structure cathode materials in the family of LiMO2 (where M = Co, Ni, Mn and Fe)
are isomorphic of a-NaFeO> structure. This is also called distorted type rock-salt structure. The
cations in this structure are arranged in alternate (1 1 1) planes. This type of structures also forms
a trigonal structure of R3m space group [109]. LiMO. type of structure supports the Li
insertion/de-insertion as Li atoms situated between the oxygen layers. The oxygen forms a face

centred cubic closed pack order. The transition metal resides within the oxygen octahedral [110].
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Figure 18. Layered Structured LiMO2 [65]

LiCoO:; is the most suitable and first commercial cathode material for Li-ion cell and dominated
the battery market for a long period. As described above LiCoOzis identical to that of a-NaFeO>
structure where oxygen atoms form an FCC closed pack arrangement. Now upon de-lithiation, the

oxygen atoms rearrange themselves to form hexagonal closed pack structure of CoOa.
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Liatoms

Figure 19. Layered Structure of LiCoO> [111]

The electrochemical performance evaluating parameters for LiCoO; are as capacity 140 mAh™,
operating voltage 3.7 V. However, the capacity of this material can be significantly increased by
coating the material by oxide and or phosphate based compounds. The capacity of the material can
also be improved up t0170 mAh™ when operated between 2.75 and 4.4 V with enhanced
cyclability. However, the major two disadvantages of the material like its toxicity and higher cost
have motivated the researchers to venture in to the other family members of this material, viz.,
LiNiOg, LiFeO2 and LiMnO: as these materials are not toxic and abundantly available. Moreover,
research have been continued in the area of solid solutions of LiCoO2 where part of Co can be
substituted by other transition metal elements such as Ni, Fe, Mn etc. e,g., LiNiO2-Li2MnOs-
LiCoO; [111], LiCo02-Li2MnOs [112], LiNiy2Mn1202-Li2Mn03-LiCo0> [113, 114], LiNiO,-

LiCo0, [115].
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2.8.1.3.1 LiNi1yMnyO2
Dahn et al. reported a contemporary potential cathode material, LiNi1.yMnyOzin 1992 [114, 116-

118].

e Li
@® Ni or Mn
O 0

Figure 20. Unit Cell of LiMnyNi1.yO2 Showing Li Layer and Ni, Mn Layers [118]

After experimenting the different ratios of Mn:Ni in this composition, it has been concluded that
LiNi2Mny120 is the most suitable material. Moreover, this material is not toxic and not expensive
and could be a possible alternative for LiCoO>. Saphr et al also showed the maximum solubility
of Mn in Ni is 0.5 to form a stable compound [119]. In their work, they proved that Ni and Mn
present in the material in +2 and +4 state and the oxidation-reduction potential of Ni in between
+2 and +4 state is only responsible for output voltage while oxidation state of Mn remained
constant at +4 state; thus, Jahn-Teller effect due to Mn*® ion is not apparent here. At initial cycle,
the discharge capacity of this material is 150 mAhg™, which after 25 cycles come down to 125
mAhg? and 75 mAhg™ after 50 cycles, if prepared at 700°C. Commercially this composition is
called as “550” material (0.5Ni, 0.5 Mn, 0 Co) [120]. Ohzuku and Makimura showed that the

cyclability of the material can be improved to 30 cycles with capacity 150 mAhg™ at operating
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voltage 4.3 V, if prepared at 1000°C. The capacity can be improved as high as 200 mAhg™* for

30cycles if operated between 2.5-4.5V [117].

2.8.1.3.2 LiNi13sMn13C01302

Another potential material LiNiy3sMn13C01302 in the family of LiNiiy--MnyCo,02 was first
demonstrated by Liu et al in 1999 and Yoshio et al in 2000. This material can provide the benefit
of all the three elements (Mn, Co and Ni) if mixed in this equal ratio. Otherwise, more Co would
decrease the capacity whereas more Ni may lead to cation mixing and more Mn results to the
transformation to spinel structure. The addition of Co in LiMn1yNiyO> stabilizes the material in
layered 2D structure by blocking the Ni atom entering in to the Li layer, while Ni and Mn increase

the capacity and stability of the material respectively [121-123].

This LiNiysMn13Co1302 is thermally stable having very good rate capability with 200 mAhg™
discharge capacity in the voltage range of 2.5—- 4.6 V [109, 122, 124]. In commercial market this
material is called as “333” material. The oxidation state of all three elements is kept at +3 state for
maintaining the stoichiometry. Thus, Ni is maintained at +2 state, Co is maintained at +3 state and
Mn is maintained at +4 state. Here the active material is Co®*** and Ni?*4* [125-128]. The rate
capability of the material is higher than LiNiy2Mn120. but lower than LiCoO2 and the material

becomes unstable when operate more than 4.6 V [129].

2.8.1.3.3 LIMNnO2 (Layered)/LiMn204 (Spinel)
LiMnO: is nontoxic and inexpensive and belongs to the same family of LiCoO.. Lot of researches

have been done on this material in past two decades [84, 130]. The main disadvantage of this
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material is that its thermal stability at higher temperature. Moreover, this material cannot be easily
prepared like NaMnO.. Low temperature hydrothermal synthesis and ion exchange methods are
successfully adopted to prepare this material [84, 130]. However, the synthesized LiMnO; has

always a tendency to transform itself to the spinel structure of LiMn2Oa.

LiMn2O4 can be demonstrated as a viable positive electrode material for Li-ion battery mainly
because of its structure. The three dimensionally open structure of LiMn,O4 allows Li ion insertion
and de-insertion during discharge/charge in more effective and faster way resulting higher rate
capability without destabilizing/modifying the structure. The discharge capacity of this material is
150 mAhg*. Moreover, this material is much more inert in terms of reacting with liquid electrolyte

which provides better safety.

A comparison between LiMnO2 and LiMn204 structures is depicted in the figure below.
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Figure 21. Layered LiMnO2 and Spinel LiMn20O4 Structure [131]
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The main disadvantage of this material is its two discharge voltage plateau, one at 4 V and another
at 3 V. Therefore, even after discharging at 4 V, there may be chances of remaining few Li ions at
+3 state in the host cathode material, which eventually leads to the Jahn-Teller distortion and
modify the structure from cubic to tetragonal. Another disadvantage of this material is that this

material slowly loses its charge at elevated temperature even when not in use [132].

Several attempts have already been made to mitigate these disadvantages to improve the structural
stability; thus, reducing the capacity fading and also to reduce the self-discharging by cationic
substitution or coating the material with other oxide materials after necessary surface treatment

etc. [133-135].

2.8.1.3.4 Li2MnO3

In recent past, this material has gained a significant interest because of its higher capacity due to
higher Li content and better safety as Mn is more inert compare to other transition metal elements.
This material produces better electrochemical performance when used in association with other

layered structured materials such as LiCoO> or LiNiO> etc as a composite material [113, 136, 137].

The structure of LiMnO3z material is similar to that of Rock salt structure having R3m space group.

Li and Mn layers are alternatively arranged in 2:1 ratio and in-between these layers cubic closed

packed oxygen layers are situated [138].
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Figure 22. The Rock Salt Structure of LiMnO3[139]

Electrochemically LiMnOs is not active as Mn is in +4 state and there is no further chance to
oxidize this material at lower voltage. However, at higher voltage (> 4.5 V), Li tends to come out
as Li>O keeping the host structure as MnO». But this process is not both ways. Upon coming back
during discharging Li ions form LiMnO: instead of forming LioMnOz. Thus, the researches
thought to use this LiMnOswith addition of other layered structured materials (LiMO>) as a
composite material. This composite structure facilitates Li intercalation/deintercalation without

modifying the structure [116, 138].

2.8.1.3.5 Binary and Ternary Solid Solutions of Li2MnOs

The solid solution of LioMnOs with other layered structured materials has primarily two major
advantages: the more Li atoms in LiMnOs gives rise to higher capacity when charge at > 4.5 V as
well as structural stability after delithiation as MnO3 is more stable than other Mn compounds. The
concept of solid solution of Li2MnOswith other LiMO> materials came into consideration to take

advantage of higher capacity of Li-MnOs material at the same time to preserve the structural
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stability upon lithiation/ delithiation during discharge/charge respectively. Therefore, the solid
solution of this materials shows better electrochemical performance like higher capacity, better

cyclability, improved stability along with lower cost as Mn is abundantly available.

Recently, researchers have investigated many such solid solutions such as LiNiO2-LizMnOs-
LiCoO2 [111, 140], LiNiO2-Li2MnOQ3 [141-144], LiC0o0,-Li2MnOs [112, 145], LiNiy2Mn1,0,-
Li2MnO3[116], LiNiy2Mn120,-Li>TiOs [146, 147], LiCrO2-Li>TiO3 [148, 149], LiNiO2-Li,TiO3

[150, 151], LiFeO,- LioMnOs [152, 153].

2.8.2 Anode Materials

The next main component of a Li-ion battery is anode which is the negative electrode material.
Broadly, the anode materials are put into three major categories. Insertion type, conversion type
and alloying type. Many researches have been done and still going on in the area of these three
types of materials. Insertion type materials are like carbon materials, LisTisO1, TiO2; then
conversion type of materials like cobalt oxides and iron oxides and alloying type materials like Sn,
Si and SnO> are generally used in Li-ion battery technology. However, the materials to be used as
negative electrode materials for Li-ion battery are required to fulfil the following requirements.

a) Operating voltage should be as low as possible (< 1V vs. Li+ /Li) close to metallic lithium

b) High capacity so that it can produce high energy density

c) Better structural stability upon lithiation/delithiation which gives better cyclability

d) Ability to accommodate faster Li ion insertion/deinsertion to have better rate capability

e) It should be non-toxic thus environmentally benign and abundantly available thus having lower

cost
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2.8.2.1 Lithium Metal

Since the Li-ion battery came up in market the lithium metal as anode material is being used. It
has many merits to be used as Li-ion battery anode material. This metal is having high gravimetric
(3.86 Ahg?') as well as high volumetric (7.23 Ahcc?) specific capacity, then lowest
electrochemical potential (Eo = - 3.04 V vs, SHE) and finally lightest weight metal (M = 6.94 g
mol™?) in the periodic table. These three major properties have made this material most suitable for
Li-ion battery [7]. Along with these primary positive characteristics, Li metal has many other
advantages such as flat voltage plateau on discharge, stability in wide temperature range, long self-
life and ability to form solid electrolyte interphase (SEI) which prevent the Li metal to directly
interact with liquid electrolyte; thus, no side reactions [71]. However, the main disadvantage of
using Li metal as anode is the plating of Li metal on anode during charging which significantly
reduce the energy density of anode material. Moreover, slowly this lithium plating starts growing
in dendritic fashion which is called lithium dendritic growth. These dendrites slowly grow and
penetrate the separator through electrolyte destroy the insulation and causes short circuiting which
poses significant safety issues may even results in explosion. This particular problem has restricted
the Li metal as anode materials in Li-ion battery and motivated the researchers to find out some

possible alternative materials [35, 154].

2.8.2.2 Carbon-based Materials
The materials based on carbon find their application as negative electrode materials in Li-ion
battery after Li metal. There are two types of carbon based materials, so far reported, to be used as

anode materials. They are soft carbon and hard carbon. In soft carbon all the crystals are oriented
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in the same direction like graphitic carbon while in hard carbon the crystal orientation is random.

This classification also includes the degree of crystallinity as well [155-158].

2.8.2.2.1 Graphite

Mostly the Li-ion battery uses graphitic carbon as anode material. Several forms of graphitic
carbon so far reported to have excellent properties that are required for a anode material. These are
mesocarbon microbead (MCMB), mesophasepitch based carbon fibre (MCF). Other forms of

graphite are vapour grown carbon fibre (VGCF) and also massive artificial graphite (MAG).

Generally, Graphite is having a planer structure making stacks together. Mainly two types of
symmetries are there for graphite material, i.e., hexagonal and rhombohedral. The stacking
sequence of the hexagonal graphiteis repeated in every after two layers. On the other hand, the
stacking sequence for rhombohedral graphite repeats itself after three layers. That is why the
stability of rhombohedral graphite is lower than that of hexagonal graphite [159]. Figure 23 shows

the hexagonal and rhombohedral forms of graphite.

Figure 23. Hexagonal Graphite as (A) Graphene Layers Stack Together and (B) Single Layer

Graphene [160]
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The graphite electrode has many advantages as well as disadvantages. The advantages are as high
capacity (initial capacity of 372 mAhg™) leads to larger number of Li ion insertion/deinsertion
(nominally form LiCs when charged) at low flat voltage (< 0.1 V vs. Li*/Li) plateau to generate
overall cell voltage high. The major disadvantages are low operating voltage, which tends to
oxidation of carbon thus poses high risk or safety issues, tendency to form solid electrolyte
interphase (SEI) during initial cycle that significantly reduces the capacity, graphite is fragile

therefore structurally not stable [7, 161].

Recently another potential graphite material has been reported by Bao et al. This graphite has
interconnected graphene like structure having 3D porous network with larger pore volume and
very high surface area. This type of graphite is called hierarchically porous graphite (HPG). This
type of graphite fulfils almost all the critical requirements of an anode material and can produce

excellent electrochemical performance [162].

2.8.2.2.2. Graphene

Essentially a single layer of graphite is called graphene. The sp? hybridized carbons are bonded in
a hexagonal structure in a layer of nanometre thickness [160]. Figure 23(b) This graphene material
possesses excellent properties that are required for an anode material such as higher electrical
conductivity, improved mechanical stability and higher surface area [163, 164]. But the lithium
storage mechanism is not well understood for this material. Some researches claimed it as
adsorption mechanism on both sides of the graphene sheet, which may give rise to capacity value

of (<372 mAhg™) while others said that lithium may be trapped within the covalently bonded

benzene ring. This may give rise to very high capacity value of ~780 to 1115 mAhg™.
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Many researches have put their effort to understand the interaction of Li-ion with graphene. Pan
et al. reported that distorted structured graphene can produce the capacity as high as 790-1050
mAhg* but this structure failed due toits poor electronic conductivity [165]. A group of researchers
showed using high quality graphene, the initial capacity can be attained up to 1200 mAhg™* and
then dropped to 848 mAhg™ at 40th cycle [166]. Improving the existing graphene structure is a
major area of focus for researchers in recent times. This includes doped hierarchically porous
graphene (DHPG) [167], nano-ribbons from MWCNTS [168], or hybrid systems of graphene and

metals or graphene and metal oxides or metal phosphides [169-171] and nanorod/grapheme [172].

Materials for negative electrode in Li-ion battery:

Up to a certain time, Li metal was considered as the most favoured anode material. This was
because of its low electrochemical potential (-3.04 V vs. SHE) in addition to high specific capacity
(3.86 Ahg™). But the major safety concern due to dendritic growth of Li metal over cycling pushed
the researchers to think over carbonaceous material as possible alternative [173, 174]. Broadly
carbonaceous material for anode material can be divided in to three categories namely graphite,
soft carbon and hard carbon where graphite sometimes come under the soft carbon. From structural
point of view graphite is very regular, soft carbon is little bit irregular and hard carbon is randomly
oriented. Figure 24 The capacity of graphite is 372 mAhg™ but this graphite cannot be used as
anode where PC (propylene carbonate) or EC (ethylene carbonate) based electrolytes are used
because both this type of electrolytes decomposes on graphite surface. The capacity of the soft
carbon is 372 mAhg? which is similar to graphite and this can be used in association with EC
based electrolyte. The structure of hard carbon is randomly oriented having much higher porosity.

This type of carbon can have the capacity more than 372 mAhg™ because of more active sites.
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Soft carbon Hard carbon Graphite

Figure 24. Three Types of Carbon used in Li-lon Battery [175]

This graphitic anode was first used by Sony corporation in Li-ion battery and in today’s
commercial battery this graphitic anode is still being used at large. The main advantages of this
material are its abundancy on earth which made it inexpensive, low electrochemical potential and
high capacity [102, 176]. Silicon is another potential anode material, can accommodate large
number of lithium; thus, producing very high capacity. However, the volume expansion after
lithiation is ~ 300% and this is the major drawback of this material. The faster lithiation/delithiation

eventually destabilize the structure completely [103-105, 107, 176, 177].

2.8.2.3 Li- Metal Alloys/ Intermetallic Alloys

The alloys of lithium metal have proved to solve many disadvantages of lithium metal anode
material and can be considered as potential substitute for carbonaceous anode materials. Li-Al
alloy are able to solve the dendrite problem to a large extent [178]. Alloy of Li with other low
melting metals, e.g., Bi, Pb, Sn and Cd was first introduced as anode materials in Li-ion battery by
Matsushita in 1980 [7]. The alloy of lithium metal shows very high specific capacity such as 993
mAhg? for Lis4Sn and 4200 mAhg™ for Lis.4Si [54]. However, the major drawback of this metallic
alloys is their large volume expansion (> 200%) which ultimately disintegrate the particles thus,
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destabilize the material during operation [6]. Reducing the alloy particle size from micron level to
nano level can mitigate the problems of particle disintegration but overall volume expansion

remains unchanged [5, 54, 76, 179].

To solve the problem of volume expansion a composite electrode material is prepared, where two
different metals having different electrochemical potential are used and the active metal is
distributed in the matrix of non-electrochemically active material. This includes Sn-C, Sony
Nexelion battery uses Co-Sn-C as anode material [7, 180, 181]. An approach based on
displacement reaction can also be utilized to solve this volume expansion problem. LixM type of
Intermetallic alloys such as Copper-Tin (CusSns), Indium-Antimony (InSb), and (Copper-
Antomony) Cu,Sbresults much lower volume change (46%) upon lithiation/delithiation compared
to binary alloy system such as Li-Al which results the volume expansion more than 200%.

However, these intermetallic alloys show poor cyclic stability [7, 54, 182].

2.8.2.4 Tin-based Compounds

Tin oxide based anode materials have very good potential to be used as negative electrode
materials for the application in Li-ion battery. These materials are abundantly available on earth
and also non-toxic. This material has higher specific capacity compared to Li metal and also have
high Li ion diffusivity (~108 cm?™). The tin oxide based material was first introduced in the
commercial market by Fujifilm in 1997, where they used the composition SnMxOy (where M = B,
P or, Al). Commercially this material is termed as TCO, i.e., Tin-based composite oxides [179,
183]. The Li intercalation with this material can be explained as forming Lis4Sn alloy which

theoretically gives rise to very high capacity value of 993 mAhg™. However, during initial cycle
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the capacity loss is also very high, i.e., 300 — 600 mAhg*. However, during alloying dealloying
the volume change is ~ 260%, which makes this material unstable; thus, difficult to retain the
initial capacity. This large amount of volume change can be solved to some extent by using tin
oxide instead of using metallic tin. However, after initial cycles tin oxide converted to metallic tin
[184]. The reaction between lithium and tin oxide based material can be explained as during initial
cycles tin oxide reacts with lithium and forms metallic tin and lithium oxide. Structurally it appears
that metallic tin is distributed in lithium oxide matrix. Here lithium oxide acts as a stabilizer for
metallic tin. During subsequent cycles this metallic tin acts as the active anode material by forming

Li-Sn alloying/dealloying in lithium insertion/deinsertion reaction [184].

Various attempts have been made to solve the problems of this volume expansion thus to increase
the stability such as doping molybdenum [185], using mesotubes of tin dioxide [186], using tin
oxides carbon nanotubes composite [187], tin oxides-silicon oxides composite [188] and tin oxide-
cobalt oxide composite [189], controlling the particle size [190] and using thin film materials

[191].

2.8.2.5 Transition Metal Oxides
The transition metal oxide (MO, where M= Co, Cu, Ni, Fe, Mn) is another potential alternative for
anode material [192, 193]. The lithium insertion/deinsertion mechanism for this transition metal
oxide can be explained as shown in the following equation.

CoO + 2Li" + 2e” <> Li;O +Co
One of the disadvantages of this material is decomposition of electrolyte material on anode surface

and SEI formation which eventually decrease the capacity [194, 195]. Much improvement in
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electrochemical performance can be achieved with this material having the capacity as high as
600—700 mAhg™[192, 193, 196]. The size and morphology of the particles played a crucial role
in determining and improving the electrochemical performance of the of the cell. So far various
particle morphologies such as sheets, cubes, wires, tubes etc in nano dimension. have been
investigated by the researchers [155]. The theoretical capacity of CoO and Co304 are 715 and 890
mAhg* respectively [197, 198]. Even if the operating voltage for such material is quite high (~2

V) still it produces high capacity [155].

The most commonly used transition metal containing oxide is iron oxide. Both Fe,O3z and FezO4
have the theoretical capacity as high as 900-1000 mAhg™ [197]. This iron based oxide have some
major disadvantages also such as large volume expansion, segregation of iron particles during
charge/discharge and poor ionic and electronic conductivity. Researchers showed that these
problems can be solved by decreasing the particle size and modifying the particle morphology.
Moreover, applying carbon coating and forming carbon based composite with Fe2Os and FezO4
can also improve the performance of Li-ion battery such as improved stability, rate capability and
retaining higher capacity 900 mAhg? over cycling [199-201]. Some other transition metal
compounds (general formula MXy where M = Fe, Mo, Sn, Sb, Ni, co etc. and X =S, N, P etc.)
have also been investigated and found very good results in terms of structural stability and capacity

[155, 202].

2.8.2.6 Titanium Oxides based Anode Materials
Anode materials based on titanium oxide (TiO2 and spinel LisTisO12) have many advantages and

can be a strong alternative for carbonaceous materials. The major advantages of this material
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include moderately high theoretical capacity (335 mAhg™), higher thermal stability, improved
chemical stability in terms of interacting with electrolyte, low or negligible volume change (~ 3%)
during lithium intercalation/deintercalation process and less toxic. Moreover, lower operating
voltage ~ 1.5 V vs. Li* /Li for this material can avoid electrolyte decomposition and SEI formation

thus provide higher safety [203-208].

2.8.2.7 Solid-Electrolyte Interphase

The solid electrolyte interphase (SEI) is an interphase between electrolyte and anode in particular.
Actually, at higher operating voltage liquid electrolyte decomposes in presence of anodic materials
and the decomposed product deposited on the anode surface and acts as a protector for a further
decomposition of electrolyte material while reducing the capacity [209]. This SEI layer composed
of both organic phases (carbonates and polyethylene oxide) as well as inorganic phases (Lithium
oxides and lithium ethylene decarbonate) [102, 177, 210-215]. SEI formation is a common issue
for almost all the battery type. However, extensive research is going onto reduce or eliminate the

formation of SEI layer or to reduce the negative effects of this layer.

2.8.3 Separators

Separator is another essential component of Li-ion battery. The function of separator is to prevent
the electronic conduction while providing the Li ion pathways between cathode and anode. The
commonly used separator materials are cellulose, organic fibres, polyolefin and nylon [11]. Among
all this type of separators, polyolefin based separator (Figure 25) found the maximum application

in commercial Li-ion battery since 1990 [11].
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Figure 25. Typical Polyolefin Separators Prepared by Wet Process (Solupor 8PO1E) (left) and

Dry Process (Celgard 2325) (right) [216]

In recent times, focus has been given on to improve the wettability and thermal stability of the
separator materials. The existing polyolefin separator after surface modification and produced in
different methods with additional treatments shows better performance in Li-ion battery [11, 13,
14, 217]. The modified separators can resolve various issues of Li-ion battery like polysulfide
shuttling [15] and Li dendrite growth [16]. Many advanced separators with improved
physicochemical properties have been developed since 2010 and the performance of Li-ion battery,
with respect to electrochemical properties, with the application of those separators has improved

a lot.

2.8.3.1 Fundamental Requirements of Separators

a) Thickness

The separators being an insulator and have no direct electrochemical properties should be as thin
as it is possible to fulfil the requirements of Li-ion battery. For consumer applications such as

mobile, laptop, camera the separator thickness should be below 25 pum while for electric vehicle
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application the separator is bit thicker, i.e., ~40 um. Reducing separator thickness would also

decrease the internal cell resistance.

b) Permeability and Gurley value (Air permeability)

Being an insulator, separator increases the electrolyte resistivity by a factor of 6-7 compared to
resistivity of electrolyte alone. The ratio of resistivities between separator filled with electrolyte to
electrolyte alone is called the McMullin number. The desired value of McMullin number for

commercial cell is 10 — 12.

Being a porous material, the separator can also be evaluated by measuring the Gurley value, i.e.,
extent of air permeability. The Gurley value and electrical resistivity of separator are proportional
to each other. Once the relation between electrical resistance and Gurley value is settled then by
measuring the Gurley value, we can say the value of electrical resistance. The Gurley value of

separator should be kept at low.

c) Porosity, wettability and electrolyte absorption retention

The porosity of the separator determines the amount of electrolyte uptake. The more the electrolyte
uptake better would be the Li ion diffusivity during charge/discharge.

The faster and improved wettability of liquid electrolyte to separator is a significant factor to
determine the Li ion movement through the electrolyte. More the wettability of the separator
material to electrolyte the more will be the electrolyte uptake.

The separator should have capacity to absorb and retain the electrolyte without swelling or

changing its structure.
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d) Chemical stability
The separator should be chemically inert in liquid electrolyte and should not undergo any oxidation
or reduction at higher operating voltage during charge/discharge up to the temperature of 75°C.

Better the oxidation resistance of the separator more would be the chemical stability.

e) Thermal stability
The stability of a separator at elevated temperature is a crucial issue from the perspective of safety
concern. If the separator is not stable at higher temperature eventually short circuiting would result

and that may lead to explosion of the battery.

f) Puncture strength
The separator should have high puncture strength so as to prevent any particulate movement across
the separator. The separator having high puncture strength are able to resist the movement of Li

dendrite from anode to cathode.

I. Basic functions

The fundamental functions of a separator in Li-ion battery are to prevent electronic contact
between the electrodes while allowing Li ion transport through it. These two basic functions
demand the following properties of a separator material which include high dielectric constant,

thermal stability, mechanical and chemical stability, wettability and porosity. (Table 5) [10, 12].
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Table 5: General Requirements for LIB Separators [11, 13]

Parameter Requirement

Thickness 20—-25 um

Porosity 40 — 60%

Pore size <1 pum

Wettability Wet quickly/ completely with common electrolyte

Dimensional stability

Lay flat and no curl up outside/ inside battery

Thermal stability

< 5% shrinkage after 60 min at 90°C

Tensile strength

> 1000 kg cm? (98.06 MPa)

Air permeability

<0.025 s pm'*

Chemical stability

Stable in battery for a long period

Electrochemical stability

Stable in battery for a long period

Thermal shutdown

Shutdown of the battery at ~ 130°C

I1. Electronic insulation

The separator material should be electronically insulating. It should have high dielectric constant.
However, to maintain this electronic insulation between cathode and anode, the separator should
have the other required properties such as mechanical as well as thermal stability and also porosity.
A separator generally needs small size pores but small pores increase the electrolyte resistivity, on
the other hand large pores decreases the mechanical stability. Therefore, an optimized pore size
with required tortuosity is desired. Repeated charge discharge in Li-ion battery increases the cell
temperature along with the effect of external temperature. Thermal stability is therefore, also an
important factor as with decrease in thermal stability would increase the shrinkage in separator
material resulting contact between cathode and anode; thus, destroying electronic insulation. In
commercial Li-ion battery the separator size is kept little bit more than what is required so that

even if it shrinks at higher temperature still it dimensionally covers the interfacial area between
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cathode and anode and maintain the electronic insulation. Conventional separators are usually
made of polyolefin materials viz. polyethylene and polypropylene. The melting point of
polyethylene and polypropylene are 120 and 160°C. However, both the separators start shrinking
much below their respective melting point. Sufficiently mechanical strength is also required so
that any particulate growth on electrode surface or dendrite formation cannot puncture the
separator. Therefore, separator should have high puncture strength but at the same time it should
be as thin as possible so that resistance resulting from separator is reduced while active material
in cathode and anode can be increased. In advanced Li-ion battery the separator thickness is 10
um [11, 218, 219]. However, smaller thickness of the separator requires higher mechanical
strength. The porosity and pore size distribution largely determine the mechanical strength of a
separator [11, 13]. Another strategy that is thermal shut down by blocking the pores during
overheating can prevent the short circuiting but inhomogeneous current distribution across the
separator can generate localised heating thus increasing the chances of short circuiting. Therefore,
separator materials having high shrinking and melting temperatures are preferred. The separator
should be electrochemically inactive also otherwise irreversible electrochemical reaction may

consume the separator material thus increase the risk of short circuiting.

[11. lonic conduction

The ionic conduction of a battery separator depends on its porosity, interconnectivity of pores, i.e.,
tortuosity, electrolyte up taking percentage in separator pores and wettability and Li ion
conductivity of electrolyte through separator. Maintaining the required mechanical stability an
optimum porosity with narrow and uniform pore size distribution is required to have better

electrolyte uptake. The tortuosity is another important factor to prevent particulate or dendrite
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penetration while maintaining higher Li ion conductivity. McMullin number (Nm) determines the
electrolyte resistance in presence and absence of separator and is very much dependent on porosity
and pore structure. The McMullin number, porosity and tortuosity are related according to the

following equation:

ps T

Nm

Pe c
where ps = electrolyte resistances in the presence of separator, pe = electrolyte resistances in
absence of a separator, T = tortuosity and € = porosity of the separator. From the equation, it can

be said that higher porosity and lower tortuosity yield a low Nm and a high ionic conductivity.

The separator material should have high affinity to the liquid electrolyte. The electrolyte should
completely wet the inner surface of the pores and fill the void space of pores completely [220].
However, as the polymeric separator materials are non-polar and electrolyte solvents are polar, so
there is always a wettability problem between separator and electrolyte. Many researches are going

on to improve the wettability of the separator material [11, 221-223].

The present day demand for higher energy density along with high power output have motivated
researchers to improve the chemistry of Li-ion battery. But with increase in energy and power
density several other problems associated with stability and safety have also been increased. Much

efforts have been put together to solve these problems in recent times [34, 224-226].

IV. Homogenizing current distribution
Li-ion battery separator plays a salient role in distributing the current homogeneously across the

electrodes. This is especially needed for the battery operating at high current rate. Inhomogeneous
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distribution of current increase the localized current density on the electrode. This is particularly
detrimental in anode side where this localized inhomogeneity enhances the Li dendrite formation

resulting safety issues [11, 13].

V. Dendrite suppression

Lithium dendrite is a standard problem for Li-ion battery. This problem is more severe when Li
metal is utilized as anode material and this has prevented the use of metallic lithium as anode
material in commercial Li-metal battery. This problem is also prevalent for carbonaceous anode
materials when operating at high current rate, high state of charge and lower temperature. This
dendrite formation significantly reduces the capacity and poses the threat for short-circuiting when
these dendrites grow enough to penetrate the separator [227-229]. In recent days research has again
been started on Li anode material as this material largely contribute to high energy density battery
[230]. The researches on Li metal anode are focussed on to decrease or eliminate the chances of

dendrite formation or its growth [231].

VI. Facilitating Li-ion transport

The Li ion movement through the separator largely depends on the pore structure, i.e., overall
porosity, pore shape and size, pore size distribution and tortuosity. Along with that the polarity
and surface charge are also important to have better contact between electrolyte and pore surface.
This would also increase the electrolyte uptake. The commonly used organic solvent based
electrolyte is polar while the polymer based separators are nonpolar or having lower polarity. This
has eventually reduced the interaction between separator and electrolyte, lowering Li ion

movements through the pores of separator and this is the main reason for poor wettability. To
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mitigate these problems, researchers proposed the modified separators with surface charge or

attached with polar functional groups [232-234].

VII. Separator for special applications

The ion selective separator is needed for some special cases. This is particularly important for Li-
S battery as well as for some other advanced batteries where polysulphide diffusion and
moisture/O2 penetration are highly detrimental in lowering electrochemical performance of the
battery in terms of the cyclability, coulombic efficiency and self-discharging tendency [21].
Different working mechanisms have been proposed for this type of ion selective separators [235-
237]. The spinel type cathode materials in Li-ion battery can cause transition metal dissolution in
electrolyte solution and HF generation when operating at high voltage and at comparatively higher
temperature resulting capacity loss. Many functional separators have been investigated to address
these issues and proved to be successful to some extent to scavenge the dissolved transition metals
(particularly Mn**) and also the HF molecules resulting increase in stability of Li-ion battery using
such cathode materials [238-242]. In Li-ion battery, separator is an insulating material so that it
should not conduct electrons but only Li ions. But in some cases, particularly in Li-S battery during
poly-sulphides dissolution, it is advantageous to apply a conductive coating on the separator. so
that it can provide an extra stage of electron transfer to the external circuit thus increase the stability

of the battery [243-245].

VIIl. Heat management
The operating temperature of Li-ion battery has a considerable effect on its electrochemical

performance, stability as well as safety of Li-ion battery. Moreover, the battery mechanisms such
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as Li ion movement, intercalation/deintercalation etc. also generates significant heat inside the
battery particularly when operating at high rate. Another major factor is separator, which due to
its low thermal conductivity limiting the heat dissipation or equal heat distribution within the
battery. Thermal shutdown, which is an inbuilt function of the separator can mitigate this problem
to an extent by blocking the pores of the separator at higher temperature (close to its melting point)
thus preventing short circuiting. However, many advanced technologies have come up to address
this heat management issues of Li-ion battery, particularly for electric vehicle application [246,
247]. Many advanced researches have been performed on separator materials to solve these
thermal problems using various strategies such as thermal shutdown, flame retarding [248, 249],

fire extinguishing [250] and heat dissipating [247, 251], etc.

IX. Some other issues

In recent times, mechanically flexible Li-ion battery is of great importance for various applications
where it can be used suitably in any complicated electronic devices. The research towards
achieving this has suggested to eliminate the metallic electrode substrates (current collectors) and
instead using a 3D flexible freestanding matrix for electrode active species for the both the
electrodes or using separator as the substrate for both cathode and anode with an added electron

transfer layer [252-257].

X. Redox-active separator
Although the separator is an insulating material, however, some redox active separator materials
have also been investigated in recent times to increase the usage of active materials and to enhance

the energy density. But attention to be given to the three dimensionally open porous redox active
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part of the separator material so that it cannot block ionic movement while maintaining its
insulating properties as well [258]. Many separators with some other functional properties along
with its basic functions are also being researched on at present and this includes catalytic separators
[259] and separators with short-circuit detection [260, 261] as well as overcharge protection

capabilities [262-264].

2.8.4 Electrolyte

The electrolyte in Li-ion battery cell acts as a vehicle for Li ion movements between the electrodes
while resisting electronic conduction between cathode and anode.

A typical electrolyte of a Li-ion battery should fulfil the following major requirements [35, 91]:
a) The ionic conductivity of the electrolyte should be high (ci> 10 Scm™) so as to minimize he
cell impedance

b) The electronic conductivity should be low or negligible so as to avoid electrical short circuiting
and to maintain the fundamental purpose of the battery

c) The electrolyte should be stable at cell operating voltage and also at higher temperature

d) Chemically the electrolyte should be unreactive to other cell components, particularly cathode,
anode and separator so as to avoid any side reactions while at the same time electrolyte should be

compatible to all the cell components.

In border perspective, electrolyte can be put in to three major groups. This includes liquid
electrolyte (all liquid state), solid electrolyte (all solid state) and polymer electrolyte [265]. The
solution of inorganic salts in organic solvents produces the liquid electrolyte. A variety inorganic

lithium salt and organic solvent combination has been investigated over the past two decades. One
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of the lithium salts is LiClIO4 which possess higher ionic conductivity with broader electrochemical
stability (up to 5.1V) while keeping the interfacial resistance at low [266, 267]. However, LiClO4
has some disadvantages too. The perchlorate anion is a strong oxidant and thus have tendency to
react with electrolyte at higher operating voltage and or at higher temperature [268]. Another
lithium salt LiBFspossesses moderate ionic conductivity and also comparatively safer than LiClO4
but lack in cycling efficiency [269]. LiPFe is the most suitable lithium salt having all the
prerequisite to be used as solvent for electrolyte produces higher ionic conductivity (10 Scm™),
higher transference number (~ 0.35) for Li ions movement and also safe. However, the only
disadvantage of LiPFe is that it breaks down to LiF and PFs at higher temperature [71, 270, 271].
A new lithium salt, lithium bis(oxalate) borate (LiBOB) has been investigated and found to have
required potentials such as higher conductivity, resistant to hydrolysis and also inexpensive [272-
274]. Table 6 shows the Li based inorganic salts used in electrolyte of Li-ion battery.

Table 6: Common Lithium Salts and Their Properties [270]

Conducting salt | Eq; V vs. Li/Li* Advantage Disadvantage

LiPFs 6.8 Standard conducting salt | Thermally unstable
Most balanced properties | Form highly toxic HF with
moisture

LiClO4 6.1 Economical Explosive
High ionic stability Impractical for industry
purpose
LiBF4 6.6 Less toxic Hydrolysis
Good electrochemical Moderate ion conductivity
properties Thermally unstable

The liquid solvents for the above discussed lithium salts are required to ensure some major
prerequisites to be able to act as a solvent. This organic liquid first of all must be inert as well as
compatible to all cell components which comes in contact with it, high dielectric constant, low

viscosity, low melting temperature, high vapour pressure thus high boiling point, high solubility
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to lithium salts. Finally, the solvent should be safe and inexpensive. Although, many organic
carbonate based solvents such as ethylene and diethylene carbonate (EC and DEC), propylene
carbonate (PC) an dimethyl carbonate (DMC) can satisfy many of the properties as stated above
still they have their own short comings too. Therefore, a mixture of different solvents maintaining
a proper ratio is considered to be the ideal. Although liquid electrolyte is the most favoured choice
for Li-ion battery but still it has a major safety issue as it is flammable at higher temperature and

outside its operating voltage range.

Another group of electrolytes is polymer electrolyte. The various types of Polymer electrolytes
include Classical liquid electrolytes, Dry single-ion-conducting polymer electrolytes, Gel
electrolytes and Dry polymer electrolytes [275]. The major advantage of such type of electrolyte
is that it can be designed at any shape size and pattern along with these electrolytes are

comparatively less flammable and inexpensive.

The major advantages of solid electrolytes are all solid state material thus possesses higher safety
and also not toxic. There are two types of solid electrolytes so far reported, which includes crystal
based electrolytes and non-crystalline electrolytes [276]. Lithium superionic conductor (LiSICON)
having general composition Liis2xDx(TOas)s (where D is bi-valent cation and T is a tetra-valent
cation) is one of the crystalline electrolytes used in Li-ion battery. Li1aZnGesOss in this family
shows the ionic conductivity of 1.0x1077 Scm™ at room temperature [277]. Another crystalline
electrolyte is LizLasZr.O12. This has a Garnet-type structure which possesses a Li ion conductivity
of ~ 2.1x10™* Scm™ at ambient temperature [278]. Sodium superionic conductor (NaSICON)

having general composition AxM2(X0O4)s, and Lii+ xAlxTi2x(PO4)s (X = 0.3) is another crystalline
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electrolyte used in Li-ion battery shows the ionic conductivity of 7x10* Scm™ at ambient

temperature [279].

So far used non-crystalline electrolytes is 50Li>S-17P.Ss—33LiBH [280] and composite glass-
ceramic based electrolyte is 70Li>S-30P>Ss [281]. The lower Li ion conductivity at ambient
temperature and higher electrode-electrolyte interface resistance resulting higher cell impedance

are the major challenges for these types of solid electrolytes.

The conventional liquid electrolytes used in Li-ion battery demands high dissolution of lithium
salts in the solvent while still maintaining the low viscosity. As these two requirements
simultaneously are seemingly contradicting so combination of various electrolytes is used for
practical applications to obtain the positive effect of different electrolyte materials [25]. The
electrolyte used in Li-S battery provide a medium for various activities during discharge such as
polysulphide dissolution, oxidation-reduction and crystallization. Some researchers have shown
tetrahydrofuran based electrolytes to address all these issues [282], cyclic ethers are also
commonly used, usually employing the lithium bis(trifluoromethanesulfonil)imide (LiTFSI) salt

[283].

Some ionic liquids have also proved themselves as potential electrolytes for Li-ion batteries.
These liquids exhibit lower vapour pressure, higher ionic conductivity and thermal stability.
However, they show lower solubility of polysulphide in Li-S battery resulting reduction in
polysulfide redox shuttle [284]. In Li-S battery the cation structure is modified from the standpoint

of design aspects, while anions typically remain unchanged as in Li* salts [285]. The most common
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ionic liquid is [TFSI]. This as electrolyte facilitates the formation of an effective and stable SEI on
the negative electrode material [286]. lonic liquid can be used alone or in combination with other

liquid electrolytes to adjust the desired properties [287].

2.9 Future Batteries
The developments of future batteries are based on to simultaneously improve the energy density
as well as power density for the application in the area of electric vehicle. Table 7 depicts the next

generation batteries with their theoretical capacities.

The future research has been focussed on to improve mainly the cathode materials. Sulphur is
found to be one of the potential positive electrode materials and can have the capacity to increase
the energy density as high as 10 times more than that of usual Li-ion batteries. The other merits of
sulphur are as it is inexpensive, abundantly available and also environment friendly [288, 289].
However, the sulphur based batteries have some challenging disadvantages lower Coulombic
efficiency, poor cyclability and chances of utilising lower active material [290], lithium sulphide
cathode fabricated with poly-(vinylpyrrolidone) binder is proved to be a better option as cathode
material for improved cycling stability [291].

Table 7: Performance Comparison of Future Battery Systems [292]

Battery type Voltage (V) | Theoretical capacity | Theoretical specific energy
(mAh g) (Wh kg')
Conventional Li-ion 3.80 155 387
Li-S 2.20 1672 2567
Li-Air (Non-aqueous) 3.00 3862 11248
Al-Air 2.70 2980 8100
Zn-Air 1.65 820 1086
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On the other side, silicon as anode material has emerged as a strong contender for carbon based
anode material in Li-ion battery. However, the problems related to larger volume change and an
unstable material growth on silicon-electrolyte interface is required to be overcome for this Si
based material [293, 294]. Another recent advancement is to use polymer hydrogel as a conducting
material with porous silicon-based negative electrode active material to improve its electronic
conductivity [295]. With very high theoretical capacity, Li-Air battery is having high potential to
be used as future generation battery. This type of battery was first reported in 1996. Li-Air battery
is almost comparable to that of gasoline [296]. However, this type of batteries has many challenges,
like reversible Li insertion and deinsertion, that are required to overcome [297]. Along with the
development of new cathode and anode materials for battery technology another major area of
research is nano-technology to improve the materials performance. Using nano-materials battery
performance can be improved a lot in various ways thus increasing the interfacial surface area
between cathode-electrolyte, electrolyte-anode and electrolyte-separator. The nanomaterials also
decrease the Li ion diffusion path [192]. The only issues with nanomaterial are low packing density
and lower energy efficiency. However, these issues are need to be addressed before making it a

commercially viable option.
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CHAPTER 3

MATERIAL AND METHODS

3.1 Objective of This Thesis Work
In this thesis work we have primarily investigated two major areas of Lithium-ion batteries, namely
cathode materials and separator. In last two decades, major research has been focussed on these

two components.

3.1.1 Cathode Material

Importance of cathode materials: Cathode materials determine the operating voltage and specific
capacity of the Li-ion battery. Capacity is dependent on the number of extractable lithium from
cathode during charge. Voltage is dependent on the reduction-oxidation potential of transition
metal element. The combined effect of voltage and capacity determines the energy density and

power density of the cell. The relevance of these two areas is explained below.

Requirements of cathode materials: Cathode materials should contain at least one transition metal
ion (readily reducible/oxidizable) which determines the cell voltage. It should interact with lithium
containing material in a reversible manner. The host structure should not change during
addition/removal of lithium and should react with lithium during insertion/deinsertion with a high
free energy of reaction thus producing high capacity. This leads to high energy storage. It should
also react with lithium very rapidly both during insertion and removal which leads to high power
density. Along with that cathode materials should be a good electronic conductor and should be
stable structurally otherwise it will degrade during over discharge /over overcharge. It should be

low in cost and environmentally benign.

84



Challenges and approaches to develop cathode materials: In Li-ion battery, the negative electrode
material is well developed and little advancement can be made in terms of design aspects. The
cathode, however shows a great prospect for further enhancement. Battery research is therefore
concentrating on the cathode materials. For utilization in hybrid electric vehicle (HEV) system,
Li-ion battery needs to overcome major two challenges, i.e., high energy density at the same time
high power density. A high energy density can be obtained by choosing a high voltage cathode
material with high capacity. Olivine structured based cathode material LiMPOg4 is having high
operating voltage around (4.1 - 5.1 V) and a maximum theoretical capacity (~ 170 mAhg™).
Compared to many commercialized compounds, this material can provide higher specific energy,

which is > 850 Whkg™.

Motivation (Why LiMPO4?): Development of advanced Lithium-ion battery to meet the emerging
high performance demand mainly requires cathodes containing transition elements with higher
redox potentials. In this work a high energy LIB with high voltage cathode material is prepared
based on olivine structured cathode material having general formula LiIMPO4 (M = Fe, Mn, Co &
Ni). Phosphates can provide higher voltages than oxides of same transition metal with similar
thermal stability. In (PO4%) polyanion, the strong P-O covalent bond stabilize the oxygen in fully
charged MPO4 state thus making LiMPO4 electrochemically excellent, thermodynamically stable,
and electrically safe material. The strong covalent bond in polyanion making M?*3* redox energy
lower and Vocvs. lithium higher for that couple. The theoretical redox potential of LiFePOg,
LiMnPOg4, LiCoPO4 and LiNiPO4 are 3.5 V, 4.1 V, 48 V, and 5.1 V respectively and the

corresponding specific energies are 578, 697, 816 and 867 Whkg™ respectively.
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Key challenges of the materials: The key challenges of LiMnPO4 material are low ionic diffusivity,
Low electronic conductivity, anisotropic movement of Li ions within the materials [010] direction,
instability of the fully de-lithiated phase (i.e., MPO4 & MVOys), Jahn Teller effect (LiMnPOa) and

large volume mismatch between the phases with (lithiated) and without (delithiated).

Approaches to meet the challenges: To overcome the above challenges the following strategies
have been thought to be followed. (1) The growth of nano-sized material with desired morphology
to decrease the Li* ion migration path and increase the Li+ ion diffusivity. (2) Increasing ionic
diffusivity and electronic conductivity by suitable addition of dopants in cation as well as anion
sites. (3) Increasing inter-particle conductivity of the cathode materials by increasing the ratio of
graphitic vs. amorphous carbon with suitable synthesis procedure. (4) Synthesis of LiyMPO4X [X
=S, F, Netc., y > 1] to increase the specific capacity and also to make isotropic Li+ ion diffusivity.
(5) Increasing capacity by increasing the ratio of Mn?* vs. Mn®* with suitable synthesis procedure
and (6) Increasing energy density of Lithium-ion battery either by improving voltage or increasing

capacity (or both).

3.1.2 Separator

Improving the electrochemical performance of the separator is another important issue. Various
strategies have been followed to improve the performance of separator. A simpler strategy is to
coat the polyolefin membranes with suitable nanostructure ceramic oxides [298-300]. The coated
ceramic layers composed of close-packed nanoparticles with a well-developed interconnected

porous structure may significantly affect the separator properties by playing a substantial role in
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enhancing the mechanical and thermal stability along with improving electrical properties of the

separator without directly taking part in lithium-ion conductivity or diffusivity.

In this respect, boehmite (y-AlO.OH), which is a light weight, non-toxic and low-cost material,
could be a suitable coating material. It has a favourable layered structure composed of AlOs
octahedra and more importantly, it possesses a large number of -OH functional groups on the
surface [301-303]. Besides, it is a well-known flame retarding material [304-306]. In fact,
boehmite is widely used in several industrial applications such as catalysis, adsorbent, filler in
plastic etc. Additionally, this material is having other advantages which include its better dispersity

in aqueous slurries which would facilitate uniform coating on the polymer membrane.

However, till now, there is only a handful of reported work on boehmite coated polyolefin
separators [307-310]. Yang et al. have reported improvement in both wettability and thermal
stability of polyethylene (PE) membranes coated with boehmite [309]. Zhong et al. have used
electrospinning technique to coat boehmite on polyimide (PI) membrane and observed an
improvement in electrochemical stability as well as in Li-ion conductivity [310]. The effect of
boehmite particle size on dimensional stability of coated polypropylene separator and its
electrochemical performance are investigated by Xu et al. [308]. In the present work, we have
synthesized boehmite (y-AlO.OH) nanofibers (length 90-140 nm; dia. ~15 nm) by a simple low-
temperature (180 °C) hydrothermal method and coated onto both sides of surface modified
polypropylene (Celgard). The prepared composite separator has been tested in LiFePO4//Li half
cells as well as in LiFePO4//MCMB full cells in coin cell configuration for understanding the

influence of this separator on electrochemical performance.
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3.2 Cathode Materials Synthesis and Characterization

3.2.1 Synthesis of Lanthanum doped Lithium Manganese Phosphate Cathode Materials:
Solvothermal method was used for preparing the cathode materials. The stoichiometric ratios of
Lithium sulphate (Li2SO4.H20), Ammonium dihydrogen phosphate (NHsH2PO.), Manganese
sulphate (MnS0O4.H20) and lanthanum nitrate (La(NOz)3.6H-0) are the major raw materials used
along with Sucrose (C12H22011) for in-situ carbon deposition. The solvent used is Glycerol : Water
(2:1) ratio. The pH is maintained by adding required amount of NHsOH in the solution. The
solution is kept in the Autoclave at 180°C for 24h. After taking out from the autoclave the solution
is centrifuged and washed till it becomes neutral with water and IPA. Then the neutral solution
kept for drying initially under IR lamp and finally in an oven for overnight at 80°C. The slurry for
casting cathode materials on aluminium foil is prepared by maintaining the Active material: Active
carbon: PvDF in 80:10:10 ratios in NMP solvent and then casting using Doctor’s blade and drying

it in oven at 110°C and finally calendaring at 80°C.

3.2.2 Structural Characterization: The properties of the materials related to the structure is
measured by X-ray Powder Diffraction (XRD) followed by Rietveld refinement, Fourier

Transform Infra-Red Spectroscopy (FTIR), Raman Spectroscopy etc.

3.2.3 Microstructure and Morphology: The microstructural information as well as morphology
of the as synthesized materials is investigated by Scanning Electron Microscopy (SEM) and Field
Emission Scanning Electron Microscopy (FESEM) as well as Transmission Electron Microscopy

(TEM) along with surface area measurement.
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3.2.4 Fabrication of LIB Coin Cell and Electrochemical Tests

3.2.4.1 Cell Fabrication: For studying the electrochemical properties, 2032 type coin cells are
fabricated using lithium metal disc as the counter electrode, LiPFs dissolved in EC:DMC (1:2 by
vol.) as electrolyte and commercial Celgard 2300 as the separator. (EC — Ethylene carbonate; DMC
— Dimethyl carbonate) The cell is assembled in the globe box where the gaseous atmosphere can
be precisely controlled.

The button cell fabrication is done in Argon filled Glove box following the steps:

Bottom can (SS) |=| Electrode/ Cathode |= | Electrolyte = | Separator

I

Top can =3 Spring =| Load/Spacers (SS) £= Anode =| Electrolyte

Button Cell

3.2.4.2 Electrochemical Measurements: Cyclic voltametry, galvanostatic charge discharge and
AC impedance spectroscopy is carried out to study the electrochemical performance of the cells.
The energy as well as power density of the lithium-ion single cell are also evaluated. The detailed
electrochemical reaction mechanism is investigated. Finally, the analysis of all the results and their
correlation are made for evaluating the suitability of the materials in rechargeable energy storage

devices in real condition.

3.3 Separator Materials Synthesis and Characterization
3.3.1 Synthesis of y-AlO.OH
AlO.OH nanofibers were synthesized by hydrothermal method in slightly acidic medium. The

precursors, AI(NOz3)3.9H20 (99%, Sigma-Aldrich) and citric acid (GR grade, Merck India) were
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dissolved in de-ionised water under constant stirring and transferred into a 100 ml Teflon coated
stainless steel autoclave. The SS autoclave is heated at 180°C for 24 hours under autogenously
developed pressure. After completing the procedure in autoclave, the resulting precipitate was
centrifuged, washed repeatedly with de-ionised water and then dried at 80°C for 12 h in vacuum

to obtain white powder of y-AlO.OH.

3.3.2. Preparation of y-AlO.OH Coated PP (ALO-PP) Separator, LiFePO4 Cathode and
MCMB Anode

v-AlO.OH powder was thoroughly mixed with PVB (Polyvinyl butyral) as binder in 4:1 (wt/wt)
ratio and subjected to ball milling for 12 h in isopropyl alcohol (solvent). The slurry, thus prepared
was then applied onto both sides of the polypropylene (PP) film (chemically etched and washed;
thickness ~19 um) using an Elcometer 3500 [USA] to develop the required coating. Several both
side coated y-AlO.OH/ PP films (named as ALO-PP) were prepared by varying the total thickness
from 23 pum to 45 pum. Standard slurry casting method was used for preparing the LiFePO4 cathode

and MCMB anode. The mass loading of active electrode material is 2.8 mgcm™.

3.3.3. Materials Characterization

X-ray diffractometer (Philips X’Pert, The Netherlands) was used to obtain X-ray powder
diffraction patterns of the synthesized material. A Cu-K, radiation at 40 kV and 40 mA was applied
in the 20 range of 20-80°The scanning rate was maintained at 1° mint. FTIR spectra in
transmission mode were obtained by a BOMEN infrared spectrophotometer in the range between
4000-400 cm™. The morphology and microstructure of the prepared powder was investigated by

ZEISS Supra35 (Germany) Field Emission Scanning Electron Microscope (FESEM). Operating
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Tecnai G? 30ST (FEI) Transmission Electron Microscope at 300 kV, high resolution TEM images
and selected area diffraction patterns are obtained. Quantachrome (USA) Autosorb Surface
Analyzer was used to perform the nitrogen adsorption-desorption measurements and BET surface
area measurements at 77.3K. Brunauer—-Emmett-Teller (BET) method and Barret-Joyner—
Halenda (BJH) method were used to measure the Specific surface area and pore size distribution

respectively.

3.3.4. Electrochemical Characterization

Coin cells of 2032 type were fabricated with ALO-PP as separator in two different configurations
using LiPFedissolved in EC:DMC as electrolyte (1:2 by vol%) using an argon filled glove box
(M’BRAUN, Germany).The oxygen level and moisture inside the globe box were controlled
below 1.0 ppm. Configuration 1: LiFePO4 cathode against Li/Li* for half-cell configuration and
Configuration 2: LiFePO4 cathode against MCMB as anode for full cell configuration. For
comparison, cells with uncoated polypropylene (PP) were also fabricated in all three

configurations.

A galvanostat-potentiostat (PGSTAT 302N, Autolab, The Netherlands) was used to carry out
cyclic voltammetry of the cells. This cyclic voltammetry was determined in-between 0.05 and
3.0V at a scanning rate of 0.1 mVs™. The galvanostatic charge-discharge measurement was
performed using an automatic battery tester (BT2000, Arbin, USA) in the voltage range of 0.05-
3.0 V. During initial formation cycle a constant current density of 0.05 mA cm2was maintained.
For subsequent cycle varying current densities in-between 0.05-1.0 mA cm-2 were used. Constant

current density was maintained during charging and discharging of the cells throughout one
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experiment. The same galvanostat-potentiostat was used to record the electrochemical impedance

spectra in the frequency range 10 mHz to 1 MHz with an AC amplitude of 10 mV.

Chemical etching
for 10 minutes

T - =

Etchant solution

Washed with
Commercial DI Water, IPA
Polypropylene ¥-Al0.OH casted and drieé

on both sides

and dried at
60°C
D _B G

y-AlO.OH coated

Cut into circular separator

disc of 19 mm
diameter

Figure 26. Schematic Representation of y-AlO.OH Coated Separator Preparation
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Cathode Materials:

The evolution of phases studied through XRD analysis at different pH conditions in the pH range
3.16-9.36 (Figure 27a). Optimized condition is found at pH 8.53 to maximize Mn#*/Mn** ratio
and phase pure olivine structure material is obtained. The phase purity is further supported by
FTIR of the materials obtained at different pH condition (Figure 27b). The bands between (950 -
1020) cm™ and between (1050 — 1150) cm™ are due to symmetrical and asymmetrical stretching
of PO4* ions respectively. IR band between 450 — 650 cm™ are due to asymmetrical bending of

O-P-O mode.
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Figure 27. (a) X-ray Diffractogram and (b) FTIR Spectrum of Synthesized LiMnPOQO4 at

Different pH Condition

The optimization of carbon content for improved charge transfer has been obtained. Sucrose (up
to 30 wt% of C) has been added for in-situ formation of conducting carbon. The 20% carbon

containing sucrose corresponds to 8.77% of actual carbon is optimized (Figure 28a) based on the
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maximum discharge capacity of LIMnPO4/C material. The first peak at ~ 375 °C corresponds to

residual organics loss. The second peak is due to carbon loss. (Figure 28b)
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Figure 28. (a) TGA and (b) DTA of Synthesized LiMnPO4 with Different Carbon Content

The phase purity is also maintained after in-situ carbon deposition on LiMnPO4 powder particles

produced after hydrothermal method. The XRD analysis after carbon deposition is also shown in

Figure 29.
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Figure 29. X-ray Diffractogram of LiMnPO4/C Composite Produced by Hydrothermal Method
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The electrochemical performance of LiMnPO4/C has been studied with different carbon content.

All the materials produced at optimized pH condition (8.53).
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Figure 30. Electrochemical Charge Discharge Capacity of LIMnPO4/C Composites

LiMnPO4 without in-situ carbon shows a negligible capacity of ~ 15 mAhg™. However, with
increasing in-situ carbon content the capacity is increasing and become maximum (~ 124 mAhg
1y at 8.7% C. Further increasing carbon decreases the capacity due to unnecessary increase of

weight. The charge discharge reversibility is also much better in the material correspond to 8.7%

in-situ carbon.

After optimizing the pH condition and in-situ carbon content of LiMnPOs, then Lanthanum doping

has been done with the aim to enhance the electrochemical performance of the material.
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Figure 31. (a) X-ray Diffractogram and (b) DTA/TGA of Synthesized La-doped LiMnPO4/C

Composite

This has been observed that there is no phase change up to 1% doping of La. However, with

increasing lanthanum percentage, in 5% and 10% of La doped materials, additional impurity

phases appeared (Figure 31a). The change in weight loss corresponding to 1% La remains

unchanged as without La. The thermal history with La is similar like without La also (Figure 31b).

The Structure of LiMnPOs after doping 1% La remain unchanged as without La and this has been

supported by the Raman spectroscopy of LiMnPO4 with and without lanthanum. (Figure 32)
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Figure 32. Structure of LiMnPO4/C With and Without Lanthanum
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Sharp peat at 936 cm™ indicates PO4% symmetric stretching mode. Raman band between 950 —
1100 cm* assigned to the PO4* anti-symmetric stretching mode. Two sharp bands at 576 and 618
cm™ are attributed to the out of plane bending modes of PO units. Peak at 419 cm™ assigned to
the PO4> bending modes. The peaks at 1337 and 1571 cm™* indicates the amorphous and graphitic

carbon.

The particle morphology of LiMnPO4 with and without lanthanum has been studied by FESEM
analysis. (Figure 33) Average particle size has been found to be ~ 100 nm in both with and without
La in LiMnPO4. No major change in particle shape after addition of La in LiMnPO./C is observed.
Addition of La promotes inter particle diffusion leading to increased agglomeration, which in turn

promotes better ionic and electronic conductivity within the cathode material.
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Figure 33. Particle Morphology of LiMnPO4 (a) Without doping and (b) With 1% La

It has also been observed that after in-situ carbon optimization (8.7%) and after lanthanum doping

(1%), there is no significant phase shift and that has been ascertained through X-ray diffractogram.
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(Figure 34) This may be indicative of the fact that lanthanum has substituted manganese and does

not go to interstitial position.
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Figure 34. X-ray diffractogram of Synthesized LiMnPOg after In-Situ Carbon Deposition and

Lanthanum Doping

The electrochemical performance has been studied after lanthanum doping. (Figure 35) It has been
observed that lanthanum doping up to 1% increases the capacity to 129 mAhg™. However, with
further increasing lanthanum concentration (5% and 10%) capacity decreases gradually. This may
be because of increasing lanthanum content to a higher percentage, lanthanum goes in interstitial
position instead of substituting Manganese or remains as free lanthanum oxide in the materials,
which in turn reduces the capacity. The charge discharge voltage separation is decreased which

improves the reversibility in 1% La in LIMnPOa.
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Figure 35. Electrochemical Charge Discharge Capacity of La-doped LiMnPO4/C Composites

The electrochemical rate performance has been studied with varying C-rate in both with and

without lanthanum doping to see the stability of the material (Figure 36).
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Figure 36. Electrochemical Rate Performance of LiMnPO4/C Composites With and Without

Lanthanum

This has been observed that both the material with and without lanthanum shows noticeable

electrochemical stability, which in turn indicates the lithium-ion reversibility of cathode materials.
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This has been also shown in studying coulombic efficiency. (Figure 37b) Moreover, it has been
observed that at higher current (C/5), the capacity of lanthanum doped material is much more

stable than that of without lanthanum.

The cyclability and coulombic efficiency have also been studied to see the performance

degradation of the materials for both with and without lanthanum doping. (Figure 37)
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Figure 37. Electrochemical Performance of LiMnPO.4/C Composites (a) Cyclability and (b)

Coulombic Efficiency With and Without Lanthanum

This has been observed that capacity degradation is not significant but rather stable in LiMnPO4
material both in lanthanum doped and without doping materials. Moreover, capacity is better and
more stable in lanthanum doped material compared to without lanthanum material with increasing
cycle number. This has been also counter supported by coulombic efficiency measurement. It
shows, both with and without lanthanum. The Coulombic efficiency is almost comparable between

with and without La in LIMnPO4 and excellent with increasing cycle number.
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4.2 Separator

4.2.1 Structure and Morphology of Synthesized AIO.OH Powder

The X-ray diffractogram of the synthesized AlO.OH powder (Figure 38a) shows the characteristic
peaks of y-AlO.OH similar to previous reports [311-313] and could be indexed to an orthorhombic
boehmite phase (JCPDS 21-1307). The calculated lattice parameters are a = 2.875A, b = 12.215
A and ¢ = 3.691 A. The average crystallite size measured by FWHM method of the (020), (120),

(150) and (080) diffraction peaks by using the Scherrer equation, is found to be ~ 13 nm [314].

Formation of y-AlO.OH is further supported by the results of FTIR studies. The spectrum, depicted
in Figure 38b, shows all the characteristic adsorption bands of y-AlO.OH. In the higher
wavenumber region, there are two intense bands at 3300 and 3095 cm™, originated from vas AlO-
H and vs (Al)O-H stretching vibrations respectively. In the mid wavenumber region, there appears
a weak combination band at 1972 cm*and an strong band at 1069 cm™ together with a shoulder at
1157 cm which can be correlated to the 8s Al-O-H and s AIO-H bending vibrations. A weak
band at 1635 cm™ reflects the bending mode of adsorbed water. Three strong bands in the lower
wavenumber region at 756, 648, 478 cm™ are signatures of the vibration mode of AlOg. Therefore,
FTIR results confirm and support the X-ray analysis of hydrothermally produced y-AlO.OH

powder as a pure-phase material [311, 313].
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Figure 38. (a) X-ray Diffractogram and (b) FTIR Spectrum of Synthesized y-AlO.OH Powders

The morphology and structure of the synthesized y-AlO.OH have been studied by FESEM and
TEM. The low magnification and high magnification FESEM images (Figure 39 a and b) depict
a flaky morphology assembled in a flower like fashion. The constituent flakes are of approximately
2.0 pm in length and 0.15-0.78 um in diameter. It is well known that the shape and morphology
of hydrothermally synthesized AlO.OH may vary with reaction conditions. A somewhat similar
morphology was observed by Tang et al. [313]. Rajaram and Kim studied the effect of pH, reaction
time and hexadecyl trimethyl ammonium bromide (CTAB) concentration on the morphology of

AlO.OH powder produced by hydrothermal method [311].
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Figure 39. (a, b): FESEM Micrographs of Synthesized y-AlO.OH Powder at Different

Magnifications

To examine the microstructure further, TEM investigations have been undertaken. The bright field
images, shown in Figures 40 a and b, clearly reveal formation of distinct elongated fibre shaped
rods of y-AlO.OH of 90-140 nm in length and around 15 nm in diameter. The HRTEM image
along with appearance of bright diffraction spots in the SAD pattern, which then arranged in
circular rings confirm formation of a well crystalline y-AlO.OH phase (Figures 40c and d). The
HRTEM image shows a lattice spacing of ~0.30 nm, which corresponds to the (120) and 0.152
corresponds to (080) plane of y-AlO.OH. Santos et al. showed various shape and morphology of
AlO.OH powder depending upon several aluminium hydroxide precursor materials using a single

temperature for hydrothermal treatment [312].
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Figure 40. (a, b): Bright Field TEM Images; (c) High resolution TEM Image and (d) SAD

Pattern of TEM of AIO.OH Powder

BET nitrogen adsorption-desorption isotherms for the synthesized AIO.OH powder is shown in
Figure 41. The isotherms can be characterised as type IV with typical convex nature up to P/Po =
1.0. A prominent hysteresis loop starting from P/Po = 0.8 indicates mesoporous nature with
coexistence of structural pores and inter-particle pores. The surface area is found to be 66.63 m?
gm™ with a pore volume of 0.319 cm3gm™. Furthermore, their pore size distributions (inset
pattern of Figure 41) show the flower-like architectures possessing a uniform and narrow pore
size distribution centred at 3.694 nm for y-AlO.OH. Tang et al. also shows higher surface area y-

AIlO.OH produced by hydrothermal synthesis [313].
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Figure 41. Adsorption-desorption Isotherms of y-AlO.OH Powder along with its Pore Size

Distribution

4.2.2 Structure and Morphology of y-AlO.OH Coated PP (ALO-PP)

The effect of y-AlO.OH coating on the surface of the PP is investigated by performing both
FESEM and BET studies. A comparison of FESEM micrographs reveals that a homogeneous
coating is obtained on top of PP though the original pores of PP appear to be somewhat blocked
by the coated y-AlO.OH layers. However, the BET adsorption-desorption isotherms reveal that
both the membranes have a mesoporous character. As expected, the BET surface area of the coated
film (ALO-PP) is decreased to 33.77 m?g™ from 42.298 m?g™* of PP. Correspondingly, the pore
volume also decreases to 0.348 cm®g™ (ALO-PP) from 0.540 cm®g* (PP). Interestingly, the mean
pore diameter of ALO-PP (59.96 nm) is much higher than that of PP (33.85 nm). Similar reduction
in surface area and pore volume is commonly observed for ceramic coated polyolefin membranes.
For instance, Yang et al. have observed a lower porosity and narrower pore size distribution in

AlO.OH particle coated PE membrane compared to pristine PE membrane [309].
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Figure 42. FESEM Micrographs of (a) PP and (b) ALO-PP-35
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Figure 43. Adsorption-desorption Isotherms with Pore Size Distribution of (a) Uncoated PP and

(b) ALO-PP-35
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The AIO.OH powder so produced by hydrothermal process in our experiment and coated on the
polypropylene sheet shows much lower pore diameter compared to the above referred work

resulting increase in volume of electrolyte uptake.

4.2.3 Thermal, Chemical Stability and Electrolyte Up-take of y-AlO.OH coated PP(ALO-PP)
The thermal stability is mainly important to prevent the thermal runaway of the separator when
the internal temperature of the battery increases beyond a certain limit where, the separator starts
to shrink and thus results in short circuiting between cathode and anode. The thermal stability
studies show that AIO-PP-35 pm is stable at around 145°C, while PP starts degrading slowly from
80°C (Figure 44a). However, the substantial degradation of PP occurs only after 120°C.This is
primarily due to the refractory nature of AIO.OH having high heat resistivity. The results also
support formation of a uniform homogeneous coating. A similar kind of improvement in thermal

stability has also been observed by Yang et al. for AIO.OH coated polyethylene membrane [309].

As shown in Figure 44b, the thermal stability increases with increasing thickness of coated y-
AlO.OH layer and the maximum stability of ~150°C is reached for a coating thickness of 45 pm.
However, the increase is not linear; a coating thickness of ~ 35 um is found to be optimum.
Increasing the coating thickness further does not lead to significant gain in thermal stability; rather,
it would be detrimental to the electrochemical performance of the cell due to unnecessary increase
in weight of the separator. A similar kind of thermal stability has also been shown by Yang et al.

by putting the AIO.OH coating on polyethylene membrane [309].

108



45 um (PP_ALO)
e 40 um (PP_ALO)
5150+ A A,A
:z.' 22 ym (PP_ALO) ?/
3 140 - 42 um (PP_ALO)
a P at \ 35 um (PP_ALO)
g 27 um (PP_ALO)
fé 130+
&
21204 A
19 um (PP)
(b)
110 T

15 20 25 30 35 40 45
Separator Thickness (um)

45 um (PP_ALO)

o
1 2

"E 40 um (PP_ALO)
g AL
E ] s \
g 4
5 22 um (PP_ALO) , 42 ym (PP_ALO)
5 ] \ 35 um (PP_ALO)
g At
§ | 27 um (PP_ALO)
£.1 /
S
| A (c)
19 um (PP)

1

- AJ o g L ». L) b L 4 L ¥ L
15 20 25 30 35 40 45
Separator Thickness (um)

Figure 44. (a) Photograph showing (a) Comparative Thermal Stability of PP and ALO-PP (b)
Variation of Thermal Stability and (c) Variation of Electrolyte Uptake of ALO-PP with Coating

Thickness

The chemical stability of ALO-PP has been tested in different electrolytes such as 1.0 M LiPFs in
EC: DMC (2:1 vol.), 1.0 M LiPFs in EC: DMC (1:2 vol.), 0.1 M LiCIO4 in DMSO, 1.0 M LiClO4
in TEGDME, 0.1 M LiCIO4 dissolved in DMSO:TEGDME (1:1 vol.) and 1.0 M Et4NBF4 in
acetonitrile by dipping for seven days and is found to be stable in each electrolyte. The electrolyte
up-take measurements have beencarried out in1.0 M LiPFg dissolved in EC:DMC (1:2 vol.)

(Figure 44c).The up-take of electrolyte in coated film increases with increasing thickness of the
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AlO.OH layer. For ALO-PP-35 um, the electrolyte up-take is 4.25 mg/cm? compared to 1.76
mg/cm? for PP. This can be attributed to the better wettability of AIO.OH layer compared to pure
polypropylene (PP) owing to hydrophilic nature of AIO.OH. A better electrolyte up-take may
result in formation of reservoirs for the electrolyte on either side of the separator and act as a buffer
source for Li* ions, thus improving the cell kinetics. This would ensure that the rate of Li* ion

diffusion through the electrolyte does not decrease during charging/discharging at higher C-rate.

4.2.4 Mechanical Properties

The properties related to mechanical characteristics of the coated separator have also been tested
and compared with the uncoated ones. The deformation characteristics and elasticity of the
developed ceramic coated separators have been studied by nanoindentation method. As shown in
Figure 45, (force vs. indentation depth) the coated separator showed a much superior strength
compared to the uncoated PP. In case of coated separator, the permanent deformation (permanent

penetration depth) is less than that of uncoated one.
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Figure 45. Nanoindentation Profile of PP (19 um) and AIO.OH Coated PP (35 um)

[The experimental measurements have been carried out by Anton-Paar at their facility at 1T
Bombay as test samples]
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For a viscoelastic material, the storage modulus which can be expressed as in EqQ. 1, increases with
decreasing 9, i.e., phase lag between stress and strain and thus material becomes more elastic at
constant initial stress strain ratio. The variation of storage modulus with thickness is shown in
Figure 46a. With increasing coating thickness, the storage modulus is increasing first up to the
thickness of 35.6 um and then again decreases.

E=00/€¢c080 .............cooinnt. (1)

E — Extensional storage modulus

oo — Initial stress

o — Initial strain

d — Phase lag between stress and strain

Therefore, it can be attributed that the elastic portion of the material is maximum (~ 2050 MPa) at
the optimum coating thickness of 35.6 um and this is much better than that of uncoated film of
thickness 25 pm which is around 970 MPa at room temperature. This storage modulus is

decreasing with increasing temperature which is also well in agreement with literature.
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Figure 46. Variation of (a) Extensional Storage Modulus and (b) Elastic Modulus and (c)
Poission’s Ratio with Thickness of Coated Separator
[The experimental measurements have been carried out by Anton-Paar at their facility at 1T
Bombay as test samples]
For a constant stress, young’s modulus (Eq. 2) decreases with increasing strain and vies versa. In
this study it has been found that the young’s modulus is minimum (0.2 GPa) at coating thickness
on 30 um and then with increasing thickness it is increasing (Figure 46b).

E=00/€=6/8&...cccccccoceiiiii... )

The coated sample of thickness of 35.6 pm can accommodate more strain compared to uncoated

one for a constant stress which indicates that the rigidity of coated separator is more than uncoated
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one. The Poisson’s ratio is constant over the entire thickness which indicates the uniform
distribution of coating material on the surface of polypropylene film (Figure 46c¢).

While winding the battery components together the separator remained under tension in between
electrodes. To sustain this tension, separator should have high tensile strength in the direction of
machining (MD). At the same time high puncture force is also required to prevent the penetration
of uneven electrode surface through the separator. Pristine separator poses significant safety issues
because of its inherently low tensile strength (106.0 MPa) as well as puncture force (2.3619 N).
On the other hand, composite separator can accommaodate higher tensile strength as well as higher
puncture force. The coated layer acts as an additional barrier against the protrusion of separator by
solid particles while also restrict the motion of separator. The coated layer should have
interconnected porous structure with optimized tortuosity and this can be measured indirectly by
measuring the Gurley value. The Gurley value is inversely proportional to air permeability. Higher
the Gurley value lower the air permeability. This Gurley value is also an indirect method predicting
lithium-ion conductivity through electrolyte filled separator. Pristine polypropylene separator has
the Gurley value of 622 sand ionic conductivity is of 0.76 mScm. Unlike polyolefin separator,
ceramic coated separator should have lower Gurley value which attributes those pores in the coated
layer are interconnected and the coated particles do not block even the smaller pores rather these
micropores facilitates the air transport by capillary effects of interstitial void between
nanoparticles. Higher ionic conductivity of 8.908 x 104 Scm™ of AIO.OH coated separator also
attributes that the pores in the coated layer is uniformly distributed with narrow pore size
distribution in micron level, having well developed interconnectivity between the pores and

facilitates ionic conductivity when filled with electrolyte.
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4.2.5 Electrochemical Properties

The effect of AIO.OH coated separator (AIO-PP) with varying thickness on electrochemical
performance of the cell has been investigated by assembling 2032-type coin cells using LiFePO4
as cathode against Li/Li" in half-cell configuration. The pristine PP based cells show an initial
discharge capacity of ~140 mAhg™. Initial capacity decreases only slightly for the ALO-PP based
cells within the range of 135-143 mAhg™ for the separator thickness range of 23-45 um (Figure
47a). Among the coated separators, it is observed that ALO-PP-35 shows a maximum initial
capacity of 143 mAhg™. The discharge capacity of ALO-PP-23 is almost equal to pristine PP as
the thickness of the coated layer is very low or the overall thickness (~23 um) is almost close to
the thickness of pristine PP (~19 um). Further, as the thickness of the coated layer increases, both
the impedance with respect to Li* ion migration across the separator and the electrolyte uptake
also increases. However, initially, up to a thickness of 27 um the impedance factor predominates
resulting in a decrease in the initial capacity. With further increase in the thickness, the electrolyte
uptake dominates the Li* ion conductivity over its impedance and thus, the capacity becomes
higher for ALO-PP-35. Again, with further increase of the thickness, the mass of the coated layer
as well as the migration path of the Li+ increases resulting decrease in discharge capacity in ALO-

PP-42 and ALO-PP-45 successively.

The rate performance and capacity restoration of the ALO-PP-35 have been tested and compared
with PP for LiFePOu4//Li half cells (Figure 47b) as well as for LiFePO4//MCMB full cells (Figure
47c). The performance of the cell while using y-AlO.OH coated separator (ALO-PP-35) shows
better capacity compared to that of uncoated separator (PP) at all current densities, particularly at

higher current rate (C/5). The reason is that the porous AIO.OH coated PP membrane has improved
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porosity and pore size distribution along with enhanced electrolyte wettability due to better
electrolyte uptake. This increased electrolyte uptake acts as a reservoir of liquid electrolyte within
the pores of the coated layer on both sides of the PP membrane providing a buffer source of Li*
ions which provide better rate performance at all current densities and is significant at higher
current rate (C/5) compared to that of uncoated PP membrane. It is observed that while at lower
current rates of C/20 and C/10, the obtained capacity values are comparable, at higher current rate
of C/5 and C/2, there is a significant improvement of capacity for ALO-PP-35. For LiFePO.//Li
half cells at C/5 rate, the specific discharge capacity for the cells having commercial separator (PP)
is ~ 90 mAhg* while the cells fabricated with the coated separator (AIO-PP-35) the value is ~105
mAhg™ (Fig. 47b). Though the uncoated separator does not take part in improving electrochemical
performance directly in the lithium-ion battery but coating makes the difference. In the present
investigation, the AIO.OH coated layer on PP membrane increases the electrolyte uptake within
the pores of the coated layer on both sides of the PP which enhance the Li* ion diffusivity; thus,
provide better rate performance at higher current rate (C/5) as compared to uncoated PP membrane.
The capacity fluctuation in LiFePO.//Li half cells at different current rate except at the initial rate
of C/20 may be because of the capacity loss in a lithium-ion battery due to loss of active electrode
material or loss of active lithium. It may also be possible due to some adverse side reactions at
anode or cathode [315]. However, the exact reason for capacity fluctuation is required to be
investigated [316]. The ALO-PP-35 composite membrane separator has its maximum capability
in reserving liquid electrolyte inside the pores of the AIO.OH layer depending upon its overall
porosity, liquid electrolyte uptake capacity and thickness of the AIO.OH layer on both side of the
PP membrane. The capacity at C/5 rate is in coherence with the buffer source of Li* ions in

AlO.OH layer on PP membrane. Thus, the capacity difference while using ALO-PP-35 at C/5 rate
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is higher compared to that of uncoated PP. However, at even higher rate, i.e., at C/2, the difference
in capacities is lower in-between ALO-PP-35 and uncoated PP in cell because of limited supply

of Li* ions from the buffer source compared to the rate of Li* ions supply required at C/2 rate.

Similarly, for the LiFePO4//MCMB full cells at the same rate (C/5), the specific discharge capacity
for the cell having commercial separator (PP) is ~ 50 mAhg™ while cell having coated separator
(AlO-PP-35) the value is ~ 58 mAhg? (Fig. 8c). The comparatively lower capacities of
LiFePO4//MCMB cell may be due to the decomposition of LiPFs salt in electrolyte. The electrolyte
decomposition product may be deposited on the electrode surface which results increase in cell
impedance. The loss of cyclable lithium may also likely to originate on the negative MCMB
electrode. Thus, both loss of cyclable lithium and increased cell impedance are the suggested
source of lower capacities for LiFePO4//MCMB cell [317, 318]. However, the actual analysis for
this lower capacity requires in-depth investigation. The capacity restoration is also found to be

improved for ALO-PP-35 while columbic efficiency is comparable for both kinds of cells.
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To understand the reasons for improved performance of ALO-PP-35, AC impedance spectroscopy
was carried out on liquid electrolyte-soaked PP membrane and AIO-PP-35 membrane for
determining the ionic conductivity of the separator material, which is an important parameter
affecting the lithium-ion conduction of electrolyte material through the separator and the
corresponding Nyquist plots are shown in Figure 48. The stainless steel (SS) supporting electrodes

were used in two electrode system for the EIS measurement.
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Figure 48. Nyquist Plots for PP and ALO-PP-35 Soaked in Liquid Electrolyte. The Equivalent

Circuit used to fit the Impedance data is given in the Inset

The intercepts on the real axis gives the Rs (R1) values which are found to be52.11Q and 15.44Q
for PP and ALO-PP-35 respectively. Using Equation ¢ = d/RpXS, ionic conductivity of the ALO-
PP-35 membrane has been calculated to be 8.908 x 10*S cm™, while it is only 1.433 x 10 S cm’
! for the PP membrane. The improved ionic conductivity of the AIO.OH coated membrane (ALO-
PP-35) may be explained in terms of its better electrolyte wettability with other contributing
factors. The calculated impedance parameters are given in Table 8.
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Table.8: Impedance Parameter for PP and ALO-PP-35 Membranes

Separator R1(Q) | R2(Q) R3 (Q) Cl(F) P1 nl
membrane

PP 52.97 | 4.87x10° | 24269 9.707x10° | 1.021x10° | 0.85424
AlO-PP-35 15.31 8.67x10° | 14582 1.349x10° | 2.161x10° | 0.8477

This has been observed that both in C/10 and C/20 rate that the separator with coating thickness
of 35 um, the specific discharge capacity is highest and is stable throughout the cycles. (Figure
49) This has been also noticed that with higher coating thickness (35 pum, 42 35 um and 45 35 pum)

the capacity decreases gradually.
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Figure 49. Cycling of LiFePO4/Li Cell with PP and Coated Separators

The details of cycling performance have been studied at higher C rate (Figure 50). This has been
observed that at higher C rate, the capacity decreases gradually with increasing cycle numbers but

in all the higher C rates, the capacity is better in the cell with coated separator than that of uncoated
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one. This is also noticeable that in all the cases the coulombic efficiencies are comparable in both
coated and uncoated separator and which is around 100%. The following figures ((Figure 50)
indicate that cells with coated separator is having better performance than that of uncoated pristine
separators. However, the gradual decrease of capacity may be explained due to various reasons,

mainly unstable LiFePO4 coated layers.
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Figure 50. Cycling Performances of LiFePO./Li Cell with Coated Separator (35 um) with

Conventional Polypropylene (19 um) at Current Densities of (a) C/10, (b) C/5 and (c) C/2

The cycling efficiency of LiFePO4 vs. CMS graphite cell has also been studied at higher C rate
and it has been observed that though the overall specific capacity is low but the cell with coated
separator performs better then uncoated one like LiFePO4/Li half cells while maintain the

coulombic efficiency at 100%, which is comparable to uncoated one. (Figure 51)
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Figure 51. Cycling Performance of LiFePO4/CMS Graphite Cell
The overall cell impedance has also been measured for LiFePO4/Fe half-cell with coated separator.
This has been found that after formation cycle cell resistance increases, which may be due to
formation of SEI layers. The cell resistance decreases significantly after 20 cycle, which is
conforming the general behaviour of the Lithium-ion battery cell. However, cell resistance

increases more cycle numbers due to various side reactions in the cell.
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Table 9: Properties of LiFePO4/Li Half-cell with ALO-PP-35 Membranes

Properties Celgard 2300 | Target (As |Coated  Separator | Comment
(PP) recommended by | (ALO-PP, nano)
RC)

Thickness 20 pm =50 pm 22, 27. 35, 40, 42|+

and 45 um
Ionic Resistivity NA <5 Qcm_z 54 Qcm_z A
Porosity 39% > 30-40% - Under Study
Temperature Stability | <130°c 130™-150°C 145°C (35 pm) | Y8
Wettability Good Good Good A

. 2 2 |I

Electrolyte Uptake 1.76 mg/em Good 425 mglem (36 N

pm)
Stability- LiPF_ in EC: | Stable Stable Stable +
DMC
Puncture Strength =360 g/mil > 300 g/mull - Under Study

TD and MD Shrinkage
@90°C/lh

0.0% and <5.0%

< 5% m MD and
TD

0.0% and 0.0% (36

pm)

y
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Cathode materials: The research focus on Li-ion battery at present is to achieve high-energy high-
power density, which is required for the application in high end consumer electronic devices and
electric vehicles. To achieve this major two properties along with stability and safety researchers
have concentrated in major four challenging areas which include (i) electrode materials having
high specific capacity and high voltage, (ii) nano materials to increase the reactivity and high
lithium-ion diffusivity, (iii) use of non-carbonaceous anode materials to increase safety and (iv)
structurally stable electrode materials. The specific approaches to meet these challenges are as
follows. Energy density can be improved by selecting a positive electrode (cathode) that could
either display higher redox potential or larger capacity or both in together. One of the ways to
increase the power density is to use nanomaterials having structural stability. Coupling a highly
oxidizing materials (LisTisO12 instead of C) in order to eliminate the formation of SEI layer at
negative electrode when dealing with safety. The cost of Li-ion battery mainly dependent on the
synthesis procedure of its component materials, particularly the cathode material, its raw materials
abundance on earth crust and renewability. Hydrothermal / solvothermal processes are cheaper
than other synthesis process due to its simplicity, water based and low temperature. Cathode
materials are mainly responsible to improve the energy density and power density. Cathode
material determines the voltage and capacity of the of Li-ion battery. Capacity is dependent on the
number of extractable lithium from cathode during charge. Voltage is dependent on the redox
potential of the transition metal element. The combined effect of voltage and capacity determines

the energy density as well as power density of the cell. In Li-ion battery, the anode is well
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developed and little improvements in electrochemical performance can be achieved in terms of
design changes. However, cathode shows a great prospect for further enhancement of the battery
properties. Battery research is therefore concentrating on cathode materials. The key challenges
for developing Li-ion battery for electric vehicle applications are to achieve high energy densities
and high power density. Olivine structured based cathode material LiMPO4 is having high
operating voltage around (4.1 - 5.1V) and a maximum theoretical capacity (~ 170 mAhg?).
Compared to many commercialized compounds, this material can provide higher specific energy,

which is > 850 Whkg™.

Development of advanced Lithium-ion battery mainly requires the cathode materials having higher
redox potential of its transition element to meet the high performance demand, particularly in
electric vehicle. In this work a high energy LIB with high voltage cathode material is prepared
based on olivine structured materials having general formula LiIMPO4 (M = Fe, Mn, Co & Ni).
Phosphates can provide higher voltages than oxides of same transition metal with similar thermal
stability. In (PO+*) polyanion, the strong P-O covalent bond stabilize the oxygen in fully charged
stateMPOs, thus making LiMPOs electrochemically excellent, thermally stable, and
environmentally safe material. The strong P-O bond in the polyanion is responsible for lowering
the M2*/3* redox energy and improving the battery voltage higher (Voc vs. lithium) for that couple.
The theoretical redox potential of LiFePO4, LIMNPOg4, LiCoPO4 and LiNiPOsare 3.5V, 4.1V, 4.8
V, and 5.1 V respectively and the corresponding specific energies are 578, 697, 816 and 867 Whkg"
! respectively. The major challenges of this materials include low ionic diffusivity, low electronic
conductivity, anisotropic movement of Li ions within the materials in [010] direction, instability

of the fully de-lithiated phase (i.e., MPO4 & MVOQy), Jahn Teller effect (LiMnPO4) and large
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volume mismatch between lithiated and delithiated phases. Various approaches have been taken
to meet these challenges. These are (a) growth of nano-sized material with desired morphology to
decrease the Li* ion migration path and increase the Li* ion diffusivity (b) increasing ionic
diffusivity and electronic conductivity by suitable addition of dopants in cation as well as anion
sites (c) increasing inter-particle conductivity of the cathode materials by increasing the ratio of
graphitic vs. amorphous carbon with suitable synthesis procedure (d) synthesis of LiyMPO4X [X
=S, F, N etc., y > 1] to increase the specific capacity and also to make isotropic Li+ ion diffusivity
(e) increasing capacity by increasing the ratio of Mn?* vs. Mn®" with suitable synthesis procedure
and (f) increasing energy density of Lithium-ion battery either by improving the voltage or

increasing the capacity (or both together).

In this work we have successfully prepared LiMnPOg4 olivine structured cathode material at
optimum pH condition. Optimum content of conducting carbon in cathode material is obtained
based on electrochemical performance. Optimum percentage of La doping in carbon containing
cathode material is obtained based on electrochemical performance. Physical and morphological
characterization shows the structure and phase purity and their nano size morphology. The bulk
conductivity is improved after substituting Mn?* in LiMnPOs by La* ion. In La doped
LiMnPO4/C, electron transfer reaction would also become faster than that of in pure LIMnPOa.
The maximum capacity for this material obtained is 129 mAhg™®. In summary, we have
demonstrated a facile low temperature solvothermal method for synthesizing single phase
LiMnPO4 and LiMnogglaoo1POs nano-structured materials. The physical and electrochemical
properties of La-doped LiMnPO4 cathode materials are systematically investigated. XRD studies

confirmed the orthorhombic crystal structure of LiMnPO4 and LiMno.ggla0.0:PO4. FESEM images
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showed the formation of nanoparticles with spherical morphology for both LiMnPO4 and
LiMnogolao01PO4 materials. Among the materials studied, the LiMno.gglao01PO4/C composite

demonstrated the best cell performance with higher electrochemical stability at higher C-rate.

Separator: Lithium-ion batteries with high energy density and high power output, long cycle life
along with low self-discharge rate are presently the most preferred energy storage system for a
wide range of applications. However, improving the battery safety remains a critical issue
particularly for applications where high power is required, for example, in electric vehicles. In this
respect, the separator, which is an integral component of Li-ion battery, plays a crucial role by
providing a physical barrier between cathode and anode part; thus, preventing electrical short
circuiting during battery operation while maintaining a steady flow of Li* ions through the
electrolyte. Consequently, mechanical, thermal and electrochemical stability, porosity, wettability,
electrolyte uptake and Li* ion permeability are the important parameters for a separator. The effect
of these parameters on the electrochemical performance of Li-ion battery are summarized in recent
articles. Polyolefin based micro-porous membranes such as polypropylene (PP), polyethylene
(PE), polyethylene oxide (PEO), polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF),
polyvinylidene fluoride-co-hexafluropropylene (PVDF-HFP) etc. or their combination are the
most preferred composition of a separator used in commercial Li-ion battery at present. However,
polyolefin membranes have several inherent disadvantages such as poor thermal stability, low
porosity (~ 40%) and insufficient electrolyte wettability. Especially, because of low melting point
of the polyolefin separators, it can easily result in shrinkage that leads to internal short-circuiting
of the electrodes, causing fire or even an explosion. Moreover, being non-polar, polyolefin

membranes have poor wettability in highly polar organic electrolytes; thus, a high electrical
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resistance is developed as the pores of the separators are not completely filled with the liquid

electrolyte.

In this respect, boehmite (y-AlO.OH), which is a light weight, non-toxic and low-cost material,
could be a suitable coating material. It has a favourable layered structure composed of AlOs
octahedra and more importantly, it possesses a large number of -OH functional groups on the
surface. Besides, it is a well-known flame retarding material. In fact, boehmite is widely used in
several industrial applications such as catalysis, adsorbent, filler in plastic etc. Additionally, this
material is having other advantages which include its better dispersity in aqueous slurries which

would facilitate uniform coating on the polymer membrane.

In the present work, we have synthesized boehmite (y-AlO.OH) nanofibers (length 90-140 nm; dia
~15 nm) by a simple low-temperature (180°C) hydrothermal method and coated onto both sides of
surface modified polypropylene (Celgard). The prepared composite separator has been tested in
LiFePO4//Li half cells as well as in LiFePO4//MCMB full cells in coin cell configuration for

understanding the influence of this separator on electrochemical performance.

Ceramic coated composite separator shows enhanced thermal and dimensional stability over
uncoated polypropylene. Optimum coating thickness is found to be 8 pm in each side.
Electrochemical performance is evaluated by investigating the essential properties of 2032-type
coin cells using LiFePO4 as cathode against Li/Li* in half cell and MCMB in full cell configuration
respectively. It is found that composite separator results in improved cell kinetics due to better

electrolyte uptake and formation of a Li* ions buffer reservoir facilitating fast ion transport at high
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current rates. About 16% higher capacity is observed for coated polypropylene over one at a
current rate of C/5. Present results show that nanostructured boehmite could be a promising coating
material for surface modification of polyolefin separators not only with improved safety but also

with enhanced rate performance.

In summary, we have demonstrated a facile hydrothermal technique for synthesizing single phase
v-AlO.OH nanostructured material. The surface coating of y-AlO.OH on polypropylene membrane
is shown to be a promising approach for the development of advanced separator for lithium-ion
batteries with enhanced safety. The coated PP membrane showed significantly higher thermal
stability up to 140°C with only 8 um coating thickness on each side of polypropylene. Such thin
coatings are advantageous to save battery space and thereby gaining high energy density. The
coated separator shows improved electrochemical performance in comparison to uncoated
polypropylene at higher current densities. The hydrophilic nature of AIO.OH imparts higher
wettability, which in-turn facilitating the formation of a reservoir of electrolyte within its pores on

both sides of the separator providing a buffer source for Li* for faster cell kinetics.

5.2 Scope of Future Work

* Preparation of phase pure LIMPO4 (M — Mn, Co & Ni)

* Preparation of mixed transition metal material LiIMM'PO4 (M & M’ — Mn, Co & Ni).

» Cation site doping: Substitution of M & M’ by A - La, Sr, Mg, Ti, V etc. [Li(MM')1- xAxPO4]

* Anion site doping: B, S, N and P doping in anion sites [L.(MM")1.xAxPO4B]. [e.g., LisMn1.
xMxPO4S, LisMn1xMxPO:sN, Li2Mn1.xMxPO4F etc.]

* Preparation of LizV2(POa4)3
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* Optimization of each of the developed electrodes with electrolyte (LiPFs in EC:DMC = 1:2) and
Li anode (Half Cell)

* The optimized composition is tested with Carbon (Half-cell) and also with LisTisO12 anode (Full
Cell)

* Preparation of half-cell as well as full cell with the modified electrode and AIO.OH coated
polypropylene separator with Li anode (Half Cell), with Carbon (Half-cell) and also with LisTisO12
anode (Full Cell)

* Electrochemical characterization of fabricated half-cell and full cell with the modified electrode

and AlO.OH coated polypropylene separator
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APPENDIX

CHARACTERIZATION INSTRUMENTS FOR LI-ION BATTERY

Fabrication & Casting Process of Li-lon Coin Cell (Type 2032)
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Fig. I: Basic Assembly Process of Coin Cell

Li-air Battery

During the reporting period a large number of 2032 type coin cells have been fabricated. For

electrode preparation standard slurry casting technique was used. A optimized slurry was prepared

by mixing the active material (like 80 wt %) with acetylene black (like10 wt. %) and binder (like10

wt %) polyvinylidene fluoride (PVDF), dissolved in n-methyl-2-pyrrolidone (NMP). The mixed

slurry was coated on an aluminum or a copper foil of 20 um thickness for Li-ion Battery. The

coated films or foam were then dried at 120°C for 12 hours, pressed and punched into circular disk

(diameter ~15 mm) which is used either as cathode or anode. The thicknesses of various kinds of

electrodes were in the range of 50-200 um (excluding Al-foil). 2032 coin cells were assembled in

a glove box (MBRAUN, Germany) where both oxygen and moisture levels were kept below 1.0
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ppm. A complete cell comprises of a working electrode (cathode/anode), cellgard 2300 as the
separator and lithium metal foil as counter electrode. 1M LiPFg dissolved in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:2 by volume ratio) was used as the electrolyte.
Basic cathode electrode casting and cell assembly process is shown in fig.(i) Each cell voltage is~

3.5V and~2mAh capacity for Li-ion and 2.7V 600mAnh for Li-air Battery.

1. Glove Box (Make: M’Braun, Germany, Model: Unilab)

For smooth running of the Atmosphere Controlled Glove-Box which is used routinely for coin cell
fabrication. Li foil can catch fire easily in moisture and electrolyte is highly hygroscopic; so inert
Ar gas atmosphere is used. Periodically regeneration of the catalyst bed is required to maintain the

level of Oz and H20 to < 0.1 PPM.

LaB

Fig. I1: Glove Box
2. Equipment for Electrode Preparation & Testing of Li-lon Battery (MTI corporation, USA)
Vacuum slurry mixture, benchtop ball mill, film coater, hot rolling press (calendaring), and cutting
& crimping tools, test cell etc. Optimization of slurry casting process etc for different electrodes

and ceramic powder coted on poly propylene separators.
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Fig. I11: Equipment for Electrode Preparation
3. Laboratory Autoclave (Make: Parker autoclave Engineers, USA and Amar equipment, India)
Maximum vessel volume: 100 ml and 250 ml, Max. Pressure: 200 Bar, Max. Temperature: 230
OC and 200 °C, rotor speeds: 3000 rpm and 1450 rpm respectively. These are used 90% of max

value of temperature and pressure.

Fig. IV: Laboratory Autoclaves
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4. Galvanostat-Potentiostat Instruments (2nos) (Make: Autolab, Netherland, Model: N30 &

N302)

Many electrochemical tests like Impedance, CV and Charge-Discharge for Li-ion have been done

by these instruments. Outputs range 10 nA to 1A, 10V and 10nA to 10A, 30V

Fig. V: Galvanostat-Potentiostat Instrument

5. Automatic Battery Tester Instrument (Make: Arbin, USA, Model: BT2000)
Electrical performance test (Charge-Discharge) of the Li-ion cells has been done by these

instruments. Output range is 6V, 1 JA to 500mA (16 channels) and 10V, 1 pA to 500mA (32

channels)
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Fig. VI: Automatic Battery Tester Instrument
6. Hydraulic Press (Make Poly hydron Pvt. Ltd, Belgaum)
It is used for compressing casted electrode. Its capacity is 10 ton (320 Kg/cm?), effective area is

31.185 cm?.

Fig. VII: Hydraulic Press
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7. Electrical Heated Oven Driers [(Spac-N-Service, India), (Sangling, China)]
For preparation of LIB electrode, the casted samples were kept at different temperatures (ie.80°C-

130°C) in vacuum. Therefore, regular maintenance of the oven was required and carried out.

Fig. VIII: Electrical Heated Oven Driers

8. Furnaces & Controller

Different type of furnaces with various temperature ranges are used for calcination of cathode
powder. The following furnaces & controllers have been operated:

Kanthal furnace (1700 °C, 950 °C), India / Laboratory Muffle Furnaces, Nabertherm- P320 (1200
°C) Germany / Applied Test System INC (ATS) vertical type furnace (1200 °C), USA, CM
furnaces inc. (1400-1650 °C), USA / Controlled atmosphere CVD Furnaces, (1200 °C) MTI

Corporation, USA, and Controllers are Eurotherm (818, 2416), Honeywell (DC1040) etc.
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Fig. IX: Furnaces & Controller
9. Separator Coating Unit and Thickness Measuring Gauge
Elcometer 3560, 4 gap film applicator is precision engineered from hardened stainless steel to

provide four film thickness 50 um , 100 pm. 150 pm and 200 um respectively in one gauge.

Fig. X: Coating Device with Digital Thickness Gauge
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