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Synopsis 

This thesis is on the investigation of electrode materials for alkali ion batteries such as 

Li and Na ion batteries. Although the battery is composed of various inherent 

components such as cathode, anode, electrolyte and separator, the anode has been given 

the primary attention in the present work. It is well known that the battery performance 

metrics is certainly effected by the type of anode material chosen and their behavior 

determines the stability and life of the battery. There are wide range of anode materials 

and they typically play a crucial role in determining the overall battery energy density 

and power density. Along these lines, according to the literature and the ongoing 

research in the field, certain problems were designed and the background and 

motivation for the same is discussed in the beginning of every chapter.  

Chapter 1. Introduction: In this chapter, the importance of energy storage is reviewed 

and emphasized based on the energy demand and consumption statistics. The types of 

energy resources and their advantages and disadvantages are also screened. The sector 

wise energy utilization reveals that currently the non-renewable energy resources are 

being relied upon to fulfill the energy requirements of modern society. These resources 

not only pose a threat of being depleted over the course of time but also are very harmful 

for the environment. The renewable energy resources are clean and harmless without 

any emissions but they have been scarcely utilized. The reason for this is their 

intermittence due to characteristic weather fluctuations and difficulty in harnessing 

them as per our demand. This generates immense interest in energy storage and energy 

conversion devices. Batteries and supercapacitors are primary energy storage devices 

used for a wide range of applications spanning grid scale to small gadgets. Battery 

history starts from the Baghdad battery which was invented around 250 B.C. Since then 

batteries underwent many changes and developments and there were many prototypes 

like Daniel cell, Voltaic pile, Lead acid battery, Zinc-Carbon cell, Na-S battery etc. It 

should be noted that each of them was designed as an improvement over the previous 

model. Present day batteries are Li ion batteries which finds major applications in 

almost all electronic gadgets. The other chemistries such as Na ion, Mg ion, air batteries 

and redox flow batteries are active as well but not to the expected scale. The batteries 

still have to take over the fossil fuels and present battery chemistries have not achieved 

the optimization stage yet for completely replacing fossil fuels. The development and 

use of rechargeable batteries have led to the price increment in the basic materials 
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consumed by battery industry. There are many considerations in the battery design like 

the choice of cheap and safe materials which are at the same time eco-friendly. The 

energy density and power density of the batteries still fall short for many applications 

and they are yet to beat gasoline in this regard. This chapter paves the motivation of the 

work in related field. 

Chapter 2. Alkali ion batteries: This chapter briefly explains the working of the Li 

ion batteries and discusses the battery components and their types with respect to their 

storage mechanism. The cathodes for Li ion battery are layered compounds with Li. 

They mainly consist of a 3d transition element responsible for the redox reaction and 

Li uptake. The other type of cathodes known are polyanionic compounds. The famous 

cathode for Li ion battery is LiCoO2 (LCO) proposed by Goodenough in 1980s. To 

increase the energy density of Li ion batteries other cathode materials have been 

discovered other than LCO. But the transition elements present in the structure 

substitute Li sometimes and cause instability in the structure. Apart from this they tend 

to dissolve in electrolytes hence have poor cycling capability. The polyanionic 

compounds are considered to be a better choice than layered compounds. The anodes 

are of three types depending upon their charge storage mechanism. The intercalation 

type anodes do not react with the Li ion chemically thus the ion gets intercalated 

between the layers or gets adsorbed onto the material. The intercalation materials are 

safe to use and very robust in their performance. Graphite is the best example of 

intercalation anodes. But these materials have limited specific capacities and thus low 

energy densities. The alloying type anodes like Sn, Sb, Si etc. can alloy with Li ion 

taking more than one ion. This makes them good materials to achieve high energy 

densities. But as they take 3-4 Li ions, volume expansion in the materials and rapid 

capacity decay are serious challenges. Several strategies like downsizing the particles 

and making composite with carbon are adapted for improving their performance. The 

third type of anode materials is conversion and they undergo displacement reaction and 

take high number of Li ions like alloying materials. They also suffer from issues like 

alloying materials and hence have not been commercialized. The electrolytes used in 

batteries are of different types- carbonates based, ether based and ionic liquids. The 

electrolytes are chosen in such a manner that they have sufficient viscosity and high ion 

mobility. Some electrolyte systems are specific for specific anodes and cathodes. The 

separators used in batteries are of two types the Whatmann and polypropylene where 
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polypropylene is considered to be thermally stable than Whatmann. The high cost and 

limited reserves of Li makes Na as an alternative but Na ion batteries have not yet been 

able to replace Li ion batteries. This is because of their bigger ionic size causing 

structural distortion in cathodes and anodes. The fast diffusion kinetics of Na ion 

imparts the device high rate capability as compared to Li ion batteries but the 

difficulties in their implementation are still a hindrance. The batteries also suffer from 

aging, self-discharge and leakage which degrade their performance. The battery 

performance is analyzed based on few factors namely the energy density, power 

density, C-rate performance, cycling stability etc.  

Chapter 3. Nanotubular hard carbon derived from renewable natural seed gel as 

high performance sodium-ion battery anode: Na ion batteries have been the focus to 

replace Li ion batteries in future and hence there is constant endeavor to improve the 

current energy density of Na ion battery. In anodes, Graphite which is a very suitable 

material for Li ion batteries is not at all compatible with Na ion batteries because of the 

bigger ionic size of Na. The interlayer spacing of graphite is not appropriate for Na ion 

giving rise to the use of other carbon based materials like hard carbon with enhanced 

d-spacing. Many bio wastes like banana peels, coconut shells, pomelo peels, and walnut 

shells have been used as the hard carbon source. Other than bio wastes, naturally 

occurring compounds such as glucose, grass, algae, phytic acid have been also used to 

obtain hard carbon. In this chapter, a Basil seed derived natural gel is employed as a 

source of hard carbon called as natural gel derived hard carbon (NGHC). The basil 

seeds are soaked in D.I. water and their mucilage is extracted and freeze dried. The 

simple high temperature pyrolysis yields a hard carbon which is characterized using 

PXRD, RAMAN, XPS and BET analysis. The NGHC exists in nanotubular form as 

seen in SEM and TEM.  

The electrochemical behavior of NGHC is analyzed by impedance spectroscopy and 

cyclic voltammetry followed by the charge discharge measurements. The NGHC shows 

a reversible specific capacity of 195 mAh g-1 at a current density of 100 mA g-1 with 

high cyclic stability up to 300 cycles. The comparison with commercial hard carbon 

also states that the NGHC is better in terms of specific capacity and rate performance.  

Chapter 4. Carbon caged Si nanoparticles with high capacity and cycling stability 

for Li-ion battery anode: Si is an alloying anode and has a theoretical specific capacity 
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of 4200 mAh g-1 as it can take 4.4 Li ions during alloying. As a result of this, the final 

alloy is much bigger in volume than pure Si. This makes the structure to expand which 

is termed as volume expansion. To counteract this issue, people have tried making nano 

size Si in different morphologies so that the overall size of the LixSi alloy remains 

smaller than that of a micro sized Si. Another approach to tackle this is making core 

shell structure where the shell acts as buffer for volume expansion as well as composite 

with volume expansion accommodation material such as carbonaceous compounds. In 

this work, we adopted a strategy to encapsulate Si nanoparticles in a carbon cage. The 

carbon source was the natural gel from basil seed. The target of this approach was to 

uniformly embed Si NPs in carbon nanostructure. The seeds were soaked in Si NPs 

dispersed aqueous solution and during swelling they absorbed the Si NPs uniformly. 

The Si NPs loaded gel was freeze dried and then pyrolyzed in Ar at 1000 °C to obtain 

carbon caged Si NPs. The Si NPs containing gel derived carbon (Si-GDC) consists of 

the Si as well as carbon features reflected in PXRD and RAMAN. The impedance also 

reveals the reduced interfacial resistance because of carbon present in the composite 

and the CV also exhibits the Si alloying and carbon intercalation peaks. The Si-GDC 

has good rate performance giving 700 mAh g-1 at 2 A g-1 and high stability of 250 cycles 

at 1 A g-1 with final specific capacity of 1460 mAh g-1. 

Chapter 5. A hard carbon and Li4Ti5O12 based physically mixed anode for 

superior Li-battery performance with significantly reduced Li content: A case of 

synergistic materials cooperation: Li4Ti5O12 (LTO) is a very promising anode 

material for Li ion battery and it has a good rate performance due to the small diffusion 

channels for Li ion and is widely used anode at commercial level. The low specific 

capacity and poor electronic conductivity are major drawbacks of LTO which need to 

be addressed to enhance its performance. The carbons have specific capacities higher 

than LTO and are highly conducting. The extremely low intercalation potentials and 

low current density for the ion adsorption make them viable for metal plating and 

reduce their overall power density. This chapter presents the idea of combining these 

two to resolve their shortcomings and improve their performance. A simple physical 

mixture of LTO and hard carbon in two ratios 50-50 and 20-80 is tested as anode for Li 

ion battery. At low current density, the specific capacities reach near that of hard 

carbon. The rate performance proves that the mixtures perform better than hard carbon 

as carbon nanopores need very low currents for ion adsorption. The long term cycling 
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stability at 6 A g-1 up to 3000 cycles is a strong evidence for this synergistic 

phenomenon and even the 20 wt % LTO containing anode performs similar to LTO 

with little change in the specific capacity at high current density. The SEM images of 

all anodes taken at different cycling stages show that the SEI layer is robust in case of 

mixed anodes due to the synergistic effect. 

The full cells of all the anodes with LiCoO2 cathode reflect the anode dominance in 

charge discharge behavior. The LCO//LTO full cell has low operating window of 2.5 

V whereas the LCO//HC and LCO//mixed anodes can be charged up to 3.5 V. The 

specific energy densities and cycling performance of full cells with mixed anodes are 

seen to be much better than the full cells with pristine anodes.   

Chapter 6. Single phase Cu3SnS4 nanoparticles as high capacity Li-ion battery 

anode: In this chapter, conversion type Cu3SnS4 is demonstrated for Li ion battery 

application. Few materials allow conversion followed by alloying process for the 

charge storage. One of the elements in such compounds undergo displacement reaction 

and forms a matrix which does not contribute to the capacity. The other element alloys 

with Li and gets dispersed in the matrix of previous element. Binary and ternary sulfides 

like SnS2, transition metal chalcogenides like MoS2 are such examples. The sulfides 

have electrolyte dissolution problem and in every cycle, the poly sulfides irreversibly 

get trapped in electrolyte which causes low coulombic efficiency and capacity fading. 

The poly sulfides pass through the separator and travel to the other side leading to 

shuttle effect in batteries. In this study, a ternary metal sulfide Cu3SnS4 (CTS) is 

selected for the Li ion battery anode. The high Cu: Sn ratio enables the Cu0 to act as 

matrix for Sn volume expansion and minimize the sulphur dissolution. The CTS 

nanoparticles show 1082 mAh g-1 at 0.2 A g-1. It is highly stable up to 950 cycles with 

specific capacity of 890 mAh g-1 at 0.5 A g-1. The comparison with similar materials 

shows that the CTS NPs stand out among those in terms of stability and capacity. 

Appendix. A flexible Li ion battery for drug delivery application: In this work, a 

metal organic framework (MOF) is used as an anode for Li ion battery. The MOFs have 

unique structural properties and their pore size and flexibility can be tuned by varying 

the linkers. They are porous materials and can thus be used as intercalation anodes. In 

this study, a Fe metal containing MOF shows a very high specific capacity and cycling 

stability up to 1100 cycles. The full cell shows an energy density of 360 Wh/kg and a 
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robust stability up to 1000 cycles without any capacity decay. The flexible battery was 

made by using free standing electrodes made by using carbon nanotubes (CNTs) and 

polydimethylsiloxane (PDMS). The flexible battery could power a transdermal skin 

patch to generate enough heat required for the drug delivery which is evident from IR 

imaging. 

Summary and outlook: Here, the new methodologies and their significance in the field 

is explained. The relevance of the results obtained is establish describing their 

importance. In the future direction, the improvement in full cell performance and 

enhancement in capacity is proposed by the use of different cathode. The conversion 

based cathode FeF3 with any other cathode as composite is proposed for its capacity 

fading issue during lithiation. Finally, metal batteries are put as a possible systems with 

much higher energy density and power density and the use of aerogels as the conducting 

free standing host matrix for Li metal is suggested.  
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Chapter 1  

Introduction 

 

Abstract 

The significant dependence of the modern society on energy for a variety of daily needs 

brings the context to the issue of smart and careful use of the energy resources provided 

to us by nature. The non-renewable resources are depleting rapidly due the 

developmental needs of the ever growing population around the world and this has 

already caused severe adverse effects on the environment and health. If this is not 

checked on an urgent priority basis the society awaits a disastrous and uncertain future. 

The renewable resources on the other hand are fragmentary, temperamental and in 

many cases dilutely dispersed. Thus harvesting them efficiently when they are in their 

full strength and storing the harvested energy for subsequent use as needed is the only 

smart and viable option. There are a number of ways to harvest and storage energy from 

such sources, however in this work we focus on electrical energy storage which is the 

most important frontier because the modern society is essentially electrically driven. 

Amongst such storage devices the electrochemical and electrical energy storage 

systems are perhaps the most popular due to their applicability for diverse application 

sectors including mobile systems. The main electrochemical energy storage devices 

include batteries and supercapacitors, and their variants. Batteries render high energy 

density and good power density, and their development has been taking place over 

several decades with modifications in each component to improve their performance 

and make them safer to use. The modern day batteries are majorly alkali ion batteries 

although other chemistries also being intensely explored. These issues and challenges 

are reviewed in this chapter to set the stage for the work reported in this thesis.  
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1.1 Present scenario of energy consumption  

Energy drives the engines of growth, development and progress of modern civilization. 

Sun is the primary source of energy providing light and heat via its broadband spectral 

radiation. Energy is used in various forms for various processes and converted from 

one form to another continuously in nature. In modern life we are heavily dependent on 

energy to meet our daily requirements.[1] We need energy to run our household jobs, 

for transportation and also in production or industrial work. Figure 1 shows various 

forms of energy being utilized in several areas including residential and commercial 

needs. 

1.1.1 Energy Consumption statistics 

The energy consumption statistics are given in Figure 2 in various sectors of society. It 

is evident from the histograms that most of the energy is consumed in transportation 

and it is generated form oil resources. Industrial areas rely on oil majorly but have their 

energy generated from coal and natural gas as well in substantial amount.  

 

Figure 1. Daily life usage requirements of energy. (http://www.fvbenergy.com/wp-

content/uploads/2012/12/renewable-energy-chart.jpg). 
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Figure 2. Energy consumption percentage by sector. https://www.ecofys.com/en 

/publication/deep-renovation-of-buildings. 

The nation wise energy consumption per person seen from Figure 3 is pretty non-

uniform with the developed countries consuming most of the resources. The developing 

countries have moderate consumption whereas the under developed countries have very 

less share of resources to consume and their utilization per capita is very low. However, 

given the large population of the developing and underdeveloped world, the total actual 

energy requirement is extremely high. 

  

Figure 3. Energy consumption per person by country. http:// burnanenergyjournal.com 

/how-much-energy-are-we-using/. 

https://www.ecofys.com/
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1.2 Energy Resources 

The available sources of energy (Figures 4, 5) can be broadly classified in to two 

categories. 1) Renewable Energy and 2) Non-renewable Energy. Renewable Energy is 

the energy from renewable resources which are naturally available and are abundant.[2] 

Non-renewable energy resources are those which are present in limited amount and are 

viable to extinction, if exploited excessively.  

 

Figure 4. Types of energy resources. https://www.picemaps.com/images-of-non-

renewable-resources/. 

 

Figure 5. Various energy resources. https://www.southmountain.com/blog/2017/07/ 

local-sustainable-economies and-way/. 

https://www.southmountain.com/blog/2017/07/


   

  

5 
 

1.2.1 Non-renewable energy resources  

Fossil fuels such as coal, petroleum and natural gas are some examples that come under 

the category of non-renewable resources. Due to intense heat and pressure the organic 

matter buried in earth’s crust got converted into fossil fuels.[3] The fossil fuels are 

limited as it takes millions of years for the decomposition and conversion process. It is 

believed that they were formed during carboniferous period around 350 million years 

ago. It is obvious to say that the non-renewable resources are not abundant like 

renewable ones and should not be inconsiderately used.  

1.2.1.1 Harmful Effects by over consumption of Fossil Fuels 

As mentioned in the above section, non-renewable resources are present in limited 

amount in earth’s crust and hence need to be used judiciously. The present energy 

requirements are mainly tied to the non-renewable resources and we need to be very 

careful in their utilization. The current usage of fossil fuels to meet the energy demands 

is indeed at alarmingly high rates and poses a threat about their exhaustion in coming 

decades.[4] The over usage is not the only concern when it comes to the status of non-

renewable resources of energy in present world. The effects caused by their burning are 

equally menacing. The burning of fossil fuels produces carbon dioxide which leads to 

the greenhouse effect. Along with carbon dioxide, sulphur oxides are also released.[5] 

The global climate change is one of the adverse effect of greenhouse effect which in 

turn is responsible for the habitat change of many species. Several species have gone 

extinct as they could not adapt to the change in the environmental conditions. 

 

 

 

 

Figure 6. Adverse effects of over usage of non-renewable energy resources. 

https://www.lifeextension.com/Magazine/2017/6/Consequences-Of-Air-Pollution. 

https://www.lifeextension.com/Magazine/2017/6/
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Several others are in danger of extinction and have been declared as endangered 

species. The food chain is also disturbed as many important components of food chain 

are missing. Earth which is till now (excluding the attempts of finding life existence 

possibilities on mars) considered as the only planet where the conditions for the 

existence of life are appropriate than no other planet in the solar system, is now facing 

the serious issues of environmental pollution, climate change and extinction of living 

beings.[6]   

1.2.2 Renewable energy resources 

The renewable energy resources like solar energy, wind energy, tidal wave energy, 

geothermal energy and several others are plentiful for earth and are never going to get 

exhausted. They are harmless when used and have no emissions. The renewable energy 

resources which are scrutinized as alternatives to non-renewable energy resources and 

also regarded as solution to the problems caused by the employment of fossil fuel are 

however not sufficient to meet the ever increasing energy demands because of current 

limitations of harvesting and storing them.[7]  

 

Figure 7. Harvesting of renewable energy resources. (http://www.sustainableei.com/ 

naturalresources.php). 

http://www.sustainableei.com/
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1.3 Need for energy storage 

The increase in population and rapid industrialization steered the destruction of 

harmony between nature and mankind. The energy dependence of mankind in the 

modern world has gone to a far extent and as it is fulfilled mostly by the non-renewable 

resources of energy, their depletion would be highly unfavorable for sustainability.[8] 

Restoring sustainable development is the need of the hour. The sustainable 

development means fulfilling our energy requirements using the natural resources 

without harming the ecosystem. The non-uniformity in their distribution worldwide is 

itself a hindrance in their implication to replace their counterparts. For instance, solar 

energy cannot be utilized as an energy resource in the regions where sunlight is present 

only for limited period of the year or with low insolation. Similar issues are there in the 

utilization of other renewable energy resources like wind energy, tidal energy, 

geothermal energy etc., as their sources show characteristic fluctuations. This scenario 

calls for energy conservation and energy storage. The attention towards these two have 

particularly grown from past few decades since the issues caused by fossil fuels are 

alarming and need to be addressed immediately. Alternatives have been searched for 

and their wise utilization has been emphasized. The concept of clean and green energy 

has been introduced where emission free and environmental friendly methods are used 

for energy conversion and storage.  

1.4 Energy storage systems 

Being aware of the energy resources present for our use, now we look to the various 

energy storage technologies which would facilitate the energy usage at any given time 

frame and at any place irrespective of the availability statistics of any particular energy 

resource. An energy storage system or device is the one which stores energy and 

releases it in a desired form when required. The various energy storage forms could be 

mechanical storage which further can be hydroelectricity, pumped storage, flywheel 

energy storage, gravitational potential energy, thermal storage. The thermal energy 

storage systems capture heat and cold and are based on the physical characteristics of 

the materials such as latent heat. The phase change materials and the thermochemical 

energy storage are included in this class. Then there exists the chemical storage which 

is basically a hydrogen storage like in a fuel cell. 
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Figure 8. Classification of energy storage technologies. 

The electrical energy storage devices are categorized as capacitors that store electrical 

energy electrostatically and superconducting magnets in which a direct flow of current 

induces magnetic field in a superconducting coil.[9] The electrochemical energy 

storage devices include the chemical energy stored in the device and include batteries 

of all types.  

Out of all the above mentioned energy storage technologies, electrochemical and 

chemical energy storage are definitely of great significance based on the energy usage 

sectors. As seen from Figure 2, most of the energy is required for transportation and 

residential applications. For these applications, one needs a convenient, portable and 

easy handling energy storage system. The electrical and electrochemical energy storage 

systems satisfy these norms and hence are utterly important to be flourished.  

1.5 Electrochemical energy storage devices 

In this work, the electrochemical energy storage devices are the primary focus and 

hence will be described more elaborately. The primary components of an 

electrochemical energy storage device are: 

Cathode: The positive electrode which undergoes reduction during the discharge 

process. 
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Anode: The negative electrode which undergoes oxidation during the discharge 

reaction.  

Separator: A material that prevents cathode and anode to be in direct contact with each 

other hence preventing the short circuiting of the half cells. 

Electrolyte: A medium which facilitates ion flow from one direction to another. Based 

on the type of device it can be aqueous, alkaline or organic. 

The major electrochemical energy storage and conversion devices are capacitors, 

supercapacitors, batteries and fuel cells. 

1.5.1 Capacitors: The conventional capacitors compose of two conducting plates 

separated by a dielectric medium. This is called as the parallel plate configuration of 

capacitors. The capacitance C is calculated by the following equation: 

𝐶 =  𝜀
𝐴

𝑑
 

The A is the area of the plates and d is the distance between them. 𝞮 is the permittivity 

of the dielectric. The unit of the capacitance is Farad (F) and the typical capacitors for 

general applications have the capacitance in the range of picofarad (pF) to millifarads 

(mF). The capacitor stores the potential energy between the plates in terms of electric 

energy. The process is non-Faradaic in nature. The capacitors have very high power 

density but very low energy density.  

1.5.2 Supercapacitors: A supercapacitor differs from a capacitor in terms of the 

amount of energy it can store. Supercapacitors are known as ultracapacitors since they 

have high energy density and capacity as compared to conventional capacitors.[10][11] 

A supercapacitor employs porous carbon material as electrodes and stores charge 

electrostatically. The supercapacitors have high power density as the charge 

storage/release happens at very high rates. The supercapacitors are employed in the 

applications where instant power is required. They are further classified into two types 

depending upon the charge storage process, 1) Electrochemical Double Layer 

Capacitors (EDLCs) and 2) Pseudocapacitors. 
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1.5.2.1 Electrochemical Double Layer Capacitors (EDLCs): The EDLCs store 

charge in the electric double layer created at the electrode/electrolyte interface hence 

the name EDLC.[12]  

 

Figure 9. A schematic representation of supercapacitor (Source – Wikipedia). 

These are highly stable and robust as no chemical reaction is involved in charge 

storage.[13]The working principle is demonstrated in Figure 10 (a).[14] The energy 

storage in the electrical double layer capacitor (EDLC) takes place by the charge 

separation at the interface between the electrolyte and electrode. The electrolyte is 

usually aqueous solution of salts like H2SO4 or KOH. The charging and discharging 

processes in the EDLC ideally involve no electron transfer across the electrical double 

layer at the electrode/electrolyte interface. Thus they are non-Faradaic in nature. 

EDLCs have remarkably long cycle life because of electrostatic charge storage and 

absence of chemical reaction. 

1.5.2.2 Pseudocapacitors: The pseudocapacitors are similar to EDLC except that they 

involve redox process along with double layer for the charge storage.[15] Sometimes 

intercalation also takes place in pseudocapacitors.[16][17] In pseudocapacitors, surface 

confined redox reactions (Faradaic reactions) occur in the material. The electron 

transfer in a pseudo-capacitive material brings a net charge into the material. This is 

neutralized through the intercalation of ions of the opposite charge from the electrolyte 
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into the electrode. This is the reason why they are compared to batteries. However, the 

difficulties for ion transport and substantial solid phase changes in pseudocapacitors 

makes them inferior to the EDLCs in terms of power density. 

  

 

Figure 10. Working principle of (a) EDLC; (b) pseudocapacitors and (c) battery. 

Copyright Royal Society of Chemistry. Reproduced with the permission of Ref [14]. 

1.5.3 Batteries  

A battery is essentially a device that stores chemical energy which gets converted into 

electrical energy during the discharge process.[18] The major components of a battery 

are illustrated in Figure 10 (c). Unlike the supercapacitors, batteries are totally Faradaic 

devices. The charge storage takes place by means of oxidation and reduction process in 

the whole of the electrodes. It implies that batteries constitute of bulk storage in spite 

of surface storage. The batteries have a specific electrochemical potential at which the 

Faradaic reaction occurs by the transfer of electrons. The batteries charging discharging 

time is usually much longer than EDLCs and pseudocapacitors as evident from Figure 

8. The EDLCs exhibit the capacitive behavior corresponding to the adsorption of ions 

on the surface of the electrode and the time scales are in seconds. Pseudocapacitors 

undergo Faradaic reaction along with intercalation which is reflected in their charge 

discharge nature. Batteries have their charging discharging time scales ranging from 

minutes to hours. The batteries have high energy density and a well-defined potential 

window which can be tuned based on the chosen electrolyte. The power density of the 

batteries can be enhanced by using the high rate capability materials. Batteries have 

wide range of operating potential as well. The aqueous electrolytes based batteries 

operate up to 1.23 V as beyond this the water splitting is thermodynamically feasible. 

By employing non-aqueous batteries, the potential window can be raised up to 4 V.  
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Figure 11. Charge discharge characteristics of (a), (b) EDLCs; (c), (d) 

psueodocapacitors and (e), (f) battery. Copyright Royal Society of Chemistry. 

Reproduced with the permission of Ref [17]. 

 

1.5.4 Fuel Cells: A fuel cell differs from a battery since it requires continuous source 

of fuel and oxygen or any oxidizing agent for its operation whereas a battery use already 

stored chemical energy. The fuel cell converts chemical energy of a fuel into electrical 

energy with the production of water and heat.[19][20]  The functioning of a fuel cell is 

demonstrated in Figure 12. When hydrogen ions move from anode to cathode and 

combine with oxygen at cathode, electric current is generated by the electrons flowing 

in the outer circuit with the evolution of water at the cathode side.[21] There are several 

types of fuel cells namely Proton Exchange Membrane Fuel Cells (PEMFCs), 

Phosphoric Acid Fuel Cells (PAFCs), Solid Acid Fuel Cells (SAFCs), Alkaline Fuel 

Cells (AFCs), Solid Oxide Fuel Cells (SOFCs) and Molten Carbonate Fuel Cells 

(MOFCs).[22] Although the fuel cells offer a clean and emission free output, they can 

be used only at the bulk scale like grid scale power generation. The aforementioned 

electrochemical energy storage devices are employed for various purposes. The 

applications vary from stationary storage to appliances or small gadgets. 
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Figure 12. Alkali fuel cell prototype. https://www.researchgate.net/publication/ 

290770006_Fuel_Cells_Their_Applications. 

1.5.5 Comparison of different devices: 

The supercapacitors have high power density and are used for applications where large 

amount of energy in a short time interval. Batteries and Fuel Cells are devices of high 

energy density and can be used in applications demanding continuous supply of 

electrical energy. These devices are used in combinations as well to deliver power and 

energy simultaneously. The performance of these devices is evaluated in terms of the 

power density and energy density they are able to provide. The same can be analyzed 

from the Ragone plot given in Figure 13.[23] It shows the power vs. energy densities 

of various clean energy storage devices. The capacitors possess very high power density 

but low energy density. The fuel cells have high energy density but low power density. 

The supercapacitors and batteries are moderate in their performance. Batteries 

particularly are of interest as they have high energy density with reasonably good cycle 

life. They have the potential of tenability in terms of energy density and power density. 

They span a large area of applications from big to small scale. These are used in mobile 

applications, various gadgets as well as in grid storage. Battery development is going 

on from a long historical duration undergoing several changes in their chemistry, design 

and materials.  

https://www.researchgate.net/publication/%20290770006_Fuel_
https://www.researchgate.net/publication/%20290770006_Fuel_
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Figure 13. Ragone plot for various energy storage and conversion devices Reproduced 

with the permission of Ref [23]. 

Although the basic components of batteries remain the same but to improve the 

performance and enhance the parameters crucial for certain usage, many chemistries 

have been tried. Once a certain type of chemistry was developed, its loop holes or the 

difficulties in its practical usage were eradicated by proposing changes in existing 

materials or design. Based on all that we have many types of batteries being invented. 

Some of them are still in use and few of them were discarded if they were not good 

enough in their operation or pose a difficulty in handling. In the next section, the types 

of batteries and related mechanisms have been discussed. 

1.6 Types of Batteries 

Batteries are classified broadly on the basis of their function and life cycle. The two 

categories into which batteries are divided majorly are 1) primary batteries and 2) 

secondary batteries. 

Primary Batteries: These batteries have a fixed life span and can’t be recharged once 

their cycle life is finished. They stop functioning once the chemicals are used up and 

the components need to be replaced for further generation of electricity. 
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Secondary Batteries: Also popularly called as rechargeable batteries now, these 

batteries have a longer life span and can be recharged over multiple cycles. The 

chemical processes taking place in such batteries are reversible. 

1.7 Evolution of Batteries 

Today’s long lasting batteries used in gadgets and grid storage are the outcome of the 

years of evolution in battery technology starting from galvanic cells to Li air batteries. 

The battery history reveals how the batteries were designed initially from very common 

ingredients and many of the earlier battery materials were toxic. The shortcomings were 

improved over the years to produce recyclable and safer batteries. The evolution of 

batteries is briefly described below: 

1.7.1 Baghdad Battery: Most historians believe the first battery invented to be from 

Alessandro Volta in late 18th century but some archaeological facts prove the existence 

of batteries from 250 B.C. The 1938, Wilhelm Konig, a German Archaeologist 

discovered an earthenware jars of 5 inch in Khujut Rabu near Baghdad, hence the name 

Baghdad Battery.[24]  

         

Figure 14. Baghdad battery. (https://factsofworld4u.blogspot.com/2015/10/baghdad-

battery-first-battery-ever-built.html). 

The jar consisted of a copper cylinder sealed with asphalt encasing an iron rod which 

was suspended from an asphalt stopper at the top of the copper cylinder. The iron rod 

was corroded showing evidence of presence of some acidic medium inside the 
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assembly. He theorized that these jars were the galvanic cells and could have been used 

for electroplating of gold on ornaments. 

1.7.2 Voltaic Pile: In 1749, Benjamin Franklin during his experiments with electricity 

called a set of linked capacitors as battery.[25] These were interconnected metal coated 

glass panels which were charged by a static generator and discharged by making contact 

with the electrode. These led basis of the piling of cells to be later called as battery. 

However, Alessandro Volta, an Italian physicist invented the first true battery in 1799 

using Copper (Cu) and Zinc (Zn) discs separated by a brine solution soaked paper. 

These discs were piled onto each other to give continuous electricity where a set of Cu 

and Zn disc generated 0.76 Volts (V).[26] The stacking of discs could provide higher 

voltages. Nonetheless, there were some flaws in this system including the corrosion of 

discs, hydrogen bubbles plate formation on copper, separator crushing due to heavy 

weight etc.  

 

Figure 15. A Voltaic Pile. (http://www.yourdictionary.com/voltaic-pile). 

1.7.3 Daniel Cell: Daniel Cell was invented by English chemist John F. Daniel in 1836. 

He proposed the solution to the hydrogen bubble problem of Voltaic Pile by introducing 

second electrolyte.[27] The Daniel cell consisted of two glass beakers one containing 

copper plate dipped in the copper sulfate solution and other containing zinc plate in a 
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zinc sulfate solution. The two beakers were connected by a porous plug.[28] The 

positive terminal was connected to the copper plate and the negative terminal to the 

zinc plate. The two terminals are connected by a salt bridge making the ions to move 

from one electrode to other and keeping the solutions electrically neutral.[29] There 

were several other batteries designed including Bird’s Cell which used plaster of Paris 

to isolate two electrolytes and allow diffusion of ions from one solution to another. 

Porous pot cell was another improvement over the Bird’s Cell design where a porous 

earthenware containing zinc electrode and zinc sulfate solution was immersed into the 

copper can containing copper sulfate. Gravity cell used one glassware and exploited the 

density of the copper. The copper cathode used to be placed at the bottom immersed in 

copper sulfate solution and the zinc anode used to be suspended. The zinc sulfate used 

to form a top layer on the copper sulfate due to the high density of copper and the 

polarity of the cell. This way the internal resistance of the cell was minimized. 

 

Figure 16. A Daniel Cell. (https://onllogy.blogspot.com/2015/01/electrochemical-cell-

and-its-types.html). 

1.7.4 Lead Acid Battery: Gaston Planté, a French physician invented the first 

rechargeable or secondary battery in 1859 called as Lead Acid battery.[30][31] The 

battery consisted of lead plates as anodes immersed in sulphuric acid and the cathode 
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used was lead oxide giving lead sulfate as the discharge product.[32] By applying 

reverse current the process could be reversible and thus the battery could be 

recharged.[33][34] This battery is used for stationary applications where weight is not 

a concern. The improvisations were made over the years but the basic principle remains 

the same. 

 

Figure 17. A Lead Acid battery working principle and its construction. Copyright John 

Wiley and Sons. Reproduced with the permission of Ref [31]. https://www. 

infinitumstore.com/articles/ archives/01-2008. 

1.7.5 Leclanché Cell: The carbon coated manganese dioxide cathode and zinc anode 

dipped in ammonium chloride solution for use as a battery was invented by Georges 
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Leclanché in 1866.[35] This battery provided output of 1.6 V.[36][37] This cell was 

famous for its applications in signaling and telegraphy. 

 

Figure 18. A Leclanché Cell. (By courtesy of Encyclopaedia Britannica, Inc., copyright 

2005 (Leclanché cell); used with permission.). 

1.7.6 Zinc-carbon Cell: With the various modifications in the cell designs and choice 

of electrode materials, there were concerns with the portability and practical use of 

batteries. Scientist tried to make the batteries convenient for use by immobilizing the 

electrolyte.[38] In this regard, the first dry cell proposed was Zinc-carbon cell by Carl 

Gassner in 1886.[39] The cell composed of ammonium chloride and zinc chloride 

mixed with plaster of Paris to make a paste. The manganese dioxide cathode with 

carbon mixed in it was dip coated with the electrolyte and then wrapped by a zinc anode 

shell.[40] This design was compact and more rigid with no spillage issues and handling 

problems. The Zinc-carbon cell generated potential of 1.5 V and required no 

maintenance. This battery was handy and used in common applications and was key 

factor in development of flashlight. 
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Figure 19. A Zinc-carbon cell. (By courtesy of Encyclopaedia Britannica, Inc., 

copyright 2005 (zinc-carbon cell); used with permission.). 

1.7.7 Nickel-Cadmium (Ni-Cd) Battery: As an improvement over lead acid battery, 

Ni-Cd battery came into existence by Waldemer Jungner’s invention in 1899.[41][42] 

This battery used potassium hydroxide electrolyte and thus was the first alkaline 

battery. This battery was capable of providing more energy density than lead acid 

battery but the shortcoming was its high cost.[43] 

 

Figure 20. A Ni-Cd battery components. (By courtesy of Encyclopaedia Britannica, 

Inc., copyright 2007 (nickel-cadmium cell); used with permission.). 
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1.7.7 Ni-metal hydride Battery: Ni-metal hydride battery called as Ni-MH is 

analogous to Ni-Cd battery except the anode part.[44] The positive electrode is nickel 

hydroxide and the anode is usually an intermetallic compound of the nature AB5 or 

AB2 for example LaNi5 or TiNi2, a hydrogen absorbing alloy.[45][46] These were 

commercially made available in 1989 as a variation of Ni-hydrogen battery developed 

in 1970’s. Ni-MH batteries use alkaline electrolyte and are long lasting and non-toxic 

as compared to Ni-Cd batteries. The output voltage of the battery is 1.4-1.6 V and is 

safer and maintenance free. 

 

Figure 21. Components and reaction mechanism of a Ni-metal hydride battery. 

(http://www.gbattery.com/english/technical/nimh). 

1.7.8 Na-Sulphur Battery: Kummer and Weber discovered a 2D fast Na+ ion transport 

in β-Al2O3 in 1967. This led to the solid electrolyte based batteries. Following this 

discovery at Ford Motors Co., a Na/ β-Al2O3 /Sulphur system was proposed and this is 

very efficient in stationary storage systems.[47][48] In this battery Na is in molten state 

and thus the battery is molten salt battery. The operating temperatures for Na-S battery 

are 300-350 °C.[49] The battery has low self-discharge as the electrolyte selectively 

conducts Na ions but does not conduct electrons giving long shelf life and cycle life to 

battery.[50] This battery is economical as it is constructed from cheap materials and 

thus best suited for stationary and large scale applications. 
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Figure 22. Na-S battery schematic Copyright Elsevier. Reproduced with the permission 

of Ref [48]. 

1.8 Present battery Chemistries (Post 1960’s) 

1.8.1 Lithium (Li) ion Batteries: The Li ion battery era started in 1980 with the 

contribution of American scientist John B. Goodenough when he proposed a Li 

containing oxide LiCoO2 (LCO) as a cathode material. Same year, Rachid Yazami from 

Morocco discovered graphite anode with solid electrolyte.[51] The first Li ion battery 

prototype was built by Japan in 1985 and the Li ion battery commercialization was done 

by Sony in 1991. Li ion batteries have electromotive force up to 3.6 V and are now 

commercially used for large scale as well as small scale applications. Li polymer 

batteries were also developed using a polymer or gel based electrolyte to mitigate the 

issues associated with the use of liquid electrolytes which are generally carbonates 

based and are flammable, posing a threat to the safety of the device.    

1.8.2 Other Types of Batteries: Since the non-aqueous rechargeable batteries are into 

the business, many other battery chemistries are into research. To increase the energy 

and power density of the current Li ion battery technology, other technologies such as 

Li-Sulphur, Li-air batteries, Li metal batteries, Li-CO2 batteries, Zn-air batteries, 

Redox-flow batteries are being the topic of research and development.[52] These 

batteries are at the early stage of development and it will take some time for them to 

come at par with Li ion battery systems.[53][54]  
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As the Li reserves are known to be reserved in the earth’s crust, alternatives are being 

hunted. Among them, Sodium (Na) ion batteries have already gained the attention and 

are commercial.[55][56] Along with these, Magnesium (Mg), Potassium (K) and 

Calcium (Ca) ion batteries are also being explored.[57][58][59] Nonetheless, being 

heavier than Li, Na and other ion batteries would never be closer to Li ion batteries in 

terms of energy and power density. Nevertheless, in large scale applications where 

weight is not a concern, Na ion batteries have already flourished as a possible 

replacement to Li ion batteries.[60]  

 

Figure 23. Different types of batteries. Copyright Springer Nature. Reproduced with 

the permission of Ref [58]. 
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1.9 Battery Challenges 

As we see the Li ion batteries are having the potential to meet the energy demands of 

the modern society and serve all the needs. These batteries have already been the active 

part of our household appliances and we are dependent on them for our daily needs. 

However, we have not yet made our society completely independent of fossil fuels. A 

major role in fulfilling modern era’s energy requirements is still being played by the 

non-renewable energy resources. The reason to this state is the key challenges which 

Li ion battery system has not been able to meet till date. The issues faced by Li ion and 

related battery systems are listed below which are a major factor and hindrance in their 

complete evolution.[61] 

1.9.1 Increase in Energy Density: The major challenge for the Li ion and related 

battery chemistries is to compete with the already existing battery types in the market 

and gasoline in terms of performance and price. For instance, Li ion batteries are able 

to provide energy density of 250 Wh/Kg which is 10-15 folds lesser than gasoline (3000 

Wh/L) and is cheaper as well. The same is true if it is compared to the Lead acid battery 

technology.[62][63] Lead acid battery spans total 60% of automobile applications and 

Li ion batteries are no closer to this scenario. To increase the energy density and raise 

the performance of current systems, new cathode materials have to be engineered which 

possess very high redox potentials or have capability to take more than one ions 

reversibly to increase the specific capacity.[64][65] 

 

Figure 24. Bar graph representation of practical and theoretical energy density of 

various batteries. Copyright Elsevier. Reproduced with the permission of Ref [62]. 
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Figure 25. Energy density evaluation of various battery chemistries. Copyright Royal 

Society of Chemistry. Reproduced with the permission of Ref [66]. 

1.9.2 Safety: No doubt Li ion batteries enjoy commercial success due to their demand 

in portable electronics and to some extent electric vehicles (EVs) but they come with 

the risk of safety. The materials used to bring cost down to compete with existing 

technology compromise with the safety.[66] For instance, the additives used to modify 

the electrode electrolyte interface to for stability or capacity enhancement would not be 

safe if used beyond certain temperatures and certain chemical environments. 

Sometimes less reducing materials which form thin solid electrolyte interface (SEI) 

layer such as Li4Ti5O12 are used with highly oxidizing positive electrode like LiCoO2 

(LCO). This reduces the safety value of the device. Use of solid electrolytes including 

polymer and inorganic electrolytes seems to be a solution to attain safety as well as 

performance in terms of high energy density but unfortunately till date researchers have 

not been able to provide a material which is cost effective and performs equally well as 

the liquid counterparts. Figure 26 is a representation of the same argument. It shows 

how all parameters responsible for battery performance are inter connected to each 

other.[67] While designing the material, one has to be very careful about the operating 

voltage as well as the compatibility of the electrolyte. The optimized combination of 

both only can lead to a prolonged and good battery performance.  
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Figure 26. Safety aspects of Li ion battery. Copyright Royal Society of Chemistry. 

Reproduced with the permission of Ref [66]. 

To increase the power density or energy density of the device and to bring down the 

cost, the quality component should not be compromised at all to ensure safer devices. 

1.9.3 Cost: One should always be aware of the fact that cost and safety go hand-in-

hand. If one compromises with the cost, then safety will be at risk. We need to adopt 

for materials which are cost effective and their production should not shake the battery 

industry processes.[68] Figure 27 depicts the comparison of Li and Na metal reserves 

in earth’s crust. The statistics shown here are on the basis of elemental composition of 

brine found in Chile, where the Li reserves are found to be concentrated. As we have 

limited Li reserves and most of them are concentrated in brines found in Chile, the cost 

of Li has touched high values than ever. The battery industry is estimated to consume 

46% of the total Li extracted.[69] This is not only limited to the Li consumption, it has 

to do with the other elements used in battery as well.  
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Figure 27. Demand and supply mismatch risk of Li and Co. Copyright Springer Nature. 

Reproduced with the permission of Ref [69]. 

More common to talk about are Co and Ni which are also less abundant but are epicenter 

of battery chemistry as the positive electrodes used in Li ion battery are Co and Ni 

based. This can be very well understood from Figure 28. Thus, the new cathodes 

designed should have high power and energy densities which in turn should be cost 

effective and safe.  

1.9.4 Clean and Green Li ion batteries: Even though the Li ion battery chemistry is 

considered as green, the electrode production and the battery recycling add to the 

energy consumption and does not satisfy the green chemistry criteria.  
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Figure 28. Statistics reflecting elemental abundance for battery industry. Copyright 

Springer Nature. Reproduced with the permission of Ref [69]. 

The steps involved cause CO2 emissions and thus cannot be accepted without worrying 

about the harm caused. The synthesis process are not environmentally benign and 

sometimes costly as well.[70] To achieve sustainable and green batteries, these issues 

need to be pondered over deeply. The efforts should be devoted towards the greener 

synthesis procedures and also in better recycling techniques.[71][72]  

1.10 Aim and scope of the thesis: This thesis primarily focuses on the design and 

testing of new anode materials and architectures for the Li and Na ion batteries in the 

light of the stringent requirements to be fulfilled by an anode material. It deals with the 

synthesis, characterization and application of various materials as anodes in the Li and 

Na ion batteries. The materials designed are based on the type of the mechanism they 

adapt to function as an anode and the problems faced by the similar compounds already 

reported in the literature. In the working chapters to follow, certain issues have been 

explained and the material design and synthesis to overcome those issues and achieve 

better performance are explained.  
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Chapter 2 explains the trends in the state of the art alkali ion batteries specifically Li 

ion batteries. The components of Li ion batteries and the materials used are explained 

in detail. The charge storage mechanisms in different materials is also presented and 

briefly discussed. An elaborate discussion on Li and Na ion batteries is provided 

thereafter. Finally, the battery related technical terms and battery issues which cause 

degradation in battery performance are reviewed.  

Chapter 3 explains the importance of hard carbon as an intercalation anode in Na ion 

batteries. In this chapter, the cheap and abundant water-swelling basil seeds are used to 

obtain hard carbon by controlled pyrolysis and the battery performance realized by 

using such material is provided and analyzed.  

Chapter 4 presents work on an interesting materials design via the incorporation of Si 

NPs in the basil seed gel for uniform distribution of Si NPs into the carbon sheets during 

the synthesis and its evaluation as Li-ion battery anode material. The obtained Si-carbon 

composite shows very high specific capacity and stability with minimized volume 

expansion.  

Chapter 5 is on the combination of two intercalation type materials namely Li4Ti5O12 

and hard carbon. The work provides an insight into the synergy between these two 

materials combined together to enhance the overall performance and to overcome their 

respective shortcomings. The mixed anodes are shown to perform far better than the 

individual materials in half cell as well as full cell configurations. 

Chapter 6 deals with the last category of charge storage materials which are conversion 

cum alloying compounds. A ternary metal sulfide is chosen to tackle the electrolyte 

dissolution problem very pronounced in sulfide based batteries. The Cu3SnS4 NPs show 

an excellent performance as a Li ion battery anode. The results and possible 

mechanisms are provided at length in the corresponding chapters. 

Appendix proposes the use of a Fe based metal organic framework (MOF) as anode in 

a full cell flexible device to heat the transdermal patch for drug delivery application.  
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Chapter 2 

Alkali ion batteries 

 

 

 

Abstract 

The battery design begins with the selection of appropriate couple of positive and 

negative electrodes based on the electrochemical series. The individual components of 

an alkali ion battery particularly Li ion battery can be chosen from wide range of 

materials. The cathodes are generally the Li ion containing oxides or polyanionic 

compounds and have high operating potentials above 3.5 V. The anodes have three 

different mechanisms intercalation, alloying and conversion; and different materials 

show a specific character following one or multiple mechanism for charge storage. The 

electrolytes are also a crucial component of a battery and electrolytes used in alkali ion 

batteries and are based on carbonates or ether based solvents. The binders as well affect 

the battery performance and are specific to different electrode materials. The Na ion 

batteries are a possible alternative to Li ion batteries as Li reserves are very limited and 

may get depleted if used at a fast pace; but Na batteries have to overcome their size 

compatibility and structural stability issues. The battery terminology like power 

density, C-rate, etc. with the aging and internal resistance of battery responsible for 

battery degradation are described towards the end in this chapter. 
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2.1 The electrochemical series 

This chapter explains the materials aspect of the alkali ion batteries and the factors 

affecting the battery life and performance. The Li ion and Na ion batteries being the 

most popular in this category, the various components and the materials used are 

described in this chapter. Li metal lies at the bottom of the electrochemical series with 

the lowest reduction potential of -3.045 V. Any element with the reduction potential 

more positive than Li can be used as an anode w.r.t. Li metal. Same way any two 

elements A and B having a difference between their reduction potentials can be used as 

cathode and anode where the element with more negative potential would be anode and 

the one with more positive would be cathode. 

 

Figure 1. The electrochemical series. Milazzo, Giulio, et al. Tables of Standard 

Electrode Potentials. Wiley, 1978. 
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2.2 Cathodes: A cathode is the positive electrode in the battery and usually a 3d 

transition metal ion containing compound. The cathodes are of different types namely 

layered, spinel, olivine and tavorite depending on the crystal structure and atom 

arrangement. The various cathodes used in Li ion battery are: 

2.2.1 Transition metal oxides: The layered transition metal oxides have been used as 

cathodes since LiCoO2 (LCO) was proposed by Goodenough and commercialized by 

Sony.[1][2] The layered transition metal oxides contain the Li and the transition metal 

located in octahedral sites and occupying alternate layers forming a hexagonal 

symmetry. LCO is a very good cathode material with a theoretical capacity of 274 mAh 

g-1, high stability, low self-discharge rate and high operating voltage of 4.2 V. But with 

the growing demand of Li ion battery, the Co cost and supply risk have increased and 

is a major limitation in its utility in Li ion battery systems.[3] Moreover, the thermal 

instability, rapid capacity fading at high rates are other concerns associated with its 

usage as a cathode.[4][5] 

LiNiO2 (LNO) is another layered compound with similar structure and almost same 

theoretical specific capacity as LCO. It has an advantage of relatively lower cost of Ni 

and is a good choice. It has a major drawback of Ni ions substituting Li ions during 

synthesis and delithiation process and thus blocking Li diffusion pathways. Its thermal 

instability is rather high than LCO as Ni3+ reduces readily as compared to Co3+.  

 

Figure 2. Various cathodes and their operating potentials. Copyright Elsevier. 

Reproduced with the permission of Ref [6]. 
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The partial substitution of Co by Ni can be a possible remedy for this and doping of Mg 

and Al were also found to be effective to counteract the thermal instability. 

LiNi0.8Co0.15Al0.05O2 (NCA) is thus used widely and has high discharge capacity of 200 

mAh g-1 and longer stability as compared to conventional Co based cathodes.[6] 

However, the performance fades rapidly at high temperatures due to solid electrolyte 

interphase and cracks development at grain boundaries. LiMnO2 (LMO) is yet another 

choice for the cathode material for Li ion battery as Mn is cheaper and less toxic as 

compared to Co and Ni.[7][8] Unfortunately, LMO has poor cycling performance due 

to the change in the structure from layered to spinel during Li extraction and Mn 

dissolution into electrolyte at high voltage causing Mn ions going to the anode and 

destabilizing the SEI which in turn affects the cycle life of the device.[9][10] Hence the 

efforts are being continuously towards the development of cheaper and longer stability 

cathode materials than LCO. Various substitutions like Li(Ni0.5Mn0.5)O2 (NMO), 

Li(NixCoyMnz)O2 are being explored.[11][12] 

2.2.2 Polyanionic Compounds: A new class of compounds called as polyanions are 

also popular cathode materials. These are normally large (XO4)
3- where X= (P, S, Si, 

Mo) containing compounds and the polyanions occupy lattice positions. The special 

characteristic of the polyanions is that they increase the cathode working potential thus 

increasing the power density of the material. For instance, LiFePO4 with its olivine 

structure has good thermal stability and high power capability.[13] The Li and Fe ions 

are situated in the octahedral sites and P atoms occupy the tetrahedral sites with 

distorted hexagonal closed packing of oxygen array. Its low working potential and low 

ionic and electrical conductivity are a major drawback in its performance. Various 

nanostructures and composites are usually employed to mitigate these problem. 

Another olivine class compound known as cathode material is LiMnPO4 along with 

LiCoPO4. LiNi0.5Co0.5PO4, LiMn0.33Fe0.33Co0.33PO4 have also been also explored but 

the improvement in specific capacity values and ionic and electrical conductivities 

should be improved further.[14][15] Among all these, Li3V2(PO4)3 (LVP) has been 

found to be the good choice. LVP has high operating voltage of 4 V and high specific 

capacity of 197 mAh g-1. The LVP/C composites perform very well at high C-rates and 

attain values very close to the theoretical capacity. 
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Figure 3. Crystal structures of (a) layered (LiCoO2), (b) spinel (LiMn2O4), (c) olivine 

(LiFePO4), and (d) tavorite (LiFeSO4F) and (e) their discharge profiles. Copyright 

Elsevier. Reproduced with the permission of Ref [6]. 

2.3 Anodes 

Li metal itself has very high specific capacity of 3800 mAh g-1 being the lightest among 

all alkali metals. Thus, its use as an anode can lead to batteries of very high energy 

density. But unfortunately, Li metal when used as anode, forms dendrites during high 

C-rate charging discharging process which can tear the separator and go to cathode 

sides leading to cell shortening. Apart from that, Li metal is highly unsafe as it can 

easily catch fire when comes into contact with moisture.  
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Hence, anodes other than Li metal are required and they are classified into various 

categories depending upon their Li storage mechanism. The various anode materials 

are discussed in the coming sections. 

2.3.1 Intercalation anodes: These anode materials store Li by means of intercalation 

via Coulombic and Van der Waals interactions without undergoing and chemical 

reaction with the metal. Graphite was the first intercalation anode found suitable for Li 

ion battery. It stores 1 Li per 6 C atoms.[16] The theoretical capacity of graphite is 372 

mAh g-1 and is highly robust and stable anode material hence a popular choice. The 

interlayer distance of graphite planes is just appropriate for lithiation and delithiation. 

The first commercial Li ion battery made use of graphite itself as anode with LCO 

cathode.[17] However, for certain high energy density applications, graphite might not 

be suitable and thus other than graphite many carbonaceous materials have also been 

used as intercalation anodes which can offer higher specific capacities than graphite. 

These include carbon nanotubes (CNTs), reduced graphene oxide (rGO) and porous 

carbons.[18][19] 

Apart from carbonaceous materials, Li4Ti5O12 (LTO) is another intercalation anode 

material which has specific capacity of 175 mAh g-1 and operating potential of 1.5 V. 

LTO has a spinel structure with Li ions occupying the octahedral sites. LTO is a very 

stable anode and has high rate performance and negligible irreversible capacity loss but 

suffers from poor ionic and electronic conductivity.[20][21] 

2.3.2 Alloying Anodes: The elements Al, Si, Sn, Sb and Ge alloy with Li to give high 

specific capacities. The alloying takes place at a certain voltage and unlike graphite, the 

alloying elements can take more than one Li ions leading to specific capacities way 

higher than conventional graphite anode. As the advanced Li ion batteries need to 

enhance the energy densities and power densities so they need to opt for high specific 

capacity compounds. The alloying anodes are good solution for this but they have 

several issues associated with their use as anode.[22][23] Due to the high Li ion uptake 

the material undergoes change in its structure and the alloying compounds is much 

bigger in size than the pristine material, it causes the volume expansion. As a result of 

the volume expansion, the electrode undergoes cracking and pulverization causing 

capacity decay. 
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Figure 4. Various anodes and their specific capacities as per their type. Copyright 

Elsevier. Reproduced with the permission of Ref [6]. 

The various solutions proposed for this is downsizing the particle size- making the 

nanostructures or encapsulating the alloying material with the carbon materials such as 

rGO or CNTs. 

2.3.3 Conversion Anodes: Conversion materials undergo displacement reaction during 

the lithiation process. They are mostly transition row elements coupled with alloying 

elements.[24][25] The transition metal elements such as Cu changes from ionic state to 

metallic state and the alloying element takes part in the charging discharging process. 

The alloy products are embedded in the reduced metal matrix. The example of such 

compounds are CuSn, SnS2 etc.[26][27] The reaction mechanism for conversion anodes 

can be understood from the following equation: 

MaXb + (b.c)A ↔ a.M + b.AcX (A= Li, Na or K) 

where M is the transition metal which is reduced during conversion reaction and X is 

non-metal that forms alloy with A. This class of materials has potential of high energy 

densities but they suffer from the low electronic conductivity and volume expansion. 

The nanocomposites of these materials are proposed to have better 

performance.[28][29] 

2.4 Electrolytes and additives: A Li salt in a solvent collectively is called as electrolyte 

and serves the purpose of ion transport medium between the two electrodes. Li ion 

battery electrolyte normally consists of a Li salt dissolved in a particular concentration 

in carbonate, ester, ether or ionic liquid solvent. 
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Figure 5. Storage mechanism of intercalation, alloying and conversion anodes. 

Copyright Elsevier. Reproduced with the permission of Ref [28]. 

The electrolyte should have the following characteristics: it should be stable over a wide 

temperature range, it should have a reasonable ionic conductivity, should have large 

potential window of operation, should have low viscosity and high dissolution for Li 

salts, should be cheap, environmental friendly and non-toxic.[30] Various Li salts have 

been used in batteries and LiPF6 being the most common among them. But this salt has 

HF formation probability which corrodes the Al current collector and therefore is 

considered unsafe. LiClO4 is used as an alternative as it does not have corrosion issue 

and has good ionic conductivity but it is explosive and the passivation layer formed is 

less stable. LiTFSI (Li-bistrifluoromethane sulfonamide) has gained interest lately but 

has low ionic conductivity and relatively high cost.[31] 

Among the solvents, ethylene carbonate (EC) is very common as it has good solubility 

for the Li salts and high operating voltage > 4.5 V. Apart from this it facilitates the SEI 

layer formation and is used in combination with other linear carbonates like propylene 

carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC).[32][33] This is 

done to combine low viscosity and high dielectric constant solvents with high viscosity 

ones. 
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Figure 6. Conductivity and viscosity variation of different electrolyte systems and their 

thermal stability. Copyright Royal Society of Chemistry. Reproduced with the 

permission of Ref [30]. 

Carbonates have flammability issue thus as an alternative, glyme based or ionic liquid 

electrolytes are also used to enhance thermal stability.[34][35] These electrolytes have 

low viscosity and are expensive. Some electrolyte systems are designed especially for 

certain materials to counter the capacity fading or dissolution issue. One such system 

is ether based dioxolane and dimethyl ether which are used to minimize the sulfide 

dissolution during cycling.  

Additives are also employed to enhance the battery performance. Fluoroethylene 

carbonate (FEC) and vinylene carbonate (VC) are some examples. FEC increases the 

LiF content in the SEI layer which contributes towards the stability of SEI and long 

term cycling stability. Similarly VC is used for providing stability to cathodes. 

2.5 Binders: Binders are very crucial for the electrochemical performance of any 

electrode. Binders are used to make slurry for coating. Commonly used binders are 

polyvinylidene fluoride (PVDF) which is used for all types of materials including 

carbonaceous compounds, organic materials etc. Na-carboxymethyl cellulose (Na-
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CMC) is used for Si, Sn and Sb etc. Alginate based binders are also used in some cases 

to improve the stability.[36][37][38] 

2.6 Separators: Separators prevent the two electrodes from coming into contact and 

thus the shortening of the cell. The separator should be a material which is electronically 

non-conducting but allows the permeation of ions through it. The pore size of the 

separator should be appropriate for the particular ions. It should not react with the 

electrolyte and should have high thermal stability.[39] The common separators used in 

batteries are Whatmann which is a cellulose membrane and is very good conductor of 

Li as well as Na ions. It is used for a wide range of materials from carbons to 

composites. Other than Whatmann, polypropylene separators are also used are are 

called as Celgard. Celgard is of different types- single layer or trilayer and has high 

thermal stability. Celgard is used for materials with high volume expansion like Si. 

2.7 Li vs. Na ion Batteries 

Considering the fact that Li reserves are limited in earth’s crust and rising cost of Li 

and Co used in Li ion battery one would immediately accept the urge of seeking 

alternatives. Na is next to Li in the group and is abundant. This implies that Na can 

easily replace Li metal in battery but this is not the case in reality. The Li and Na ion 

chemistries are quite different when it comes to their electrochemical behavior in the 

device. The key differences are listed below including the advantages and shortcomings 

of Na over Li metal. 

1. First and foremost point is the difference in their atomic size. Thus the structural 

changes caused by Na during sodiation and desodiation are enhanced as compared to 

Li. Moreover, because of bigger size, all materials used for Li may not be appropriate 

for Na. For example in graphite which is the ideal anode for Li ion battery is not suitable 

for Na ion battery as the interlayer spacing of graphite is not sufficient for Na ion 

intercalation. Also the bigger size of Na causes adverse structure transformations in the 

cathodes leading to rapid capacity fading.[40][41][42] 

2. Na has low melting point (98 °C) as compared to Li (181 °C) and is chemically more 

reactive than Li. This makes Na prone for safety issues. In addition, Na is softer than 

Li and the handling is quite cumbersome. This indirectly suppresses the dendrite 

formation with the mechanical pressure.[43] 
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Figure 7. Atomic radii of alkali elements and ions. 

(http://www.mikeblaber.org/oldwine/chm1045/ notes/Bonding/IonSize/Bond03.htm). 

3. Na has lower electrochemical potential than Li as seen from the electrochemical series. 

This leads to the lesser potential difference of the device created when Na is coupled 

with any material. A Na ion battery would always have low energy and power density 

as compared to the Li ion battery for a given system of electrodes.[44] 

4. Na has higher solvation energies than Li as it is weaker Lewis acid than Li. This is an 

advantage for Na ion battery as the charge kinetics would not be affected at high rates 

and the capacity would not degrade if the battery is subjected to high currents which is 

not the case with Li ion battery as they show poorer rate performance as compared to 

Na ion battery.[45][46] 

5. Na is less reducing than Li. This could be a positive factor for metal batteries. As in Li 

ion batteries it is found that the solid electrolytes degrade faster in direct contact with 

metal. This could be less adverse in Na ion based electrolytes. 

6. Na ion batteries are cost effective due to the high abundance of Na as compared to Li. 

The other materials used in Li ion battery can be replaced with cheaper ones in Na ion 

battery. As an example, Cu is costlier than Al and it is used as current collector in anode 

side in Li ion battery as Al reacts with Li at potentials lower than 1 V. But in Na ion 

battery, Al can be used as current collector for both the anode and cathode reducing the 

manufacturing cost.[47]  

In the light of these facts, although there is need to replace Li ion batteries still they 

continue to be the main players in the market and are used in most of the gadgets. Na 

ion battery is anticipated to be the future but a lot needs to be established in order to 

accomplish the desired performance. 

http://www.mikeblaber.org/oldwine/chm1045/
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Figure 8. Difference in lithiation and sodiation potentials of same pair of compounds. 

Copyright John Wiley and Sons. Reproduced with the permission of Ref [44]. 

 

Figure 9. (a) The charge discharge profiles of Li and Na ion battery cathodes. (b) 

Structural change in layered oxide cathode as a result of bigger size of Na ion. 

Copyright Electrochemical Society Inc. Reproduced with the permission of Ref [42]. 
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2.8 Terminologies used in battery field 

2.8.1 Theoretical capacity: The theoretical capacity of a battery gives the estimation 

of the specific capacity that can be achieved by the battery.  A battery can never exceed 

its theoretical capacity value. The formula to calculate the theoretical capacity is: 

𝐶 =
𝑛 ∗ 𝐹

𝑀. 𝑊.∗ 3.6
 

where n= no. of Li ions that the material can take 

F= Faraday’s constant  

 = 96500 C mol-1    

M.W. = molecular weight of the compound g mol-1 

The units of theoretical capacity are mAh g-1. 

2.8.2 Energy density and Power Density: The energy density of a battery is defined 

as the amount of charge that can be stored in it.[48] The energy density of a battery is 

calculated as 

𝐸 = 𝑄𝑉 

𝐸 = (𝐼𝑡) ∗ 𝑉 

where E = energy density, Q = charge, I = current, t= time, V = voltage 

The units of gravimetric energy density are Wh kg-1. 

The power density is defined as the rate at which the battery is capable to store or deliver 

the charge. The power density formula is given as: 

𝑃 =  
𝐸

𝑡
 

Accordingly the units are W kg-1. 

2.8.3 Solid Electrolyte Interphase (SEI): In the battery, the electrolyte gets reduced 

on the anode surface and forms a layer which is electronically insulating and ionically 

conducting. This is called as solid electrolyte interphase (SEI) layer. This process takes 
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place because of the HOMO and LUMO of cathode and anode and a wide voltage range 

of electrolyte.[49] For charge transfer to take place, electrolyte molecules reduce on the 

anode surface giving rise to SEI layer formation. This layer plays a very crucial role in 

battery performance.  

 

Figure 10. Illustration of SEL layer components. Copyright Elsevier. Reproduced with 

the permission of Ref [51]. 

It prevents further reduction of electrolyte on anode surface and provides ion 

conducting interphase. During SEI formation, significant amount of Li ions is 

irreversibly consumed leading to the irreversible capacity loss (IRL). The SEI should 

neither be too thick or too thin. Too thick SEI causes sluggish charge transfer by 

creating hindrance in permeation of ions. Too thin SEI gets broken during cycling and 

exposes anode for further electrolyte reduction leading to more Li loss.[50][51] 

2.8.4 Impedance: Impedance spectroscopy is a very powerful technique to analyze the 

battery kinetics. The imaginary vs. real resistance plot also called as Nyquist plot is 

used for the determination of kinetics of species in a battery.[52] The onset of semi-

circle describes the series resistance (Rs) of the system and includes resistance from the 

circuit, cables, electrodes, contacts etc. It reflects the electrolyte interaction at the anode 

surface. The double layer capacitance at the electrode/electrolyte interface is 

represented by Cdl. The total resistance of semi-circle is defined as the charge transfer 
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resistance (RCT) which is the charge or electron transfer resistance of the electrode. The 

number of semi-circles in the Nyquist plot sometimes can vary from one indicating the 

presence of charge transfer with a different time constant. The region after the charge 

transfer resistance is called as Warburg impedance which signifies the diffusion of ions 

from electrolyte to the electrode also referred to as mass transfer in the electrode.[53] 

 

Figure 11. (a) Equivalent circuit and (b) a typical Nyquist plot showing all the 

components. Reproduced with the permission of Ref [52]. 

2.8.5 C-Rate: The C-rate is defined as the rate at which the battery will be charged or 

discharged relative to its maximum capacity that can be achieved. 1C rate would mean 

the capacity attained during one charge or discharge in 1 hour. The C-rates governs how 

fast a battery can charge or discharge without losing much of its capacity. Some 

materials like LTO are unaffected by the rate of charging or discharging as there are 

shorter Li ion diffusion pathways in the structure which are accessible by the electrolyte 

even at high C-rate. Carbonaceous materials particular are poorer in rate performance 

as they need slower rates for the ions to access the nanopores in the material. 

2.8.6 Stability: The stability of the battery is crucial factor in determining the longevity 

of the device. The cycling over several hundreds of cycles without losing the initial 

capacity would be the ideal situation for any given battery. But realistic battery do 

degrade with time and with the processes occurring during its function. The battery 

capacity tends to fade with cycling and the capacity retention is calculated for a given 

period or number of cycles. The capacity fading could occur due to many reasons such 

as poor shelf life – if the battery is not used and stored for long time, it might lose its 

initial performance, side reactions taking place during charging discharging, the 
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leaching out of material due to dissolvation in electrolyte, electrolyte degradation with 

time etc. 

2.8.7 Coulombic Efficiency: The round trip efficiency determines whether the total 

number of ions are same in charging and discharging processes. The Coulombic 

efficiency (C.E.) is given by  

𝐶. 𝐸. =  
𝐶 (𝐷𝑖𝑠)

𝐶 (𝐶ℎ)
∗ 100 % 

where C (Dis) = Discharge capacity and C (Ch) = Charge capacity                                                                                                                                                                          

100 % C.E. means that the number of ions travelling towards both the electrodes are 

same during charging and discharging. If the C.E. is not 100 % that means that the ions 

are irreversibly lost during discharging process. That might happen if the ions are 

trapped in nanopores of the material and can’t be taken out even if the same potential 

is applied. Another reason for this is the dissolution of the active material in electrolyte 

during cycling. In successive cycles the material available is reduced and the C.E. 

reduces leading to the poor performance. This problem is more prevailing in sulfides. 

2.9 Factors affecting battery performance 

Every battery would have a life before it stops working. The primary batteries last until 

the chemicals inside are completely exhausted or no longer in their original state to 

undergo the desired reaction. The rechargeable batteries on the other hand have 

reasonably longer life span and they can last for several cycles of charging and 

discharging. But in these devices also some unstoppable processes occur which cause 

the predicted cycle life to get shorten. The factors causing these unwelcoming outcomes 

are: 

2.9.1 Aging: Though aging is undeniable and would affect the performance of the 

battery but there are certain practices that can lead to faster aging and capacity fade. In 

a battery, the total energy present or the total capacity it can deliver can be divided into 

three regions- the empty zone, the available energy region and the rock content.  
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Figure 12. Battery energy utilization zones. Reproduced with the courtesy of Isidor 

Buchmann, Battery University. www.batteryuniversity.com. 

The empty zone can be refilled but the rock content which increases as the battery ages 

can’t be revived. This part is no longer active and the contents become dead and cannot 

store energy.  

2.9.2 Internal resistance: The internal resistance is inevitable in a battery and is more 

in case of low conductivity materials. It governs the restriction the battery pack 

encounters during operation. With the increasing internal resistance the device heats up 

and the voltage drop increases leading to an early shutdown. The full energy cannot be 

utilized in such a situation and the battery needs to be charged sooner than usual.  

 

Figure 13. Illustration of internal resistance of battery. Reproduced with the courtesy of 

Isidor Buchmann, Battery University. www.batteryuniversity.com. 
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2.9.3 Self-Discharge: The self-discharge is also a phenomenon which every battery 

undergoes. The rate of self-discharge varies from different battery chemistries and 

increases with the time. The self-discharge is enhanced in elevated temperature 

conditions and increased reaction rates. 

 

Figure 14. Self-discharge process in a battery. Reproduced with the courtesy of Isidor 

Buchmann, Battery University. www.batteryuniversity.com. 

To conclude, batteries are a plausible substitute for energy dependence in future. While 

Li ion batteries are already matured enough and are being employed in major 

applications, Na ion batteries are yet to flourish and come into play. There are several 

parameters that need to be taken care of while designing a battery cathode or anode and 

while choosing a suitable electrolyte. Care should be taken that ensure long and stable 

battery performance and these should be followed without fail to achieve maximum 

output from the device.  
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[15] J.M. Lloris, C. Pérez Vicente, J.L. Tirado, Improvement of the Electrochemical 

Performance of LiCoPO[sub 4] 5 V Material Using a Novel Synthesis Procedure, 

Electrochem. Solid-State Lett. 5 (2002) A234. doi:10.1149/1.1507941. 

[16] M.D. Levi, D. Aurbach, Diffusion Coefficients of Lithium Ions during Intercalation 



   

  

57 
 

into Graphite Derived from the Simultaneous Measurements and Modeling of 

Electrochemical Impedance and Potentiostatic Intermittent Titration Characteristics of 

Thin Graphite Electrodes, J. Phys. Chem. B. 101 (1997) 4641–4647. 

doi:10.1021/jp9701911. 

[17] F. Schipper, D. Aurbach, A brief review: Past, present and future of lithium ion 

batteries, Russ. J. Electrochem. 52 (2016) 1095–1121. 

doi:10.1134/S1023193516120120. 

[18] M. Broussely, P. Biensan, B. Simon, Lithium insertion into host materials: the key to 

success for Li ion batteries, Electrochim. Acta. 45 (1999) 3–22. doi:10.1016/S0013-

4686(99)00189-9. 

[19] T. Zheng, Lithium Insertion in High Capacity Carbonaceous Materials, J. 

Electrochem. Soc. 142 (1995) 2581. doi:10.1149/1.2050057. 

[20] G.-N. Zhu, Y.-G. Wang, Y.-Y. Xia, Ti-based compounds as anode materials for Li-

ion batteries, Energy Environ. Sci. 5 (2012) 6652. doi:10.1039/c2ee03410g. 

[21] N. Takami, K. Hoshina, H. Inagaki, Lithium Diffusion in Li4/3Ti5/3O4 Particles 

during Insertion and Extraction, J. Electrochem. Soc. 158 (2011) A725. 

doi:10.1149/1.3574037. 

[22] M.K.Y. Chan, C. Wolverton, J.P. Greeley, First principles simulations of the 

electrochemical lithiation and delithiation of faceted crystalline silicon, J. Am. Chem. 

Soc. 134 (2012) 14362–14374. doi:10.1021/ja301766z. 

[23] I.A. Courtney, Electrochemical and In Situ X-Ray Diffraction Studies of the Reaction 

of Lithium with Tin Oxide Composites, J. Electrochem. Soc. 144 (1997) 2045. 

doi:10.1149/1.1837740. 

[24] A. Ponrouch, M.R. Palacín, Optimisation of performance through electrode 

formulation in conversion materials for lithium ion batteries: Co3O4as a case 

example, J. Power Sources. 212 (2012) 233–246. 

doi:10.1016/j.jpowsour.2012.04.005. 

[25] J. Cabana, L. Monconduit, D. Larcher, M.R. Palacín, Beyond intercalation-based Li-

ion batteries: The state of the art and challenges of electrode materials reacting 



   

  

58 
 

through conversion reactions, Adv. Mater. 22 (2010) 170–192. 

doi:10.1002/adma.201000717. 

[26] Y. Oumellal, A. Rougier, G.A. Nazri, J.M. Tarascon, L. Aymard, Metal hydrides for 

lithium-ion batteries, Nat. Mater. 7 (2008) 916–921. doi:10.1038/nmat2288. 

[27] P.G. Bruce, B. Scrosati, J.M. Tarascon, Nanomaterials for rechargeable lithium 

batteries, Angew. Chemie - Int. Ed. 47 (2008) 2930–2946. 

doi:10.1002/anie.200702505. 

[28] H.D. Yoo, E. Markevich, G. Salitra, D. Sharon, D. Aurbach, On the challenge of 

developing advanced technologies for electrochemical energy storage and conversion, 

Mater. Today. 17 (2014) 110–121. doi:10.1016/j.mattod.2014.02.014. 

[29] A. Ponrouch, P.L. Taberna, P. Simon, M.R. Palacín, On the origin of the extra 

capacity at low potential in materials for Li batteries reacting through conversion 

reaction, Electrochim. Acta. 61 (2012) 13–18. doi:10.1016/j.electacta.2011.11.029. 

[30] A. Ponrouch, E. Marchante, M. Courty, J.M. Tarascon, M.R. Palac??n, In search of an 

optimized electrolyte for Na-ion batteries, Energy Environ. Sci. 5 (2012) 8572–8583. 

doi:10.1039/c2ee22258b. 

[31] Q. Li, J. Chen, L. Fan, X. Kong, Y. Lu, Progress in electrolytes for rechargeable Li-

based batteries and beyond, Green Energy Environ. 1 (2016) 18–42. 

doi:10.1016/j.gee.2016.04.006. 

[32] E.S. Nimon, A. V. Churikov, Electrochemical behaviour of Li-Sn, Li-Cd and Li-Sn-

Cd alloys in propylene carbonate solution, Electrochim. Acta. 41 (1996) 1455–1464. 

doi:10.1016/0013-4686(95)00394-0. 

[33] D. Aurbach, H. Gottlieb, The electrochemical behavior of selected polar aprotic 

systems, Electrochim. Acta. 34 (1989) 141–156. doi:10.1016/0013-4686(89)87079-3. 

[34] J.M. Tarascon, D. Guyomard, New electrolyte compositions stable over the 0 to 5 V 

voltage range and compatible with the Li1+xMn2O4/carbon Li-ion cells, Solid State 

Ionics. 69 (1994) 293–305. doi:10.1016/0167-2738(94)90418-9. 

[35] M. Dahbi, F. Ghamouss, F. Tran-Van, D. Lemordant, M. Anouti, Comparative study 



   

  

59 
 

of EC/DMC LiTFSI and LiPF6 electrolytes for electrochemical storage, J. Power 

Sources. 196 (2011) 9743–9750. doi:10.1016/j.jpowsour.2011.07.071. 

[36] L. Chen, X. Xie, J. Xie, K. Wang, J. Yang, Binder effect on cycling performance of 

silicon/carbon composite anodes for lithium ion batteries, J. Appl. Electrochem. 36 

(2006) 1099–1104. doi:10.1007/s10800-006-9191-2. 

[37] W.-R. Liu, M.-H. Yang, H.-C. Wu, S.M. Chiao, N.-L. Wu, Enhanced Cycle Life of Si 

Anode for Li-Ion Batteries by Using Modified Elastomeric Binder, Electrochem. 

Solid-State Lett. 8 (2005) A100. doi:10.1149/1.1847685. 

[38] H. Buqa, M. Holzapfel, F. Krumeich, C. Veit, P. Novák, Study of styrene butadiene 

rubber and sodium methyl cellulose as binder for negative electrodes in lithium-ion 

batteries, J. Power Sources. 161 (2006) 617–622. 

doi:10.1016/j.jpowsour.2006.03.073. 

[39] J.H. Chae, K.C. Ng, G.Z. Chen, Nanostructured materials for the construction of 

asymmetrical supercapacitors, Proc. Inst. Mech. Eng. Part A J. Power Energy. 224 

(2010) 479–503. doi:10.1243/09576509JPE861. 

[40] P. Adelhelm, P. Hartmann, C.L. Bender, M. Busche, C. Eufinger, J. Janek, From 

lithium to sodium: Cell chemistry of room temperature sodium-air and sodium-sulfur 

batteries, Beilstein J. Nanotechnol. 6 (2015) 1016–1055. doi:10.3762/bjnano.6.105. 

[41] M.D. Slater, D. Kim, E. Lee, C.S. Johnson, Sodium-ion batteries, Adv. Funct. Mater. 

23 (2013) 947–958. doi:10.1002/adfm.201200691. 

[42] K. Kubota, S. Komaba, Review—Practical Issues and Future Perspective for Na-Ion 

Batteries, J. Electrochem. Soc. 162 (2015) A2538–A2550. doi:10.1149/2.0151514jes. 

[43] J.-Y. Hwang, S.-T. Myung, Y.-K. Sun, Sodium-ion batteries: present and future, 

Chem. Soc. Rev. 46 (2017) 3529–3614. doi:10.1039/C6CS00776G. 

[44] P.K. Nayak, L. Yang, W. Brehm, P. Adelhelm, From Lithium-Ion to Sodium-Ion 

Batteries: Advantages, Challenges, and Surprises, Angew. Chemie - Int. Ed. 57 

(2018) 102–120. doi:10.1002/anie.201703772. 

[45] S.W. Kim, D.H. Seo, X. Ma, G. Ceder, K. Kang, Electrode materials for rechargeable 



   

  

60 
 

sodium-ion batteries: Potential alternatives to current lithium-ion batteries, Adv. 

Energy Mater. 2 (2012) 710–721. doi:10.1002/aenm.201200026. 

[46] E. De La Llave, V. Borgel, K.J. Park, J.Y. Hwang, Y.K. Sun, P. Hartmann, F.F. 

Chesneau, D. Aurbach, Comparison between Na-Ion and Li-Ion Cells: Understanding 

the Critical Role of the Cathodes Stability and the Anodes Pretreatment on the Cells 

Behavior, ACS Appl. Mater. Interfaces. 8 (2016) 1867–1875. 

doi:10.1021/acsami.5b09835. 

[47] C. Vaalma, D. Buchholz, M. Weil, S. Passerini, A cost and resource analysis of 

sodium-ion batteries - Supplementary Information, (2018). 

[48] M. Meeus, G. Pace, Current and future development of battery technology and its 

suitability within smart grids, (2013). 

[49] G. Ramos-Sanchez, F.A. Soto, J.M. Martinez de la Hoz, Z. Liu, P.P. Mukherjee, F. 

El-Mellouhi, J.M. Seminario, P.B. Balbuena, Computational Studies of Interfacial 

Reactions at Anode Materials: Initial Stages of the Solid-Electrolyte-Interphase Layer 

Formation, J. Electrochem. Energy Convers. Storage. 13 (2016) 031002. 

doi:10.1115/1.4034412. 

[50] G. Fitzgerald, J. DeJoannis, M. Meunier, Multiscale modeling of nanomaterials: 

Recent developments and future prospects, Elsevier Ltd., 2015. doi:10.1016/B978-1-

78242-228-0.00001-6. 

[51] P. Verma, P. Maire, P. Novák, A review of the features and analyses of the solid 

electrolyte interphase in Li-ion batteries, Electrochim. Acta. 55 (2010) 6332–6341. 

doi:10.1016/j.electacta.2010.05.072. 

[52] S. Kumar, P. Bhushan, S. Bhattacharya, Diagnosis of communicable diseases using 

papepr microfluidic platforms, 2017. doi:10.5599/obp.11.2. 

[53] A.I. Zia, S.C. Mukhopadhyay, Electrochemical Sensing: Carcinogens in Beverages, 

20 (2016). doi:10.1007/978-3-319-32655-9. 

 

 



 



   

  

61 
 

 

Chapter 3. 

Nanotubular hard carbon derived from renewable 

natural seed gel as high performance sodium-ion 

battery anode  

 

Abstract 

 Na-ion battery has been attracting significant attention lately due to the concerns about 

the limited reserves and high cost of Li. Hard carbon is recognized as a good anode 

material for Na-battery. In this work we present a novel approach to synthesize hard 

carbon with peculiar nanotubular morphology from a renewable resource in the form 

of natural gel derived from the commonly used Basil seeds (Osimum Basilicum) which 

swell over 30 times their weight by absorbing water. The natural gel derived hard 

carbon (NGHC) obtained by controlled pyrolysis of the freeze-dried mucilage 

possesses nanotubular morphology decorated with desirable surface defects attributed 

to the presence of oxygen functionalities. This hard carbon shows a good reversible 

capacity of 195 mAh g-1 at 100 mA g-1 with an impressive ~91% retention of initial 

capacity after 300 cycles and >96% Coulombic efficiency (CE) throughout. The 

comparison with commercial hard carbon also proves the better performance of NGHC 

over HC. 

 

 

The following paper has been published based on the work presented in this chapter. 

N. Sharma, Y. Gawli, A. Ahmed, M. Musthafa, S. Ogale, Nanotubular Hard Carbon 

Derived from Renewable Natural Seed Gel for High Performance Sodium-Ion Battery 

Anode. ChemistrySelect 2017, 2, 6909– 6915. Copyright John Wiley and Sons. 
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3.1 Introduction 

Clean and renewable energy is the most intensely researched field today in view of its 

significant implications for our environment and hence our future. There are three major 

domains of activity in this field, namely energy conversion, storage and conservation. 

Amongst these, the area of energy storage is attracting most attention because the costs 

of electrical energy storage devices are currently extremely high and the availability of 

materials employed in such devices is scarce for large scale implementation of such 

devices for products ranging from portable electronics to pollution free electric 

vehicles. Researchers are therefore looking for low cost, earth abundant, and preferably 

renewable precursor materials for electrodes of storage devices such as batteries and 

supercapacitors. [1,2] Realization of high energy and power densities, and good cycling 

stability is the cherished goal of this research.  

Among the rechargeable batteries, as mentioned at length in previous chapters, although 

the Li-ion battery continues to be the main player, Sodium (Na) ion battery (NIB) has 

gained a huge attention lately due to the many-fold higher abundance of Na over Li, 

and the expected similarities in the basic Li and Na chemistry (belonging to same group 

etc.). [3,4] Indeed, this alluring alternative has already shown promise to compete with 

its well established and famous adversary.[5] However, NIBs are yet to be 

commercialized due to some basic problems that arise due to the variance factors 

between Li and Na. These include the ionic radii difference between Li and Na, 

irreversible trapping of Na into the pores leading to higher extraction voltages for Na 

than Li, electroplating of Na at low insertion voltage etc. [6] Due to the aforementioned 

reasons, extensive research is being carried out to explore new materials and 

morphologies that allow better insertion and de-insertion of Na in spite of its bulky size 

without destabilizing the electrodes. 

Amid the numerous electrode materials, carbonaceous materials have been extensively 

explored as anode in both the LIBs and NIBs owing to their chemical stability, adequate 

structural and morphological parameters for insertion of alkali metals, and availability 

of low cost precursors.[7,8] Graphite forms LiC6 as the intercalated compound with Li 

and has most quality factors that suit very well for LIBs. Unfortunately, with its 

interplanar spacing of 0.335 nm graphite is not suitable as an insertion anode for Na-
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battery because of the higher ionic radius of Na (0.102 nm) as compared to that of Li 

(0.77 nm).  

On the other hand, hard carbons are considered to be adequate for Na insertion[9] since 

the corresponding d-spacing is higher and process tunable (0.37 nm and above) due to 

the dislocation of planes and presence of cross-linking sp3 carbons providing better 

insertion space for the Na ions at low voltage. 

Till date many cheap and naturally occurring carbon precursors have been exploited as 

sources for synthesizing porous carbons for NIBs. These include banana peels,[10] 

wood,[11] oatmeal [12] etc. These precursors provide hard, low surface area carbon 

having more interlayer spacing than graphite. Mitlin and co-workers [10] employed 

banana peels to obtain hard carbon showing a good reversible capacity of 330 mAh g-1 

at 50 mA g-1 with 88% of capacity retention over 290 cycles. Sun et al.[13] reported 

use of shaddock peels to get hard carbon with reversible capacity of 350 mAh g-1 at 50 

mA g-1 with first cycle Coulombic efficiency (CE) as 69%. Li et al.[14] used hard 

carbon micro-spherules obtained by sucrose hydrothermal treatment and pyrolysis 

giving specific capacity of 300 mAh g-1 at 30 mA g-1. The holly-leaf derived lamellar 

carbon reported by Guo and co-workers [15] showed a reversible capacity of 254 mAh 

g-1 at 20 mA g-1 attributed to the enlarged nano- and meso-pores of the lamellar carbon. 

Recently, Zhao and co-workers reported successful use of carbon nanoparticles (CNPs) 

derived by burning coconut oil for Na ion battery.[16] The soot obtained was treated 

with piranha solution to get carboxylated CNPs which showed specific capacity of 200 

mAh g-1 at 100 mA g-1 after 200 cycles. In their interesting and informative article on 

biohydrogels such as chitosan, chitin etc., Armelin et al.[17] have discussed their use 

as electrolytes in charge storage applications. However, to the best of our knowledge, 

there is no report on the use of functional carbon material obtained by the pyrolysis of 

natural hydrogels for obtaining battery anode. 

Herein, we report the synthesis of hard carbon with peculiar nanotubular morphology 

by controlled pyrolysis of freeze-dried renewable natural seed gel, with property 

features that are most suitable for a robust Na battery anode. In the following, we refer 

to this carbon as Natural Gel Derived Hard carbon (NGHC). We have not used any 

activation agent, and the process is simple, cost effective, and readily scalable; a first 

of its kind. The source of carbon is the mucilage (gel) extracted from the commonly 
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used Ocimum Basilicum or Basil seeds rich in polysaccharides and lipids. The readily 

available Basil is known for pharmaceutical applications and is used as an herb to cure 

ulcer and diarrhoea [18]. It is also widely used in beverages in Asian countries.  

The composition of the mucilage reported by Tharanathan et al. [19,20] is given in 

Table 1†. The components consist of carboxylic acid and hydroxyl groups. Their 

presence in the carbon forming precursor can potentially lead to the enhancement of the 

adsorption sites for Na by inducing surface defects in carbon. As stated by Han et al. 

[21] the presence of functional groups is very crucial for Na ion insertion. The NGHC 

obtained after the pyrolysis of Basil seed mucilage gives a good reversible capacity of 

195 mAh g-1 at the current density of 100 mA g-1 with 91.2% retention of its first cycle 

specific capacity even after 300 cycles. 

3.2 Experimental Section  

3.2.1 Material Synthesis  

The synthesis protocol for NGHC is shown in Scheme 1. Briefly, the seeds of Ocimum 

Basilicum or Basil were soaked in DI water overnight. They absorb significant quantity 

of water (over 30 times own weight), swell, and form a gel. The seed mucilage was 

extracted by removing the seed nucleus and kept for freeze drying. The gel or mucilage 

forms white flakes which are cotton like, extremely light weight and soft. The freeze 

dried flakes were pyrolyzed at 1000°C for 6 hours under continuous Argon flow at a 

heating rate of 5°C min-1. The yield is approximately 10% w/w from the starting 

material. The obtained carbon was treated with 1M HCl to wash off impurities. The 

material was washed several times with aliquots of DI water till the pH was neutral. 

Then it was dried overnight at 80 °C and used for all the characterizations and further 

work on battery anode. 

3.2.2 Material Characterization  

Powder X-Ray diffraction was done using Bruker D8-Advance X-ray Diffractometer 

(Germany) with Cu kα (wavelength = 1.5418 Å). The RAMAN study was performed 

using LABRAM HR800 from Jobin Yvon Horiba. Scanning electron microscopy 

(SEM) was done using FEI Nova Nano 450 SEM. The High-resolution transmission 

electron (TEM) microscopy was performed with FEI, Tecnai F30, FEG system with  
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Component Structure % fraction 

D-galacturonic acid 

 

6.1 

D-mannuronic acid 

 

3.3 

D-glucose 

 

25.0 

D-galactose 

 

24.4 

D-mannose 

 

 

10.0 

L-arabinose 

 

12.4 

D-xylose 

 

7.5 

L-rhamnose 

 

7.0 

Table 1. Chemical composition of basil seed mucilage. 
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Scheme 1. Synthesis protocol of NGHC. 

300 kV. The Brunauer-Emmett-Teller (BET) adsorption measurements for surface area 

calculation were done using Quadrasorb automatic volumetric instrument. X-ray 

Photoelectron Spectroscopy (XPS) study was performed using a PHI 5000 Versa Probe 

II equipped with a mono-chromatic Al Ka (1486.6 eV), a X-ray source and a 

hemispherical analyzer. The Fourier transform infrared spectroscopy (FTIR) was done 

using a NICOLET 6700 FTIR spectrophotometer. 

3.2.3 Electrochemical Measurements  

The electrodes were prepared by making slurry of NGHC, conducting carbon, and 

PVDF binder in the weight ratio 85:10:5 using NMP as solvent. The slurry was coated 

onto a Cu foil and the foil was kept for drying overnight at 80 °C. The foil was then 

punched into 1 cm2 circular discs. The CR 2032 coin cells were assembled using 

NGHC as working electrode and Na metal as reference electrode. The microporous 

glass fiber separator (Whatman, UK) was used as the separator and 1M NaClO4 in EC: 

DMC (1:1 volume) was used as the electrolyte. Galvanostatic charge discharge 

measurements were done with BTS-Neware (China) 5V, 10mA battery tester. The 



   

  

67 
 

impedance and cyclic voltammetry were done with VMP3 biologic system equipped 

with potentiostat and galvanostat channels. 

3.3 Results and discussion 

3.3.1 Physical Characterizations: The freeze dried gel composition was investigated 

using Fourier Transform Infra-red spectroscopy (FTIR) and has been discussed in 

Figure 1. To study the properties of the freeze dried and pyrolyzed NGHC, various 

characterization techniques were employed which have been discussed in this section.  

The powder X-ray analysis in Figure 2(a) of NGHC shows the characteristic peaks of 

amorphous carbon. The two broad peaks having 2θ at 23.57° and 43.64° correspond to 

the (002) and (100) planes of the disordered carbon.[22] The (002) plane depicts the 

layered graphitic structure i.e. the stacking of 2D graphite sheets, whereas the (100) 

plane is known to be the graphite diffraction plane. The sample exhibits a certain 

number of sharp peaks appearing along with the characteristic carbonaceous broad 

peaks shown in the plot which can be attributed to the metal impurities. After acid 

treatment these features disappear as indicated by the comparison plot. The interlayer 

distance from Bragg’s diffraction law is 0.38nm. This shows that the hard carbon thus 

obtained flaunts more interlayer spacing than pure graphite (0.335nm) and can easily 

accommodate Na ions efficiently serving the purpose of an anode.  

 

Figure 1. FTIR of freeze dried mucilage. 
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Figure 2. (a) PXRD patterns of as pyrolyzed and acid treated NGHC (b) RAMAN of 

NGHC. 

Figure 2(b) depicts the typical Raman spectrum of NGHC. The D-band at 1326 cm-1 

refers to the disordered structure resulting from the A1g phonons breathing mode 

vibrations of sp3 hybridized carbon. [21,23] The G-band at 1598 cm-1 arises due to the 

stacking of sp2 bonded carbon atom planar sheets in graphite like materials.[24] This 

implies that the carbon has graphite like planar geometry but the planes are randomly 

oriented which in turn leads to more interlayer spacing. The intensity ratio of the D-

band and G-band is 1.2, more than that of graphite (< 1) which means the carbon 

obtained is defective in nature.The defects can be credited to the oxygen containing 

groups present in the carbon as discussed earlier. This is a desirable attribute in the 

context of the charge storage application at hand. 

The scanning electron microscopy (SEM) images of NGHC primarily exhibit the 

presence of fibrous or nanotubular structures as shown in Figure 3 (a), (b) with 
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occasional sheets with nanocurls. As is well known, the curling of graphene-like sheet 

occurs due to geometrical defects. As stated above, in our case the surface 

functionalities in the precursor are responsible for defect formation and are therefore 

also the reason for the curling of the evolving graphene-like sheets leading to 

nanotubule formation. The nanotubes are typically in the diameter range of 100-200 

nm, as shown in the images, although a hierarchical distribution in nanotubule diameter 

can be easily noted. 

 

Figure 3. (a),(b) SEM and (c),(d) HRTEM images of NGHC. 

These tubules can facilitate the transport of Na ions leading them to the adsorption sites 

[25] activated by local defects, which can render additional storage capacity to the hard 

carbon. The transmission electron microscopy (TEM) images shown in Figure 3 (c), (d) 

also reveal the microstructure of the nanotubular structures more clearly. The tubular 

structures can be seen to be having pores which contribute to the porosity in NGHC 

giving rise to the adsorption of Na metal at a low potential. [26] The absence of long 

range order also implies that it is an amorphous carbon. Thus, the structural features 
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seen from the SEM and TEM images corroborate the hard carbon nature of NGHC with 

a peculiar nanotubular morphology. 

The N2 adsorption isotherm shown in Figure 4a obtained by BET analysis exhibits 

Type-IV nature which indicates the multilayer adsorption due to capillary 

condensation.[27] This is favorable for the battery application as different adsorption 

sites are available for the ions to get inserted or adsorbed.  

The surface area of NGHC is 40 m2 g-1; an expected and desired valued for a typical 

hard carbon. The pore size distribution proclaims the mesoporosity of NGHC as the 

average pore size is 3 nm shown in Figure 3b. These statistics follow well with the 

broad characteristics of the hard carbon derived from biomass or natural precursors. 

The X-ray photoelectron spectra were recorded to understand the chemical states of 

carbon and oxygen in NGHC. The C 1s and O 1s spectra are shown in Fig. 3. The XPS 

spectrum for C 1s in Fig. 3c is de-convoluted into four peaks. The peak at 284.79 eV 

represents the sp3 bonded carbon atoms supporting the graphene sheet edges.[28,29]  

 

Figure 4. (a) N2 adsorption desorption isotherms; (b) pore size distribution of NGHC 

and X-ray photoelectron spectra (XPS) for (c) C 1s; (d) O 1s of NGHC. 
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The presence of hydroxyl and epoxy functional groups is evident from the C-O peak at 

286.05 eV and C=O peak at 287.27 eV. A small carboxylate peak at 289.54 eV is also 

seen in the spectrum.[30] The O 1s spectrum in Fig. 3d exhibit C=O and C-O peaks at 

530.44 eV and 532.72 eV, respectively. The peaks at 535.07 eV and 536.5 eV mark the 

chemisorbed and surface adsorbed oxygen [31,32] in NGHC owing to the components 

present in the gel. Thus the XPS analysis gives the evidence of the presence of surface 

functionalities in NGHC which could serve as the additional adsorption sites helpful 

for capacity enhancement. 

3.3.2 Electrochemical performance 

The cyclic voltammograms were recorded from 0.01 to 3 V at the scan rate of 0.1 mV 

s-1 against Na/Na+. As seen in Figure 5 (a), the first cathodic scan shows a broad peak 

from 1.3 to 0.3 V which is the characteristic SEI layer formation [33] in carbonaceous 

materials and it disappears in the next cycles. The second peak in the cathodic scan is 

at 0.09 V which depicts the insertion of Na into hard carbon. The subsequent peak in 

the anodic scan appears at 0.14 V giving the de-insertion of Na ions.[34] The pair of 

redox peaks is reproduced in further cycles with slight shift in the potential. The CV is 

stable up to 15 cycles with both peaks intact in nature. In order to study the change in 

the impedance at different interfaces, electrochemical impedance spectroscopy was 

performed after 5th, 10th and 15th cycles of CV given in Figure 4(b). The obtained 

Nyquist plot was fitted to an equivalent circuit as shown in Figure 6. 

 

Figure 5. (a) CV curves in the range 0.01-3 V vs. Na/Na+ at scan rate of 0.1 mV s-1 and 

(b) Nyquist plot of NGHC. 
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The Nyquist plot consists of semicircle region at high frequency region and straight line 

in low frequency region. The circuit consists of Re, the total resistance of the electrolyte, 

electrode and separator; CPE 1 (C1 in Figure 6) and Rf belongs to capacitance at the 

surface film and impedance faced by Na ions in the SEI bulk; CPE 2 (C2 in Figure 

6)and Rct are the double layer capacitance and charge transfer resistance, respectively; 

Zw is the Warburg impedance related to Na ion diffusion in the carbon electrode; C3 is 

the capacitance related to Na ion insertion into the sites of hard carbon.[35] It is clear 

from the figure that as the number of cycles increases the diameter of the semicircle 

decreases along with a depression in Zim. The important kinetic parameters are listed in 

Table S2. There is no considerable change in the Re value. The Rct value calculated from 

the fit decreases with the number of cycles indicating that the Na ions do pass through 

SEI easily. Collectively, it could be inferred that the compactness of SEI increases with 

the number of cycles. No significant change is observed in the other parameters Zw and 

C3. 

 

Figure 6. Equivalent circuit of Nyquist plot. 

 

Re Rct C3 

5.8 (After 5cycles) 49.25 0.018 

5.9 (After 10cycles) 33.58 0.015 

6.4 (After 15cycles) 31.24 0.019 

Table 2. Different resistance values from Nyquist plot. 
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The galvanostatic charge discharge measurements carried out at the current density of 

100 mA g-1 are shown in Figure 7 (a). It shows an initial discharge capacity of 378 mAh 

g-1. There is a sloping region from 1.5 V to 0.3 V which is due to the formation of solid 

electrolyte interphase [36] layer on the surface of the anode mainly from the electrolyte 

decomposition and/or other side reactions taking place on the surface due to the 

presence of defects. This leads to the irreversible loss in the specific capacity of the 

anode. Depending upon the material and the surface reactions, this loss can be huge or 

less. Importantly, NGHC has a reversible specific capacity of 214 mAh g-1 and thus a 

relatively low irreversible capacity loss. The curves evince typical insertion nature and 

can be divided into two regions. One is the sloping voltage region from 1.0 V to 0.02 

V arising due to the randomly oriented graphitic planes of hard carbon. The Na insertion 

potential varies for different insertion sites resulting into a slope in the curve. The 

second is the low potential plateau region near 0.01 V which marks the onset of pore 

filling or adsorption of metal into nano-porosity regions in the carbon. The Na metal 

gets inserted into the sites having a potential coinciding with the metal itself.[37] This 

leads to a voltage close to 0 V and a well-defined plateau. This refers to the turbostratic 

nature of NGHC facilitating Na ion insertion. The specific capacity and nature of the 

curve are maintained well in the subsequent cycles. 

The carbon anode was tested at different current densities ranging from 50 mA g-1 to 

2000 mA g-1. The rate performance of NGHC is shown in Figure 7 (b). The specific 

capacity values were 250 mAh g-1, 226 mAh g-1, 198 mAh g-1, 170 mAh g-1, 143 mAh 

g-1, 124 mAh g-1, 102 mAh g-1 and 95 mAh g-1 for 50 mA g-1, 100 mA g-1, 200 mA g-1, 

500 mA g-1, 750 mA g-1, 1000 mA g-1, 1500 mA g-1 and 2000 mA g-1, respectively. 

When the current density was reduced from 2000 mA g-1 to 200 mA g-1, 95% of the 

initial capacity was recovered. This elucidates the excellent sustainability of NGHC 

electrode towards the higher current densities. 

The NGHC has splendid cyclic performance as evident from Figure 7 (c). The carbon 

retains a high specific capacity of 195 mAh g-1 at 0.1 A g-1 after 300 cycles showing 

only 8.8% loss of its initial capacity. The first cycle Coulombic efficiency (CE) for the 

NGHC is 58% and rises to 99% in the second cycle and varies between 96 , CE , 100 

throughout the cycling. Thus the carbon obtained shows very impressive cycling 

stability and Coulombic efficiency. With these performance features our NGHC stands  
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Figure 7. (a) Charge discharge curves at 0.1 A g-1; (b) Rate performance at different 

current densities of NGHC; (c) Cycling stability and Coulombic efficiency plot of 

NGHC. 

out fairly well in the family of biomass derived carbons reported by previous interesting 

studies, especially in respect of good specific capacity along with high cycling stability 

at a high current density of 0.1A g-1 and high Coulombic efficiency (>97% throughout). 

Figure 8 (a) shows the charge discharge curve nature comparison of NGHC and 

commercial hard carbon (HC). It is seen that NGHC has a well-defined plateau in low 

voltage region similar to HC which is a good characteristic of any material to be used 

in battery. Figure 8 (b) demonstrates the rate performance comparison of NGHC and 

commercially available HC. It is evident from the plot that though the commercial HC 

delivers higher capacity at low current density of 0.05 A g-1 (which is too low for 

practical applications), but it can’t withstand high current densities above 0.1A g-1 and 

the value drops drastically whereas NGHC performs fairly well under high current 

rates. Thus, NGHC if seen from commercial point of view has the capability to deliver 

good capacity at high rates. A table of comparison among various biomass derived hard  
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Figure 8. (a) Charge discharge curves of NGHC and HC at 0.1 A g-1; (b) Comparison 

of Rate performance at different current densities of NGHC and HC. 

carbons from different sources with NGHC is provided to analyze where NGHC stands 

in terms of performance when compared with literature. 

3.4 Conclusions 

A novel approach is presented to synthesize high quality hard carbon for Na ion battery 

anode by controlled pyrolysis of a natural gel derived from the commonly used Basil 

seeds (Ocimum Basilicum) which swell by absorbing water over 30 times their weight. 

The hard carbon obtained by pyrolysis of the freeze-dried mucilage possesses peculiar 

sheet-like and tubular morphology decorated with oxygen-related surface defects 

originating from oxygen containing functionalities namely polysaccharides and lipids 

present in the gel. The NGHC thus synthesized shows a very good reversible capacity 

of 195 mAh g-1 at a current density of 0.1 A g-1 and excellent rate performance with 

specific capacity of 95 mAh g-1 even at a very high current density of 2 A g-1. Moreover, 

when the current density is reduced to 0.2 A g-1, the NGHC shows 95% retention of its 

initial capacity. The cycling stability of NGHC is also very good and it retains 91.2% 

of its first cycle capacity (214 mAh g-1) after 300 cycles, with >97% Coulombic 

efficiency throughout. We believe that NGHC derived from the Basil seed mucilage 

stands out as a good anode material in the category of biomass derived hard carbons 

and thus can be commercialized as a Na ion battery anode as illustrated by comparing 

it with commercial hard carbon. Thus, NGHC if seen from commercial point of view 

has the capability to deliver good capacity at high rates. 
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Source of 

carbon 

Process Type of carbon 

obtained 

Specific 

capacity 

(mAh g-1) 

Curren

t 

density 

Cycles 

Coconut oil Burning oil wick 

collecting soot 

Carbon nano 

particles 

200 100 200 

Peat moss Pyrolysis and 

KOH treatment 

Carbon nano 

sheets 

255 100 200 

Sucrose Pyrolysis with 

GO 

G-Hard Carbon 

Only HC 

274 

         85 

20 

20 

200 

   200 

Shaddock peels Pyrolysis Hard Carbon 352 50 200 

Banana Peels Pyrolysis Hard Carbon 330 50 50 

Wood Pyrolysis Hard Carbon  10  

Ramie Fibres Pyrolysis 3D-carbon 

micro structure 

122 100 100 

Corncobs Pyrolysis 2D-carbon 

sheets 

139 100 100 

Pomelo peels H3PO4 treatment 

and pyrolysis 

Hard carbon 181 200 220 

Sucrose Hydrothermal and 

pyrolysis 

Hard carbon 

micro spherules 

300 30 100 

Blue green 

algae 

Pyrolysis Carbon 230 20 60 

Peanut skin KOH treatment 

and pyrolysis 

Hierarchical 

porous carbon 

148 500 200 

Holly leaf Hydrothermal and 

pyrolysis 

Lamellar hard 

carbon 

254 20 100 

Oatmeal Hydrothermal and 

pyrolysis 

N-doped carbon 

microspheres 

336 50 50 

This work Pyrolysis Hard Carbon 200 100 210 

Table 3. Comparison of specific capacities of different biomass derived carbons. 
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Chapter 4. 

Carbon caged Si nanoparticles with high capacity and 

cycling stability for Li-ion battery anode 

 

 

 

Abstract 

Si-nanoparticles caged by carbon are synthesized by uniform loading of Si NPs in the 

natural gel during swelling, followed by high temperature pyrolysis of the freeze dried 

gel. The Si-GDC (gel derived carbon) renders an impressive specific capacity of 1460 

mAh g-1 at 1 A g-1 with only a small irreversible capacity loss. It is highly stable even 

up to 250 cycles and exhibits an impressive value of 700 mAh g-1 even at a high rate of 

2 A g-1. Post cycling SEM images of Si-GDC confirm robust carbon encapsulation upon 

cycling and uniform SEI layer formation providing high stability. 
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4.1 Introduction 

As described in chapter 2, though Na ion batteries are a potential candidate to act as  a 

replacement for Li ion batteries still there are many loop holes which need to be filled 

before the community starts relying on them completely. For that reason, Li ion battery 

research is being carried out in the context of Li-ion batteries have been playing a 

central role in the field of energy storage with diverse applications in areas such as 

portable electronics, electric mobility, and grid storage systems.[1],[2] While the 

cathodes are primarily composed of some multi-component metal oxide systems and 

organic compounds[3], there are many possible choices of anode materials belonging 

to the intercalation, alloying and conversion categories, with different strengths and 

weaknesses.[4],[5] Generally, graphite is used as anode mainly because of its high 

stability, safe operating potential, and good specific capacity.[6] Yet it is not found to 

be suitable for the emerging class of high energy applications.[7],[8] To enhance the 

power and energy density of the Li-ion battery, one ought to use anodes with high 

specific capacity.[9] The anode should have high power and energy density, cycling 

stability and should be environmental friendly with ease of synthesis. Needless to say 

that concurrent effort on enhancing the performance parameters of cathode materials is 

also equally important.[10] An important factor electrolyte which plays a vital role in 

battery performance has also been investigated experimentally as well as theoretically 

to check their viability in various environments.[11]  

Silicon (Si) is an earth abundant material with an ability to form high-Li-alloy and 

therefore to render a high specific capacity. It is known to incorporate 4.4 Li atoms 

while reacting with Li which results into its high theoretical capacity of 4200 mAh g-

1.[12] Unfortunately the silicon-based anodes have an intrinsic issue of huge volume 

expansion (~300%) upon lithiation causing cracks and de-lamination of material from 

electrode during de-lithiation.[13],[14] This leads to a rapid capacity fade making it 

unsuitable for commercial applications. Si nanostructures like nanowires, nanotubes 

etc. have been proposed to mitigate this problem because such nanostructures the 

smaller particles reduce the overall size of Li-Si alloy minimizing volume 

expansion.[15],[16] Yi Cui and co-workers have published many seminar contributions 

describing the origin and minimization of the volume expansion of Si in a Li-ion battery 

anode.  
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In one of their papers it was demonstrated that use of Si nanowires instead of bulk Si 

shows 60% capacity retention after 50 cycles at 800 mA g-1.[17] There are several 

interesting subsequent reports by Y. Cui group on the use of different nanostructures of 

Si for Li ion battery application.[18],[19] Another approach to address this 

complication is using a matrix framework to incorporate Si and allowing the Si 

expansion to occur within the confines of such matrix during cycling to avoid 

delamination of the material.[20] Carbonaceous materials like carbon nanofibers 

(CNFs), carbon nanotubes (CNTs), graphene sheets, core shell coating on Si particles 

have been employed.[21],[22] The coating or covering of carbonaceous materials 

protects Si particles from breaking apart and maintains the integrity of the 

electrode.[23] The efforts are currently directed towards developing a composite which 

is easy to synthesize, has the right set of properties, and involves environmentally 

friendly methods and compounds.[24]  

In this work we report a facile, cheap and eco-friendly pyrolytic synthesis of conducting 

carbon coated Si nanoparticles (Si NPs) from a natural gel (basil seed derived) as a Li 

ion battery anode. The Si-gel derived carbon (Si-GDC) is synthesized by simple 

pyrolysis of freeze-dried Si NPs loaded basil seed gel to obtain Si NPs bunches 

embedded in carbon.  

 

Figure 1. (a) Volume expansion in Si and (b) proposed methodologies to minimize it 

by growing nanostructures and encapsulation with carbonaceous materials. Copyright 

Springer Nature.  Reproduced with permission of Ref [25]. 



   

  

83 
 

 

Figure 2. Synthesis protocol of Si-GDC. 

The Si-GDC composite is remarkable as a Li-ion battery anode with specific capacity 

of 1460 mAh g-1at high current density of 1A g-1 with superior cycling stability up to 

250 cycles and a superior rate performance.  

4.2 Experimental Section 

4.2.1 Material Synthesis  

Si NPs were procured form Global Nanotech with size of 70-80 nm. The synthesis 

protocol for Si-GDC is shown in Figure 2 as per our previuos report.[26] Briefly, the 

Si NPs were dispersed in DI water by sonication. The seeds of Basil (Ocimum 

Basilicum) were soaked in pre-sonicated Si NPs aqueous dispersion and kept overnight. 

The seed mucilage was extracted by removing the seed nucleus and kept for freeze 

drying. The freeze dried flakes were pyrolyzed at 1000 °C for 6 hours under continuous 

Ar flow at a heating rate of 5 °C min-1. The obtained Si-GDC (Si-Gel derived carbon) 

with Si: C ratio to be 2:1 was used as synthesized. 

4.2.2 Characterizations  

Powder X-Ray diffraction was done using Bruker D8-Advance X-ray Diffractometer 

(Germany) with Cu kα (wavelength 1.5418 Å). The Raman study was performed using 

a Renishaw InVia microscope Raman system with a laser wavelength of 532 nm in the 

back scattering geometry laser power on the sample was 5 mW with a laser spot size 1 

&#956;m. Scanning electron microscopy (SEM) was done using FEI Nova Nano 450 

SEM.  
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The High-resolution transmission electron (TEM) microscopy was performed using 

TEM (Model: TECNAI G2 20) instrument equipped with EDS attachment, operated at 

an accelerating voltage of 200 kV. The Brunauer-Emmett-Teller (BET) adsorption 

measurements for surface area calculation were done using Quadrasorb automatic 

volumetric instrument.  

4.2.3 Electrochemical Measurements  

The electrodes were prepared by making slurry of Si-GDC or Si NPs, conducting 

carbon, and CMC binder in the weight ratio 70:20:10 in DI water. The slurry was coated 

onto a Cu foil and the foil was kept for drying overnight at 80 °C and punched into 1 

cm2 circular discs. The CR 2032 coin cells were assembled with Li metal as reference 

electrode. Celgard 2500 was used as the separator and a commercial electrolyte with 

1M LiPF6 in EC: DMC (1:1 volume) was used with 10 % FEC as an additive. 

Galvanostatic charge discharge measurements were performed with BTS-Neware 

(China) 5V-10mA battery tester. The calculations were done considering only the Si 

weight in the electrode as in previous reports[27] with weight of the active material 

being 1.2-1.5 mg. The impedance and cyclic voltammetry voltammetry were performed 

with VMP3 biologic system equipped with potentiostat and galvanostat channels. 

4.3 Results and Discussion 

4.3.1 Physical Characterization 

The powder x-ray diffraction (PXRD) data for Si NPs is presented in Figure 3. The 

pristine Si NPs render the expected characteristic peaks at 28.6°, 47.5° and 56.3°, which 

correspond to the (111), (220) and (311) planes of Si, respectively.[28] In the Si-GDC 

composite case, the Si peaks are intact with the superimposed carbon-related features 

as shown in Figure 4 (a). The powder XRD of GDC shows a broad peak at 23.57° 

indicating the (002) plane of disordered carbon and a small peak at 43.64° representing 

the (100) plane of carbon.[29] Although the (002) peak is clearly retained in the 

composite, the diminished (100) peak signifies the reduced in-plane ordering or smaller 

lateral crystallite size La of the disordered carbon.[30]  
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Figure 3. (a) PXRD and (b) RAMAN of pristine Si NPs. 

The Raman spectrum of Si NPs in Figure 3(b) consists of bulk crystalline Si features 

also reflected in Si-GDC composite as seen from Figure 4 (b). A sharp peak at 510 cm-

1 is ascribed to the first order phonon scattering and the Si-Si stretching vibration.[31] 

Also, it consists of the GDC related D-band at 1326 cm-1 which refers to the disordered 

structure resulting from the A1g phonons breathing mode vibrations of sp3 hybridized 

carbon and the G-band at 1598 cm-1 due to the stacking of sp2 bonded carbon atom 

planar sheets in graphite like materials.[32]  

The high ID/IG ratio in GDC is due to the reduced sp3 content and increased ordered ring 

clusters which occurs in carbon with nanocrystalline graphitic domains according to the 

Ferrari and Robertson model.[33] 

 

Figure 4. (a) PXRD pattern of GDC and Si-GDC; (b) Raman spectra of GDC and Si-

GDC. 
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Figure 5. (a) SEM image; (b-d) HRTEM images of Si-GDC (inset- SAED pattern). 

On the contrary, the lower ID/IG ratio in Si-GDC suggests significant reduction in defect 

density due to heterogeneous nucleation on the surface of Si NPs during the pyrolysis 

process. This would concurrently render better conductivity to the carbon which is 

desirable for the battery electrode application.  

The optical micrographs of Si-GDC have been provided in Figure 5. The Si NPs 

bunches embedded into the carbon are evident from the SEM. The TEM images also 

reveal the same with the Si NPs completely engulfed into the conducting carbon layers. 

The wrinkled layers in Figure 4(d) signify the turbostratic nature of carbon.[34] This 

configuration could be quite helpful for the Li incorporation into Si NPs with the outer 

covering of carbon which prevents the cracking of the particles due to volume 

expansion during lithiation or de-lithiation. The N2 adsorption isotherms for GDC and 

Si-GDC obtained by BET analysis are compared in Figure 6. The isotherms exhibit 

Type-IV nature which indicates multilayer adsorption due to capillary condensation. 

The surface area of GDC is 40 m2 g-1.  
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C coating

Wrinkled turbostratic
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Figure 6. N2 adsorption isotherms of (a) GDC (Reprinted with permission from John 

Wiley and Sons[1]); (b) Si-GDC; (c) Pore size distribution of GDC and Si-GDC. 

The same trend is observed for the isotherm of Si-GDC and but with a higher surface 

area of 60 m2 g-1. This means that the Si NPs are not simply adsorbed onto the carbon 

but are embedded in the carbon. The pore size distribution is bimodal[35] with the pores 

in mesoporous regime.[36]  

4.3.2 Electrochemical data  

4.3.2.1 Impedance spectroscopy: The potentiostatic electrochemical impedance 

spectroscopy (PEIS) data for Si NPS and Si-GDC composite are presented in Figure 7 

(a) and 7 (b) for the fresh cells and the cells after cycling, respectively. Pristine Si NPs 

anode possesses very low series resistance due to the smaller size of nanoparticles 

which facilitates quick electrolyte dispensation and contact on the electrode surface. 

The Si-GDC anode also has negligible series resistance due to the high conductivity of 

the carbon. The charge transfer resistance of pristine Si NPs anode is very high as the 

Si NPs are non-conducting in nature.[37] On the other hand, the Si-GDC anode shows 

considerably less charge transfer resistance than Si NPs and this enables fast ion 

transport through the anode. After 5 cycles, the series resistance of electrodes remains 

almost the same but the charge transfer resistance changes considerably. The charge 



   

  

88 
 

transfer resistance in the case of Si-GDC reduces very significantly whereas Si NPs 

possess much higher value than Si NPs.  

 

Figure 7. (a) Nyquist plots of Si NPs and (b) Si-GDC respectively; (c) and (d) Cyclic 

Voltammograms of Si NPs and Si-GDC. 

This can be attributed to the high conductivity of carbon and the ease of electrolyte 

percolation through carbon channels enabling the fast charge transfer rate.  

4.3.2.2 Cyclic Voltammetry: The typical CV curves for different anodes were obtained 

by scanning in the range 0.01 – 3 V with scan rate of 0.1 mV s-1 and the data are shown 

in Figure 7 (c) and 7 (d) for Si NPs and Si-GDC respectively. The broad peak at 1.0 V 

in Si NPs anode cathodic scan is due to the SEI formation arising due to the electrolyte 

decomposition at the electrode surface which is the same for the Si-GDC anode. The 

SEI formation in GDC occurs in the range of 1.5 V to 0.7 V (Figure S4†).[38] The 

subsequent cycles show peak at 0.19 V in the cathodic part indicative of the Li-Si alloy 

formation during lithiation. Additionally, Si-GDC has low intercalation and de-

intercalation peaks close to 0.01 V for the carbon. During the anodic scan, the peaks 

appearing at 0.3 V and 0.48 V correspond to the de-lithiation of Li-Si alloys.22 It is to 
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be noted that the peak intensity in Si NPs anode case reduces during cycling due to the 

cracking of anode during cycling. This does not happen in the case of Si-GDC anode 

as evident from Figure 6 (d). 

 

Figure 8. (a) Charge discharge curves of Si-GDC and GDC; (b) Rate performance of 

Si-GDC and GDC; (c) Irreversible capacity loss in Si NPs anode and (d) in Si-GDC 
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nature of the charge discharge curves for Si-GDC anode is similar to that of Si as seen 

in Figure 8 (a). The Li insertion and de-insertion in Si occurs from 0.5 V to 0.2 V. To 
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carbon nature with a lower potential plateau for Li insertion close to 0.01 V. The rate 
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1, 1000 mAh g-1, 700 mAh g-1 at 0.1 A g-1, 0.5 A g-1, 1A g-1, 1.5A g-1 and 2A g-1 

respectively. 

 

Figure 9. (a) Cycling stability and Coulombic Efficiency plots of Si NPs and Si-GDC; 

(b) and (c) SEM images of Si NPs and Si-GDC electrodes post cycling. 

The Si-GDC attains the original value when subjected back to 1 A g-1. The interesting 

fact about the Si-GDC is that it exhibits very less irreversible capacity loss of 324 mAh 

g-1 as compared to the huge loss of 1184 mAh g-1 observed for bare Si NPs anode, as 

seen from Figure 8 (c) and 8 (d). This imparts high stability to the Si-GDC anode clearly 

proven in Figure 9 (a) where the anode sustains volume expansion and shows a high 

reversible capacity of 1460 mAh g-1 at high current density of 1 A g-1 even after 250 

charge discharge cycles with 75% capacity retention from first cycle capacity. The 

pristine Si NPs undergo cracking and delamination from the electrode surface as a result 

of volume expansion caused by Li-Si alloy formation as shown in post cycling SEM 

images Figure 9 (b) and 9 (c) where Si NPs anode develops cracks due to rupturing and 

volume expansion whereas Si-GDC retains a robust SEI layer preventing the 

delamination and cracking of particles. The Si NPs anode starts degrading after the first 

few cycles and goes less than 90 mAh g-1 after mere 50 cycles.  
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Moreover, the Coulombic Efficiency is improved as well in Si-GDC anode as compared 

to the pristine Si NPs. Hence, the carbon coating indeed provides long term stability to 

the Si-GDC as compared to pristine Si NPs. A comparison table of Si-GDC composite 

with existing literature os provided in Appendix B. 

4.4 Conclusions 

A facile natural gel-based approach is demonstrated to synthesize conducing carbon 

encapsulated Si NPs to serve as an anode material for Li-ion battery with high capacity 

and cycling stability. A very high reversible capacity of 1460 mAh g-1 is realized at a 

high rate of 1 A g-1 which is stable up to 250 cycles over which the performance was 

measured. The post cycling electrode SEM images show that Si-GDC presents itself as 

a robust anode material with uniform SEI layer formation. 
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Chapter 5. 

A hard carbon and Li4Ti5O12 based physically mixed 

anode for superior Li-battery performance with 

significantly reduced Li content: A case of synergistic 

materials cooperation 

Abstract 

Li4Ti5O12 (LTO) and hard carbon (HC) are commonly used anodes in the Li-ion 

batteries. LTO exhibits high-rate performance but with limited capacity. HC has high 

specific capacity but extremely low operating voltage. Herein, we show that a simple 

physical mixture of the two enhances the half-cell as well as full-cell performance 

through a synergistic cooperation between the materials. Specifically, the LTO−HC 

mixed anodes exhibit impressive performance even at high C-rates. This results from a 

quick internalization of Li ions by LTO followed by their distribution to HC regions 

via the high density of the winding internal interfaces between the two. The full cells 

of the LTO−HC mixed anodes with LiCoO2 (LCO) evince an enhanced operating 

voltage window and a well-defined plateau. The overall specific capacity of 

LCO/mixed anodes is better than the LCO/pristine anode full cells. Also, with the 

LTO−HC 20−80 anode (Li content reduced by 80%), the full cell exhibits an impressive 

performance when compared to pristine anodes without pre-lithiation. The LCO/mixed 

anode full cells have excellent cycling stability up to 500 cycles at a current density of 

100 mA g−1. 

 

The following paper has been published based on the work presented in this chapter. 

N. Sharma, D. Puthusseri, M. Musthafa, S. Ogale, Hard Carbon and Li4Ti5O12-Based 

Physically Mixed Anodes for Superior Li-Battery Performance with Significantly 

Reduced Li Content: A Case of Synergistic Materials Cooperation. ACS Omega 2017, 

2, 8818-8824. Copyright American Chemical Society. 
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5.1 Introduction 

Li ion batteries are the suitable choice for most of the practical applications such as 

portable electronics and hybrid/electric vehicles because of their durability, high power 

and energy density, long cycle life and low self-discharge rate.[1] There have been 

numerous developments made on the electrode materials appropriate for the Li ion 

batteries to achieve state of the art performance from the device and mitigating the 

problems faced during implementation on the real systems.[2],[3] For any practical or 

commercial application, the battery must deliver fairly high power density as well as 

energy density with minimal capacity fade during cycling.[4] To accomplish these 

requirements, various anode materials have been investigated; graphite being the most 

popular amongst all. An ideal anode material should have low intercalation potential 

for Li insertion/ de-insertion, short paths for ion diffusions leading to high rate 

capability, low volume expansion during lithiation and de-lithiation, low cost, and 

environmental friendly character.[5] 

Among the various anodes investigated so far for the Li ion batteries under intercalation 

category, Li4Ti5O12 (LTO) is well known owing to its superior characteristics. LTO 

exhibits a well-defined operating voltage of 1.55 V and a specific capacity of 175 mAh 

g-1making it useful for practical applications.[6] It has high rate capability, good cycle 

life and importantly a negligible volume expansion during charging and discharging. 

LTO has the spinel structure and it transforms into the rock salt structure (Li7Ti5O12) 

during discharging, having lattice parameters comparable to the spinel structure.[7] The 

process takes place by the migration of Li ions from the tetrahedral sites to the 

octahedral sites and the three incoming Li ions occupying the vacant tetrahedral sites 

and moving to octahedral sites. The overall reaction mechanism is given in the equation 

below: 

3Li + Li4Ti5O12               Li7Ti5O12     (1) 

The structural transformation is reversible and is called topotactic as the final structure 

is similar to the parent one.[8] However, in spite of all these features, LTO has not been 

considered as the optimum choice as an anode material for practical devices due to 

some of its intrinsic limitations. Specifically, LTO has poor electronic conductivity and 
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owing to its low specific capacity, it is considered as a low energy density anode 

material.  

To overcome these issues, various interesting strategies have been developed such as 

making LTO composites with conducting materials such as carbon or metal 

nanoparticles[9], making nanostructured LTO[10],[11] or coating LTO with hard or 

soft carbon by ball milling, CVD or pyrolysis methods.[12],[13],[14] However, these 

methods are expensive and elevate the overall cost of the battery including the 

complexity in synthesis. 

Hard carbon (HC) on the other hand, is another good choice for the Li ion battery anode 

because of its high reversible capacity and lower Li intake potential.[15] HCs are 

commonly derived from biomass by simple pyrolysis treatment, thus representing a 

cheap material for battery application.[16] HC being non- graphitizable has its planes 

randomly oriented with enhanced d-spacing.[17] Though it has low surface area, still it 

is considered to be a high energy density material as it has high specific capacity. As 

proposed by J. R. Dahn,[18] hard carbon stores ions by intercalation as well as 

adsorption as shown in Figure 1. 

 

Figure 1. Storage Mechanism of hard carbon. Copyright Electrochemical Society. 

Reproduced with the permission of Ref [18]. 
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The intercalation occurs in the graphitic planes of the carbon in the voltage range of 1 

to 0.1 V represented by the sloping region in the discharge curve.[19] The sloping 

nature of the curve indicates that the voltage varies for every Li site available. The 

adsorption occurs at very low voltages lying close to metal plating in the micro or nano 

pores of the carbon where a large number of ions get trapped and can be extracted only 

at extremely low current densities.[20] These ions are irreversibly trapped causing huge 

first cycle capacity loss.[21] This limits the rate performance of the material and thereby 

the power density, making them inappropriate for potential use. To address this 

problem, hard carbons are functionalized with dopants or nanoparticles to enhance the 

specific capacity and operating window.[22],[23] 

In this work, we propose and demonstrate that a simple physical mixture of LTO and 

HC as an anode renders several advantages in terms of enhanced performance factors 

through synergistic effects. Interestingly, due to the specific scientific reasons outlined 

in the course of discussion, this simple approach combines the advantages of the 

individual anodes and diminishes their respective shortcomings; eliminating the need 

to use any complex synthesis protocol. We have investigated such LTO-HC mixed 

anodes in half cells at various C-rates as well as at fairly high fixed values of constant 

current densities. Moreover, the full cells have also been tested with LiCoO2 to prove 

that the Li content of anode can be dramatically reduced to as low as 20%, still retaining 

the high performance factors without any pre-lithiation process involved. Thus, this 

work proposes a facile methodology to gain high power as well as energy density of a 

full cell device without the use of any tedious procedures, thereby reducing the cost and 

processing complexity or time. 

5.2 Experimental Section 

5.2.1 Materials and methods: LTO and LCO procured from Sigma Aldrich and 

commercially available hard carbon were used as received. The mixed anodes were 

prepared by taking LTO and HC in two proportions 50-50 and 20-80 by weight 

respectively. The slurry was made by mixing the anode powders with super P and 

PVDF binder in the ratio of 80:10:10 and NMP as solvent. The slurry was coated on 

the Cu foil and was kept for drying overnight at 80 °C. The slurry was coated on the Cu 
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foil and was kept for drying overnight at 80 °C. The foil was then punched into 1 cm2 

circular discs. Powder X-Ray diffraction was done using Bruker D8-Advance X-ray 

Diffractometer (Germany) with Cu kα (wavelength = 1.5418 Å). Scanning electron 

microscopy (SEM) was done using FEI Nova Nano 450 SEM. 

5.2.2 Electrochemical measurements: The 2032 coin cells were made using mixed 

anodes and Li metal and whatmann separator known as half-cell configuration. The 

full-cells were fabricated using LTO and HC mixed anodes and LCO cathode. The 

electrolyte used was commercial LiPF6 in ethylene carbonate and dimethyl carbonate 

(EC: DMC in the volume ratio of 1:1). Galvanostatic charge discharge measurements 

were done with BTS-Neware (China) 5V, 10mA battery tester. The impedance and 

cyclic voltammetry were done with VMP3 biologic system equipped with potentiostat 

and galvanostat channels. The mass loading of the electrodes are in the range of 1.3 to 

1.5 mg. The cathode to anode mass ratio is 1:1 for LTO and 1.5:1 for LTO-HC 50-50, 

LTO-HC 20-80 and HC. The full cell measurements were done considering the weight 

of both cathode and anode in all the cases. 

5.3 Results and Discussion 

The powder x-ray diffraction (XRD) data for LTO and HC are given in Figure 2.

 

Figure 2. PXRD pattern of (a) LTO; (b) HC and SEM images of (c) LTO; (d) HC. 
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The XRD pattern for LTO in Figure 1 (a) can be indexed to the cubic spinel structure 

with space group Fd-3m according to the literature (JCPDS file no. 49-0207). The XRD 

for hard carbon in Figure 1 (b) consists of the broad peaks representing (002) and (100) 

planes of amorphous carbon at the 2θ values of 23.6° and 43.8°, respectively.[12] The 

morphology of both the materials is shown in Figures 1 (c) and (d). LTO is composed 

of small uniform sized particles whereas HC consists of big chunks. 

5.3.1 Electrochemical data 

5.3.1.1 Impedance spectroscopy: Figure 3 (a) illustrates the impedance spectra of all 

the four samples before cycling. The higher frequency regions of the Nyquist plot 

consist of a semi-circle which is the measure of the charge transfer resistance at the 

electrode surface.[24] The series resistance is found to be less in all the samples. The 

charge transfer resistance of the pristine LTO electrode is the lowest among all cases, 

in this case.  

 

Figure 3. Impedance spectra (a) before cycling and (b) after 5 cycles and cyclic 

voltammograms (c) before cycling and (d) after 5 cycles of anodes. 
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The Nyquist plot for HC exhibits a larger semi-circle at high frequency owing to the 

higher charge transfer resistance at the electrode surface. At low frequencies, the 

Warburg component i.e. the sloping line corresponds to the diffusion process occurring 

in the bulk material.[25] The LTO-HC 20-80 mixed anode impedance resembles that 

of pristine HC whereas that of the LTO-HC 50-50 mixed anode exhibits a second semi-

circle. The semi-circle at high frequencies corresponds to the diffusion through pores 

of the electrode. The mid-frequency semi-circle represents the charge transfer 

resistance and constant phase element (CPE) at electrode electrolyte interphase.[26] 

The occurrence of these two could also be attributed to the non-homogenous electrode 

composed of small and big particle sizes as discussed at length by Xu et al.[27] In the 

plot, the LTO anode shows slow diffusion and certainly invites a discussion as the 

reviewer has corrected asked for. As for the present case of mixed materials anodes, 

such type of Nyquist plot has indeed been observed in electrodes containing 

components having different particle sizes, big and small, and they have been studied 

and discussed extensively earlier.[28] The slow diffusion in such cases has been 

attributed to the non-homogeneity of the electrode surface, the thickness, and the 

difference in particle sizes of the materials.[29] When two different sized particles are 

present and the calendaring of the electrode is not uniform then the surface 

inhomogeneity leads to the development of an arc in the middle-to-low frequency 

region and results in the inclination of impedance curve towards real impedance axis. 

As LTO and HC have different particle sizes, the electrode surface will be 

inhomogeneous causing unequal distribution of mass that leads to a shift in the semi-

circle near the low frequency regions. After 5 cycles, all electrodes exhibit a semi-circle 

with reduced charge transfer resistance in high frequency region and the low frequency 

region corresponding to bulk ion diffusion as seen from in Figure 3 (b). The 50-50 case 

and the pristine LTO are similar, whereas the 20-80 case is close to the pristine HC in 

nature.  

5.3.1.2 Cyclic Voltammetry: The CV curves of the samples are presented in Figure 3 

(c) and Figure 3 (d). The pristine LTO cathodic scan has intercalation peak at 1.5 V and 

a small peak at 0.7 V. During the anodic scan, the de-intercalation peak occurs at 1.6 

V.[30] The redox peaks are consistent in the subsequent cycles. The first cycle CV for 

HC consists of three broad peaks along with the intercalation peak below 0.1 V in the 
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reverse scan.[31] The peak at 0.65 V is due to the SEI formation and disappears in the 

next cycle. The redox peaks at 0.93 V and 1.03 V are also present in the first cycle and 

can be seen in subsequent cycles with a small shift.  

The peak at 0.19 V could be attributed to side reaction or irreversible ion adsorption 

and is absent in later cycles. The CV of the mixed anodes reveals the characteristic 

peaks of both LTO and HC as evident from the CV curve of LTO-HC 50-50 and LTO-

HC 20-80.  

5.3.1.3 Galvanostatic Charge Discharge: The half-cells were first discharged at a low 

current density of 50 mA g-1 to facilitate uniform SEI layer growth on the electrode 

surface. The nature of the charge discharge curves seen in Figure 4 explains the dual 

character of the mixed anodes when compared to the pristine ones. The LTO anode has 

a plateau at a high voltage of 1.55 V whereas HC has the sloping nature at high voltage 

but a plateau near to 0.01 V. The LTO-HC 50-50 discharge curve has the flat plateau at 

high voltage corresponding to Li insertion potential of LTO as well as the sloping 

region from 1V to 0.1 V corresponding to HC intercalation potential in the equal 

proportion. The LTO-HC 20-80 mixed anode partially exhibits the LTO character with 

the HC character dominating the charge discharge profile. The mixed anodes give high 

capacity as compared to the pristine anodes because of the enhanced electrochemical 

window from 1.55 V to 0.01 V whereas this advantage is not there in the case of 

individual anode materials (in LTO it is 1.55 V and in HC it is 0.1 to 0.01 V approx.). 

The theoretical capacities of LTO and HC are 175 mAh g-1 and 372 mAh g-1, 

respectively. The calculated capacities for the mixed anodes considering the weight 

ratio are 273 mAh g-1 for LTO-HC 50-50 and 332.6 mAh g-1 for LTO-HC 20-80.  

As seen from the curves, the realized capacity of HC is much lower than the predicted 

value which implies that the ion adsorption sites in HC are not accessible to Li-ions to 

the full extent and need very low current densities to be filled (adsorption in nano pores 

of HC). The reason for the excess capacity in the mixed anode cases is the quick 

internalization of ions facilitated by LTO and then the distribution of ions in the HC 

channels or the nano pores.  
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Figure 4. Charge−discharge plot nature of anodes. (a) First discharge curve of all four 

cases at 50 mA g−1 and (b) first charge curve at 50 mA g−1. 

The process of quick Li-ion internalization afforded by LTO thus helps these ions 

access more sites of HC at the same current density, hence the higher capacity reflected 

at that current density. This way the capacity close to the predicted value is achieved in 

the mixed anodes as proven by our charge discharge measurements, which is not the 

case with pristine HC because of its poor rate capability at the same current density. 

The rate performance of the samples was checked at different C-rates given in Figure 5 

along with the Coulombic efficiency. The cells were cycled at high rates of 20 C. As 

evident, pristine LTO being the high rate capability anode, does not undergo much 

degradation in the specific capacity even at 20 C and gives a specific capacity value of 

about 145 mAh g-1, whereas for the HC case the specific capacity drops down 

drastically when subjected to high C-rates and the specific capacity falls down to 90 

mAh g-1. 

Interestingly, the LTO-HC mixed anodes perform superior to individual anodes at high 

rates and the specific capacity lies close to that of pristine LTO. Thus, the LTO-HC 50-

50 mixture anode exhibits a specific capacity of 130 mAh g-1 at 20 C, while the LTO-

HC 20-80 mixture anode gives a capacity of about 145 mAh g-1. The electrodes were 

also cycled at constant current densities evinced in Figure 6. At high current densities 

of 2 A g-1, and 6 A g-1, the mixed anodes possess an extremely impressive performance 

and high cycling stability up to 3000 cycles with minimal capacity fade. In these cases 

as well, HC fails to withstand high current densities whereas the mixed LTO-HC 

electrodes function almost similar to LTO in spite of a very significant reduction in the  
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Figure 5. Rate performance at different C-rates and Coulombic Efficiency plots of (a) 

LTO; (b) HC; (c) LTO-HC 50-50 and (d) LTO-HC 20-80. 

Li content in the anode. The possible reasons for this interesting outcome have been 

discussed below in the mechanism section.  

5.3.2 Scanning Electron Microscopy 

The SEM images in Figure 7 reveal the morphologies of the electrodes of pristine and 

mixed LTO-HC materials at different stages of cycling. After the first discharge, the 

electrodes have a uniform covering of the surface by the SEI layer. After 10 cycles, the 

SEI layer of LTO and HC is rather thin whereas the mixed LTO-HC electrodes have a 

robust SEI layer on the surface. After 200 cycles, the SEI layer on the LTO and HC 

surfaces ruptures at some areas of electrode, but that on the mixed LTO-HC electrodes 

(50-50 and 20-80 cases) reflect uniformity throughout the surface rendering good 

cycling stability to the mixed LTO-HC anodes. It could be anticipated that the SEI 

formation in mixed cases consists of two different interfaces and the layer 

characteristics are governed by both the anodes. 
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Figure 6. Cycling stability at constant current densities (a) at 2 A g−1and (b) at 6 A g−1. 

 

Figure 7. SEM images of electrodes. First row: bare electrode; second row: after first 

discharge; third row: after 10 cycles; and fourth row: after 200 cycles. 
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This is an interesting case of laterally in-homogeneous fabric of the SEI layer and 

importantly the synergistic effect of individual material surfaces exposed to electrolyte 

leads to a better SEI formation that does not deteriorate as noted in the case of individual 

anodes. The synergistic effect of two SEI components clearly helps with stress 

relaxation and mechanical stability. This correlates very well with the good 

performance of the mixed electrodes during charging even at high current densities.  

The uniform coverage of the electrode surface further suppresses the electrolyte 

decomposition and irreversible Li loss. Hence, the capacity is retained even after 

cycling up to 3000 cycles (as shown in Figure 5). 

5.3.3 Mechanism of charge storage 

Figure 8 illustrates the proposed mechanism of the Li ion storage in the case of the 

mixed anodes as compared to the pristine material anodes. As is well known, LTO has 

well defined Li insertion sites and due to small diffusion paths for ion migration from 

8a tetrahedral sites to 16c octahedral sites of the spinel structure the rate capability is 

high, but the capacity is low because of the limited Li ion vacancies as explained in the 

introduction above. Due to high rate capability the LTO capacity does not drop when 

the current density is raised from a low to a high value. On the other hand, HC has 

turbostratic planes and no direct channels or sites for ions as in the LTO case. Moreover, 

HC consists of nano pores and thus to realize its full capacity it has to be charged at 

very low current densities for all pores to get filled. Thus, HC anode gives high capacity 

at low current densities, but very low capacity at high current densities as the Li ions 

are not able to access all the available sites.  

As seen in the mixed anode cases, the capacity is enhanced and the rate performance is 

also improved due to the channelized distribution of the ions. Presence of LTO 

facilitates quick Li uptake even at high rates and HC provides additional sites for their 

localization on the surface of electrode. The synergistic effect of quick internalization 

of Li ions by LTO and its re-distribution to the HC across the internal effective large 

area winding interfaces between LTO and HC provides high power as well as energy 

density in the mixed materials anode case. This is true for the case where Li content is 

reduced even up to 80%. 
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Figure 8. Mechanism of Charge Storage in the Mixed Anodes. 

5.3.4 Full-cell with LiCoO2 (LCO)  

For full-cell fabrication, LiCoO2 (LCO) cathode was used. The half-cell performance 

of LCO is given in supporting information in Figure 9. LCO gives a specific capacity 

of 165 mAh g-1 at 50 mA g-1. The full-cells were tested at C/4 rates and the curves are 

presented in Figure 10. The LCO/LTO full-cell gives a specific capacity of 85 mAh g-

1 with negligible irreversible capacity loss. The full-cell operating voltage is from 1.8 

V to 2.5 V and has a plateau at 2.35 V. It was found that if the full-cell is charged 

beyond 2.5 V, there is a rapid decay in the specific capacity and the cell is not stable in 

that voltage window. The LCO/HC full-cell gives the first charging capacity of 130 

mAh g-1, but has a substantial capacity loss of about 60 mAh g-1 giving an overall cell 

capacity close to 70 mAh g-1. The LCO/LTO-HC 50-50 full-cell also undergoes an 

irreversible capacity loss of 20 mAh g-1 but still gives an impressive specific capacity 

of 100 mAh g-1 higher than that of the LTO and HC only full-cells with LCO. 

The LCO/LTO-HC 20-80 full-cell (with dramatic reduction of Li content in the anode) 

also performs better than the individual anode half-cells but has an irreversible capacity 

loss of 40 mAh g-1, giving a full-cell reversible capacity close to 95 mAh g-1. The 

important achievement in these two cases is the enhancement of operating voltage 

window of the full-cells and the specific capacity leading to enhanced power and energy 
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density of the full-cell device without any pre-treatment of the anode such as pre-

lithiation. 

 

Figure 9. LCO data (a) Charge discharge curves at 50 mA g-1 and (b) rate performance 

and Coulombic efficiency. 

 

Figure 10. Full cell charge discharge curves at C/4 rate of (a) LCO/LTO; (b) LCO/HC; 

(c) LCO/LTO-HC 50-50 and (d) LCO/LTO-HC 20-80. 

Also, the nature of the full-cell charge discharge depends on the anode characteristic. 

The LCO/LTO full-cell has a plateau at 2.35 V, whereas the LCO/HC full-cell has a 

sloping curve with no constant operating potential, a limit in the device application. 

When the mixed LTO-HC 50-50 and 20-80 materials are used against LCO, a plateau 
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region at 2.35 V is seen with enhanced potential window up to 3.5 V giving higher 

specific capacity. 

The full-cells were also tested at a high current density of 100 mA g-1 for cycling 

stability and the charge discharge curves are specified in Figure 11. The LCO/LTO full-

cell has a specific capacity of 50 mAh g-1 and is stable up to 250 cycles but subsequently 

starts degrading. The LCO/HC full-cell gives reversible capacity of only 30 mAh g-1 

and suffers from constant capacity fade.  

 

Figure 11. Full-cell performance with LCO of (a) LTO; (b) HC; (c) LTO−HC 50−50, 

and (d) LTO−HC 20−80 anodes. (e) Cycling stability at 100 mA g−1 of all full cells. 

The LTO-HC 50-50 and LCO based full-cell has the highest specific capacity of 55 

mAh g-1 and is highly stable up to 500 cycles without any capacity fading. The 

LCO/LTO-HC 20-80 full-cell has somewhat lower value as compared to LCO/LTO 

and LCO/LTO-HC 50-50 full-cells (40 mAh g-1) but is still much higher than the 
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LCO/HC full-cell with excellent stability up to 500 cycles. The corresponding energy 

densities of the full cells are 34 Wh/kg for LCO/LTO and 24 Wh/kg for LCO/HC and 

55 Wh/Kg for LCO/LTO-HC 50-50 and 40 Wh/kg for LCO/LTO-HC 20-80. We gain 

in terms of high energy density owing to enhanced operating potential window. The 

LCO/HC full-cell suffers from substantial irreversible capacity loss thus lacks stability 

as well as reversible capacity retention.  

Also, when subjected to high current density of 100 mA g-1, the LCO/pristine anode 

full-cells do not perform well whereas the LCO/LTO-HC mixed anodes are superior 

with the power density enhancement of the full-cells. 

5.4 Conclusion 

Li battery anodes are prepared by a simple physical mixing of two anode materials, 

namely LTO and HC, with differing strengths and weaknesses in terms of capacity and 

rate capability properties, in different proportions. Interestingly, the performance of 

such mixed anode is found to be superior to that of the individual material (LTO or HC) 

anodes, which can be attributed to a synergistic effect of rapid internalization and 

internal re-distribution of Li-ions. This condition also represents a rather unique case 

of laterally inhomogeneous SEI which is highly stable, possibly due to its ability for 

stress accommodation. In the full cells with LCO cathode, the LTO-HC mixed anodes 

flaunt much higher stability than only LTO or HC anode based full cells. Importantly, 

the Li content in the anode can be reduced by as much as 80 % and no pre-treatment is 

performed on the anodes to achieve a desirable level of performance. At high current 

density of 100 mA g-1 the LTO-HC mixed anodes full cell performance is excellent and 

the operating voltage window is also enhanced for full cell operation. 
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Chapter 6. 

Single phase Cu3SnS4 nanoparticles as high capacity 

Li-ion battery anode  

 

Abstract 

The alloying cum conversion category materials are explored to achieve high energy 

density and power density Li ion batteries. Such materials have very high specific 

capacities and they undergo displacement reaction followed by alloying with Li.  Binary 

sulfides fall under this category and they have specific capacity much higher than 

graphite. But unfortunately the sulfide dissolution and polysulfide shuttle is a big 

hindrance in their operation. Herein, single phase ternary metal sulfide Cu3SnS4 (CTS) 

nanoparticles with high Cu: Sn ratio are synthesized and examined for the Li ion battery 

anode application.  A high specific capacity of 1082 mAh g-1 at 0.2 A g-1 and 440 mAh 

g-1 at a high rate of 3 A g-1 is realized with a superior stability tested up to 950 cycles. 

The CTS NPs are able to minimize the polysulfide dissolution and high Cu: Sn ratio 

provides excess Cu atoms as the buffer matrix for volume expansion of Sn leading to 

high stability and specific capacity. The comparison with reported Cu based ternary 

sulfides proves the same where CTS NPs stand better than other mixed phase or 

composite CTS materials. The full cell device with LCO cathode also performs very 

well giving energy density of 405 Wh/Kg at 0.1 A g-1. 

 

 

 

Declaration: This is the original work and has not yet been published anywhere. 

N. Sharma, D. Phase, M. O. Thotiyl*, S. Ogale*; Single phase Cu3SnS4 nanoparticles 

for robust high capacity Li-ion battery anode; ChemElectroChem, (just accepted). 
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6.1 Introduction 

The Li ion battery anodes have a wide range of specific capacity values and operating 

potentials.[1] While the standard Li-ion battery follows the use of LiCoO2 cathode and 

graphite anode owing to the optimized time-tested performance of the aforementioned 

system, intense research is constantly being pursued on the development of novel 

materials for both the cathode and the anode for higher energy and power density and 

stability.[2] In this regard, a 40 Ah Li ion battery is reported by Attidekou et al.[3] Other 

alternatives like Li-air batteries[4] are also an option to achieve the desired parameters 

but they are not yet completely flourished. Towards cathodes, many approaches using 

organic materials to obtain high specific capacity have been made as they take more 

than one ions as compared to layered oxides.[5] But anodes are also simultaneously 

under continuous development.  

So far we have analyzed the intercalation and alloying type anode materials. Certain 

compounds belong to a separate category which support dual mechanisms such as, for 

example, the conversion-cum-alloying type compounds (SnS2,[6] Sb2Se3,[7] Sb2S3[8]). 

Along with these phosphosulphides have also been explored as Li ion battery anode.[9] 

These are preferred over many high capacity anode materials such as Si, Ge etc. because 

the latter suffer from large volume expansion and related rapid capacity decay. The 

conversion-cum-alloying materials also undergo volume expansion similar to the 

individual elements in purely alloying type materials but the corresponding 

consequences for the anode integrity are far less severe because the non-converted 

components (e. g. Cu in this case) provide a supporting structural framework. The 

compounds containing Sulphur (S) face additional issues, namely a) limited active 

material utilization, b) insulating nature of the discharge products Li2S and Li2S2, and 

c) the dissolution of polysulfides (Li2Sn, n higher than 4) into electrolyte that leads to 

the rapid capacity decay and short cycle life of the battery as shown in Figure 

1.[10],[11] This causes prevents the use of Sulphur batteries in-spite of their high 

energy density. To solve the polysulfide dissolution problem, a specific electrolyte 

system- di-oxolane and dimethylether with Lithium bis-(trifluorosulfonyl) imide 

(LiTFSI) salt has been proposed by Linda Nazar and Manthiram groups.[14],[15] 
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Figure 1. Polysulfide shuttle effect. Copyright Elsevier. Reproduced with permission 

of Ref [12]. b) Copyroght Royal Society of Chemistry. Reproduced with permission of 

Ref [13]. 

Separately, Manthiram and co-workers have developed various strategies like 

modifying separators by coating them with multiwall carbon nanotubes (MWCNTs) 

and acetylene black to avoid the polysulfide shuttle.[16],[17],[18] Apart from binary 

metal sulfides, ternary metal sulfides including transition metal dichalcogenides 

(TMDs) are a special class of materials well suited for charge storage applications 

owing to their unique properties. The presence of Cu, Zn into the host material or parent 

sulfide improves the electrical conductivity and plays a role of buffer matrix for the 

volume expansion. For these reasons, many ternary metal sulfides such as NiCo2S4, 

CuFeS2, ZnIn2S4, Cu2SnS3 have been explored in batteries as well as supercapacitors 

in the as synthesized form and as composites with carbonaceous materials.[19] 

a 
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Figure 2. Minimizing shuttle effect by separator modification. Copyroght Royal Society 

of Chemistry. Reproduced with permission of Ref [16]. 

Among Cu based TMDs, Cu2SnS3 has been used for Li- and Na-ion batteries in the 

form of various nanostructures as well as in composite  forms.[20],[21], [22], [23], [24], 

[25] The higher Cu to Sn ratio compounds have either not been explored or employed 

in the multi-phase form in the presence of other ternary sulfides. In this report, 

nanoparticles of single phase ternary metal sulfide Cu3SnS4 (CTS) were synthesized by 

one step solution processing route and employed as a Li ion battery anode. The CTS 

NPs exhibit a high specific capacity of 1082 mAh g-1 at a current density of 0.2 A g-1 

and an impressive stability of 950 cycles. The Cu-rich ternary metal sulfide renders an 

excellent rate performance with specific capacity of 440 mAh g-1 at 3 A g-1. 

6.2 Experimental Section 

6.2.1 Materials and Methods: Synthesis of Cu3SnS4 Nanoparticles: The Cu3SnS4 

nanoparticles were synthesized following the reported protocol with some 

modifications.[26] Briefly, the metal precursors copper acetylacetonate and tin chloride 

were taken in certain molar ratio with excess of thioacetamide as sulfur precursor. The 

reagents were taken in a three-neck vessel with formamide as the solvent and were 

degassed under nitrogen for half an hour with constant stirring. Then, the mixture was 

heated to 170 °C at a rate of 10 °C min−1 and kept at that temperature for 1 h. After the 

completion, the reaction was quenched to room temperature. The nanoparticles were 

obtained by centrifuging and washing with ethanol several times. The NPs were dried 

at 80 °C overnight. 
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6.2.2 Characterizations: The synthesized Cu3SnS4 nanoparticles were characterized 

using powder X-ray diffraction to investigate their crystal structure and the phase on a 

Bruker D8-Advance X-ray diffractometer (Germany) with CuKα radiation (λ = 1.54060 

Å) at 40 kV and 30 mA. Raman spectroscopy measurements were done on a Renishaw 

InVia micro Raman spectrometer with an excitation wavelength of 532 nm from He-

Ne laser. Transmission electron microscopy was done using JEOL, 2010F instrument 

at 200 kV. X-ray Photoelectron Spectroscopy (XPS) study was performed using a PHI 

5000 Versa Probe II equipped with a mono-chromatic Al Ka (1486.6 eV), a X-ray 

source and a hemispherical analyzer. 

 

Figure 3. Synthesis protocol of CTS NPs. 

Diffused reflectance spectroscopy measurement was done on Shimadzu UV-3600plus 

UV–VIS–NIR spectrometer to find out the band gap of the synthesized material. ICP-

OES analysis was done using SPECTRO ARCOS (Germany) with smart analyzer 

software. 

6.2.3 Electrochemical Measurements 

The electrodes were prepared by making a slurry of CTS NPs, conducting carbon, and 

CMC binder in the weight ratio 70:20:10 in DI water. The slurry was coated onto a Cu 

foil and kept for drying overnight at 80 °C. The foil was then punched into 1 cm2 

circular discs. The CR-2032 coin cells were assembled using CTS NPs anode as 
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working electrodes and Li metal as reference electrode. Conducting Carbon coated 

Celgard 2500 was used as the separator and a commercial electrolyte with 1M LiTFSI 

in DOL:DME (1:1 volume) with 0.1M LiNO3 as an additive. As mentioned previously, 

this electrilyte system is specifically choosen for sulfide based materials to minimize 

the dissolution of Sulphur into electrolyte and to prevent polysulfide shuttle effect. 

Galvanostatic charge discharge measurements were performed with BTS-Neware 

(China) 5V-10mA battery tester. The impedance and cyclic voltammetry were 

performed with VMP3 biologic system equipped with potentiostat and galvanostat 

channels. 

6.3 Results and Discussion 

6.3.1 Physical Characterisation: As emphasized in several reports for sulfide 

synthesis[27], it is important to note that synthesis conditions like temperature and 

reaction time play a crucial role in obtaining the single phase. Longer duration and 

temperature variation can cause the formation of binary sulfides and ternary sulfides 

with mix stoichiometry. Based on these studies, the CTS NPs are synthesized by a one 

pot solution processing route as depicted in Figure 3. The crystal structure of the 

Cu3SnS4 NPs was examined by the powder X-ray diffraction (PXRD) method. Figure 

4 (a) shows the X-ray diffraction pattern with 2θ values of major diffraction peaks at 

28.64, 47.82, and 56.48° representing the (0 0 1), (0 0 2), and (2 0 2) planes belonging 

to the orthorhombic phase of Cu3SnS4, which are in good agreement with the 

literature.[38] The appearance of diffraction peak below 2θ = 28° is strong indication 

of the orthorhombic phase. In this system, NPs are faceted with preferred orientation 

along 〈001〉 direction. The broadness (large full width at half maximum) of the peaks 

in the diffraction pattern could be attributed to the smaller size of NPs. The particles 

size calculated according to the Scherrer’s formula is ≈5–6 nm. 

Further, to confirm the phase of the NPs, Raman spectroscopy measurements were 

carried out. The Raman spectrum of NPs shown in Figure 4 (b) exhibits two major 

peaks at 291 and 329 cm−1 that conclusively point to the orthorhombic structure as 

reported in previous experiments.[39] 
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Figure 4. (a) Powder X-ray diffraction pattern of the Cu3SnS4 nanoparticles (b) Raman 

spectrum of the nanoparticles excited with 532 nm from He-Ne laser; and (c) diffuse 

reflectance spectrum of the nanoparticles. 

Indeed, the major phonon mode around 329 cm−1 is associated with the breathing-like 

vibration of the S atoms around the Sn atom (cf. Figure 1b, inset schematic), followed 

by a small hump at 346 cm−1, which is again a clear validation of the orthorhombic 

phase.[39] DRS was employed for the calculation of band gap. Figure 4 (c) presents the 

Tauc plot indicating the band gap of Cu3SnS4. The band gap was calculated using the 

Kubelka–Munk function F(R) given in the equation[42] 

𝐹(𝑅) =  
(1 − 𝑅2)

2𝑅
 

where R is the diffuse reflectance of the material. The band gap obtained from the Tauc 

plot is 1.76 eV that corroborates with the previous reports on DRS study of this material 

and depicts the semi-conducting nature of this orthorhombic phase of Cu3SnS4.[38] The 

corresponding UV reflectance spectrum of the material is given in the inset of Figure 4 

(c).  

The composition of the material was also verified by ICP-OES with Sn to Cu ratio 

calculated about 1:3. The morphological investigation of the material was done using 

electron microscopy techniques. Figure 5 (a) shows the SEM image of the NPs. High-

resolution TEM (HRTEM) images of the NPs are shown in Figure 5 (b), (c). The 

HRTEM micrographs present the irregular shape of the particles. The inset in Figure 5 

(b) is the selected area electron diffraction (SAED) pattern of the material and the 

diffused rings show the polycrystalline nature of the synthesized NPs. The preferred 
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orientation of the Cu3SnS4 NPs as calculated from the lattice fringe spacing (0.36 nm) 

is 〈 001〉, which is in accordance with the PXRD result. 

 

Figure 5. (a) SEM and (b), (c) TEM images of Cu3SnS4 nanoparticles; the inset in (b) 

is the SAED and the inset in (c) is the HRTEM image of the nanoparticles. 

 

Figure 6. X-ray photoelectron spectra of CTS NPs 

The XPS shown in Figure 6 reveals that the Cu 2p3/2 at 932.5 eV and Cu 2p1/2 at 952.2 

eV correspond to Cu1+ whereas the peaks at 934.6 eV and 953 eV of the respective core 

levels indicate presence of Cu2+ in Cu3SnS4.[28],[29] The satellite peak at 942.9 eV is 

also the signature of Cu2+ valence. Sn also exhibits two oxidation states with Sn 3d5/2 

at 487.6 eV and Sn 3d3/2 at 496 eV elucidating Sn4+ and the peaks at 486.7 eV and 495 

eV assigned to Sn2+.[30],[31] The S 2p core peaks at 162 eV and 163.3 eV imply the 

sulfide state of S.[32] This observation matches well with the literature elucidating the 

presence of mixed oxidation states of the elements in the material. 

6.3.2 Electrochemical performance: The CTS NPs were employed as Li-ion battery 

anodes and their electrochemical characteristics are shown in Figure 3 and Figure 7. 

The Nyquist plot and the corresponding equivalent circuit is provided in Figure 7 (a).  
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Figure 7. (a) Nyquist plot and (b) Cyclic Voltammograms of CTS NPs. 

R1 is the internal resistance; R2 and CPE correspond to the charge transfer resistance 

and constant phase element. The Warburg impedance representing the lithium ion 

diffusion is denoted as W3. The CTS NPs exhibit a very low internal resistance 

implying that the electrolyte accessibility to the electrode surface is good as the particle 

size is small whereby the ion diffusion pathway is shortened. The cyclic voltammetry 

curves from 3 V to 0.01 V at a scan rate of 0.1 mV s-1 are given in Figure 7 (b). During 

the first cathodic scan, the peak at 2 V corresponds to the conversion of Cu3SnS4 to Cu 

and Sn. The broad peak around 1.5 V is due to the Li2S evolution leading to the high 

first discharge specific capacity hence irreversible capacity loss.[25] The hump below 

0.5 V is the signature of the LixSn species. In the anodic scan, the broad hump is due to 

metallic Sn presence.[33],[34] The de-lithiation peaks from 1.0 V to 2.25 V evince the 

recombination of Cu and Sn species.[35] The peaks vary in intensity in subsequent 

cycles owing to the slow dissolution of sulfides in electrolyte during charge discharge 

process.[22]  

The results of the galvanostatic charge discharge measurements performed in the 

voltage range 0.01 V to 3.0 V are presented in Figure 8. Figure 8 (a) exhibits voltage 

plateaus at 0.6 V, 1.1-1.3 V, 2-2.4 V as reflected in the CV curves as well. The possible 

mechanism of lithiation in CTS NPs is provided in the equation below. 

              Cu3SnS4 + xLi                 4Li2S + 3Cu0+ LixSn     (2 ≤ x ≤ 4)                                  (1) 

 

(a) (b)
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Figure 8. (a) Galvanostatic charge discharge profiles; (b) Rate performance for different 

current densities; and (c) cycling stability at 0.5 A g-1 and the corresponding Coloumbic 

Efficiency of CTS NPs. 

The CTS NPs are seen to have an excellent rate performance (Figure 8b) with the 

specific capacities of 1082 mAh g-1, 940 mAh g-1, 835 mAh g-1, 659 mAh g-1, 614 mAh 

g-1, 475 mAh g-1 and 440 mAh g-1 at current densities of 0.2 A g-1, 0.5 A g-1, 1 A g-1, 

1.5 A g-1, 2 A g-1, 2.5 A g-1 and 3 A g-1, respectively. When brought back to 0.5 A g-1, 

the CTS NPs electrode recovers to the initial capacity. The high cycling stability of 

CTS NPs is shown in Figure 8 (c) at a fairly high current density of 0.5 A g-1. After 950 

cycles of charge discharge, the CTS NPs exhibit specific capacity of 890 mAh g-1.  

This reflects a remarkable stability for a sulfide material. The reason for this splendid 

performance of CTS NPs could be the high Cu: Sn ratio in the CTS phase along with 

its nano phase character. Cu atoms in the structure act as a support framework for 

accommodating the volume expansion strain corresponding to Sn. A comparison of 

battery performance of various Cu-Sn-S ternary metal sulfides with different 

compositions is given in Table 1.  

(a)

(c)

(b)
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Figure 9. (a) Galvanostatic charge discharge profiles; (b) Rate performance; and (c) 

cycling stability and Coloumbic Efficiency at 0.5 A g-1  of LCO//CTS NPs Full Cell. 

It is evident that the Cu rich ternary sulfide reported here clearly stands out among all 

in terms of its rate capability, long term cycling stability, and high specific capacity. 

Further, full cell of CTS NPs anode is demonstrated as well using LiCoO2 (LCO) 

cathode. The half-cell performance of LCO is provided in our previous work.[37] The 

cells were tested in the range 4-1 V. The CTS NPs anode was pre-lithiated prior to the 

full cell fabrication to compensate for the first cycle loss. The charge discharge profiles 

are given in Figure 9 (a). The LCO//CTS NPs full cell rate performance in Figure 9 (b) 

expresses the high rate capability of full cell device. The LCO//CTS NPs full cell is 

highly stable upto 500 cycles as clear from Figure 9 (c) with specific capacity of 95 

mAh g-1 at 0.5 A g-1. The corresponding energy density of the device is 405 Wh/kg 

when charged at low current density of 0.1 mA g-1 and 285 Wh/Kg at 0.5 A g-1. 
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Composition Morphology Surface 

Area 

(m2 g-1) 

First 

Discharge 

Capacity 

(mAh g-1) 

First 

Reversible 

Capacity 

Reversible 

Capacity 

(mAh g-1) 

And capacity 

retention (%) 

Current 

Density 

(mA g-1) 

No. of 

Cycles  

Cu2SnS3[25] Cabbage like 

structure 

22.4 1021 842 621, 69% 100 50 

Cu2SnS3[21] Nanosheets - 586 403 178, 44% 30 50 

Cu2SnS3 /rGO 

composite[23] 

Hollow 

Microspheres 

- 1514.6 1170 425.6, 36% 100 100 

Cu2SnS3 /rGO 

composite[24] 

Nanoparticles - 1200 750 561, 74% 100 100 

Cu2SnS3[20] Hollow 

Microspheres 

- 1316 500 190, 38% 100 50 

Cu2SnS3[22] Mesoporous Spheres 17.9 913 891 436, 49% 100 50 

Cu2SnS3[34] Nanoparticles - 910 780 500, 64% 156.8 

(0.2C) 

200 

Cu-Sn-S[34] Mixed phase of 

Cu2SnS3 NPs and 

Cu3SnS4+ Cu4SnS4 

NTs 

102.11 1000 900 774, 83% 176 

(0.2C) 

200 

        

Cu-Sn-

S/SnS2/rGO 

composite[36] 

Multiphase of 

Cu2Sn3S7+ Cu2SnS3 

+ SnS2submicron 

spheres 

- 1043.1 900 965, 92% 500 300 

Cu3SnS4 

This Work 

Nanoparticles 80 1760 1150 890, 82% 500 950 

Table 1. Comparison of various Cu-Sn-S compounds for Li ion battery. 

6.4 Conclusion 

In conclusion, we have synthesized 5-10 nm nanoparticles of pure phase Cu-rich ternary 

metal sulfide Cu3SnS4 by a single step solution processing route. It is demonstrated that 

the material is capable of performing very well as a Li ion battery anode without the 

need of any composite forming material such as rGO or CNTs, unlike several published 

reports on metal sulfides. The severe capacity fading due to polysulfide dissolution in 

electrolyte common in Sulphur based anodes is significantly resolved which is evident 

from the impressive battery performance of the anode based on CTS NPs with a high 

specific capacity of 1082 mAh g-1 at 0.2 A g-1 and long term stability of 950 cycles at 
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0.5 A g-1 with specific capacity of 890 mAh g-1. The rate performance shows the ability 

of CTS anode to withstand high currents without much capacity degradation. The full 

cell device of CTS NPs with LCO cathode delivers a high energy density (405 Wh/kg 

when charged at low current density of 0.1 mA g-1 and 285 Wh/Kg at 0.5 A g-1) with 

long term stability of 500 cycles at a high current density proving the suitability of CTS 

NPs anode for commercial applications. 
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Appendix A  

A flexible Li ion battery for drug delivery application 

 

The rechargeable batteries span a long range of application and are being used in 

medical areas as well. The implantable medical devices (IMDs) need to be equipped 

with a skin compatible, light weight and portable power source for their easy operation. 

Flexible batteries can be used to serve this purpose. Metal organic frameworks (MOFs) 

are interesting materials owing to their properties and structural tunability. In this work, 

a Fe metal based MOF with terephthalic acid and naphthalene dicarboxylic acid as 

linkers is employed as an anode in Li ion battery. The Fe-MOF gives 700 mAh g-1 

specific capacity at 50 mA g-1and 600 mAh g-1 at 250 mA g-1 which increases to 825 

mAh g-1 after 100 cycles with stability of more than 1000 cycles. The full cell with 

LiCoO2 cathode shows very robust rate performance and gives 38 mAh g-1 specific 

capacity in two minutes charging time. The energy density of the full cell at 500 mA g-

1 is 360 Wh/kg. The full cell is highly stable up to 1000 cycles. The flexible device 

made by free standing MOF and LCO electrodes using lamination sheet cover is used 

to heat a transdermal patch so that it can be used for drug delivery application. 

 

 

The following paper has been published based on the work presented in this chapter. 
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A.1 Introduction 

Rechargeable batteries have been the topic of interest past few decades. The urge for 

using alternative energy resources to minimize use of fossil fuels has led to enormous 

interest in energy harvesting and conversion devices. They have been used in hybrid 

vehicles to reduce pollution. They have found their utilization in the medical field as 

well. Now-a-days, implantable medical devices (IMDs) are quite handy for the medical 

community. The common IMDs include pacemakers, neuro-stimulator, drug pump etc. 

All these are either to monitor the parameters such as pulse rate constantly or for the 

controlled drug delivery.[1] All these devices require external charging for their 

function or they have limited use due to their non-rechargeable nature and how to power 

them during continuous operation is still a question. The skin patchable batteries come 

to play here for the solution of aforementioned problems. The batteries come on flexible 

platforms and are stretchable to provide ease of carrying. Much of the focus is on 

optimizing the current requirement to operate the miniaturized IMDs as they will need 

µA current and to develop micro batteries for the IMDs. There have been reports of 

capsule batteries which can be swallowed and operate inside the body but they are on 

early stage of development. Moreover, they last for a limited time of less than 24 hours. 

The batteries for IMDs like MEMS, NEMS etc., are micro batteries which can be either 

thick film or thin film coupled externally to the IMDs as the power source.[2] In this 

context many research groups have reported flexible batteries which are mostly Li-ion. 

One of such example is paper battery developed by Yi Cui’s group. In this work they 

reported a flexible, thin battery using commercial LTO (anode) and LCO (cathode) on 

carbon nanotube (CNT) film to make it free standing. They introduced the printing 

paper as the separator.[2] Another Li-ion bendable battery was reported by Koo et al. 

employing polydimethylsiloxane (PDMS) as flexible substrate with thin film LCO as 

cathode and Li as anode.[3]  

Metal organic frameworks (MOFs) are a very interesting class of materials and have 

unique properties which can be tuned easily. MOFs have been used frequently in many 

applications such as gas storage, separation, catalysis etc.[4][5][6] The organic aromatic 

components i.e. the linkers can act as Li insertion sites; thus use of MOFs in batteries 

are quite tempting. The ease of tailoring the flexibility and increase the pore size 
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provides the room of their exploration as anodes in batteries. There have been many 

reports on the application of MOFs in alkali ion batteries.[7][8][9] 

In this work, a MOF with Fe as metal and terephthalic acid and naphthalene 

dicarboxylic acid as ligands is employed as an anode in Li ion battery. The Fe-MOF 

gives 700 mAh g-1 specific capacity at 50 mA g-1and 600 mAh g-1 at 250 mA g-1 which 

increases to 825 mAh g-1 after 100 cycles with stability of more than 1000 cycles. The 

full cell with LiCoO2 cathode shows very robust rate performance and gives 38 mAh g-

1 specific capacity at 30C rate which is just two minutes charging time. The energy 

density of the full cell at 500 mA g-1 is 360 Wh/kg. The full cell is highly stable up to 

1000 cycles. The flexible device made by free standing MOF and LCO electrodes using 

lamination sheet cover is used to heat a transdermal patch and it generates 52 °C in fully 

charged state. So it is proven that the flexible battery can be used for drug delivery 

application. 

A.2 Experimental Section 

A.2.1 Synthesis of Fe-MOF: The Fe-MOF was synthesized by following already 

reported protocol with modifications using hydrothermal route. Specifically, iron 

sulfate heptahydrate (FeSO4.7H2O), copper chloride (CuCl) and three ligands 

teraphthalic acid (H2BDC), naphthalene dicarboxylic acid (H2NDC) and 9,10-

anthraquinone were taken in certain molar ratio and added all together in DMF. The 

solution was sonicated for 30 minutes and transferred into a Teflon liner and sealed. 

The hydrothermal bomb was kept at 160 °C for 3 days and then allowed to cool down 

to room temperature. The sample was filtered and washed with DMF many times. It 

was then soaked in DMF and DCM sequentially to remove any residual impurities. 

Finally, it was dried to obtain a reddish-brown crystals.  

A.2.2 Material Characterization  

Powder X-Ray diffraction was done using Bruker D8-Advance X-ray Diffractometer 

(Germany) with Cu kα (wavelength = 1.5418 Å). Scanning electron microscopy (SEM) 

was done using FEI Nova Nano 450 SEM. The Fourier transform infrared spectroscopy 

(FTIR) was done using a NICOLET 6700 FTIR spectrophotometer. 
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A.2.3 Electrochemical measurements: The anode coating was done using a slurry of 

Fe-MOF, Super-P and PVDF binder in weight ratio 80:10:10 in NMP solvent. The 

slurry was coated onto a  Cu foil and dried overnight at 80 °C. After that it was punched 

into circular discs of diameter 1 cm. The half cells were fabricated using LiCoO2 (LCO) 

cathode and the coating was done on Al foil using same weight ratio of LCO with 

Super-P and PVDF. The half cells were fabricated using Fe-MOF anode as working 

and Li foil as counter as well as reference electrode. The electrolyte used was 

commercial LiPF6 EC: DMC (1:1 volume ratio) with 5% FEC as additive and 

whatmann separator. 

A.2.4 Fabrication of flexible device: The MWCNTs were sonicated with conducting 

carbon and Triton X-100 and then mixed with Fe-MOF. The slurry was dispersed in 

PDMS and spread on a glass plate and kept for drying at 130 °C for 24 hours to get a 

free standing film. The cathode free standing electrodes were also synthesized by the 

same method. The polypropylene membrane was used as separator and the assembly 

was sealed in lamination sheet to get a flexible device. Galvanostatic charge discharge 

measurements were done with BTS-Neware (China) 5V, 10mA battery tester. The 

impedance and cyclic voltammetry were done with VMP3 biologic system equipped 

with potentiostat and galvanostat channels. 

A.3 Results and Discussion 

The powder XRD was performed to check the phase purity of the MOF and the PXRD 

pattern matches very well with the simulated one. The SEM images show the 

morphology of the MOF crystals which are octahedron shape. The other 

characterizations are being carried out for further analysis of the MOF properties.              
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Figure 1. PXRD and SEM images of MOF. 

A.3.1 Electrochemical Data 

The Nyquist plot from impedance spectroscopy shows that the MOF has very low series 

resistance and charge transfer resistance as well. This is a very good signature for the 

anode application as it facilitates easy charge transfer from electrolyte to the surface 

and then to bulk of the electrode. The cyclic voltammetry measurements in Figure 2 

show the intercalation peaks of the anode after the formation of solid electrolyte 

interphase (SEI) in the first cycle. 

 

Figure 2. Nyquist plot and cyclic voltammograms of MOF electrode. 

A.3.2 Determination of the charge discharge behavior: To find the mechanism of 

the charge discharge behavior and to determine the quantitative analysis of diffusive 

and capacitive contributions, cyclic voltammetry at different scan rates was carried out 

(Figure 3 (a)). The capacitive process comprises of electric double layer formation as 

well as surface redox reactions. The scan rate dependence of CV current can be 

expressed as below according to the power law: 

                                                                      𝑖(𝑉) =  𝑎𝜈𝑏   

where i(V) is the current, a and b are the constant parameters and 𝜈 is the scan rate. The 

value of b can be determined from the slope of log (i) vs. log (𝜈) plot in Figure 3 (b) 

and it determines the nature of the charge storage.[10] For diffusion controlled process, 

b is 0.5 and for capacitive behavior b is 1. Now in this case, the slope of log (i) vs. log 

(𝜈) plot is 1.02 which infers the dominance of capacitive contribution in charge transfer.  

(b) (a) 
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Figure 3. (a) Multiscan rate CV, (b) log (i) vs. log 𝜈 plot, (c) i(V)/√𝜈 vs. √𝜈 plot and (d) 

Estimation of diffusive and capacitive current percentages at various potentials. 

The total amount of current at any fixed potential can be expressed using the following 

equation: 

𝑖(𝑉) = 𝑠₁𝜈 + s₂√𝜈 

Here, s1 and s2 are the constant corresponding to the capacitive and diffusive currents 

respectively. These constants can be estimated from the i(V)/√𝜈 vs √𝜈 plot knowing the 

√𝜈  dependence of diffusion controlled process, where the slope of the graph is the 

measure of s1 and the intercept represents s2.[11] From this the ratio of capacitive and 

diffusive current at a given potential is calculated and given in Figure 3 (d). It is evident 

from the bar plots that the charge transfer is capacitive in nature which is quite usual 

for the porous materials such as MOFs. It elucidates that the current contribution from 

capacitive behavior is greater than intercalation.  

From the charge discharge curves given in Figure 4 (a), no redox behavior is found and 

only intercalation and capacitive nature are seen. The cycling at 250 mA g-1 shows 

specific capacity of 600 mAh g-1 which increases to 825 mAh g-1 after 100 cycles.  

(a) 
(b) 

(c) (d) 
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Figure 4 (a) The charge discharge curves at 250 mA g-1, (b) cycling at same current 

density and (c) rate performance. 

This is because of the capacitive behavior of the anode leading to adsorption of more 

number of ions as the electrolyte percolates in to the bulk. The porous materials such 

as MOFs tend to show this behavior. The MOF anode shows excellent rate performance 

with capacity of almost 500 mAh g-1 at a high rate of 3 A g-1. It shows the same trend 

at 1 A g-1 but gets stable at 2 A g-1 with a stable value with no further increase in 

capacity. The MOF based anode is highly stable up to 1100 cycles as seen from Figure 

5.  

 

Figure 5. Long term cycling stability of MOF based anode. 

(a) (b) 

(c) 
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Figure 6. (a) C-rate charge discharge curves (b) rate performance and (c) cycling 

stability of LCO//MOF anode full cell. 

A.3.3 Full cell performance: The full cells were made using MOF as anode and LCO 

as cathodes. The full cell exhibits high capacity at high C-rates as seen in Figure 6 (a).  

 

Figure 7. Flexible device fabrication process. 

The rate performance is given in Figure 6 (b) where the device shows 150 mAh g-1 at 

50 mA g-1 and even at a very high rate of 7 A g-1 it still gives almost 40 mAh g-1. The 

(a) (b) 

(c) 
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stability of full cell at 500 mA g-1 is also investigated and it is highly stable up to 1000 

cycles giving 120 mAh g-1 which is equivalent to 360 Wh/kg of energy density. 

A.3.4 Flexible device for drug delivery patch: The flexible device fabrication is 

shown in Figure 6. The flexible device is connected to the transdermal patch and it is 

able to generate 52 °C in bare patch and 55 °C when the patch has water on the top. IR 

camera imaging in Figure 8 showing that the flexible device is compatible with the 

transdermal patch and is capable to generate appropriate heating for drug delivery.  

A.4 Conclusions 

A Fe MOF is employed as an anode material for Li ion battery. The MOF is synthesized 

by hydrothermal route. The phase purity is checked by PXRD. The half-cell gives a 

very good rate performance and shows a high specific capacity and cycling stability. 

The full cell with LCO cathode has good C-rate performance and is very stable up to 

1000 cycles. The flexible device is used to heat the transdermal patch and is able to 

generate desired temperature. 

 

 

Figure 8. IR images of transdermal patch connected to MOF based flexible battery. 
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Appendix B 

 

Table B1. Comparison table of Si-C composite performance with literature. 

Composite Process Morphology Specific 

capacity 

(mAh g-1) 

Current 

density 

(mA g-1) 

Cycles Reference 

Macroporous 

Silicon/ 

pyrolysed PAN 

Etching and 

pyrolysis 

Free standing 

holy porous 

film 

1200 200 µA 

cm-2 

20 Chem. Mater., 

2012, 24, 

2998−3003. 

Silicon 

Nanowires 

VLS on SS 

substrate 

Nanowires 3000 200 200 Nat Nanotech., 

2008, 3, 31-35. 

Silicon/pitch 

Carbon  

Electrospinnin

g and pyrolysis 

Nanofibers 1000 840 

 

50 

 

 

Electrochimica 

Acta, 2016, 

220, 511–516. 

Silicon/ resin 

Carbon 

Pyrolysis Nanorods 627 100 220 Electrochimica 

Acta, 2012, 71, 

194– 200. 

Silicon/ alginate 

carbon 

Electrospinnin

g and pyrolysis 

Nanoporous 

Microspheres 

1000 50 50 J. Phys. Chem. 

C, 2011, 115, 

14148–14154. 

Silicon/ CNT CVD Si NPs 

embedded 

nanotubes 

1000 420 100 ACS Nano, 

2010, 4, 2233-

2241. 

Silicon/CNT 

sponge 

CVD Nanotube 

sponge 

1200 800 50 Adv. Energy 

Mater. 2011, 1, 

523–527. 

Silicon/ 

Graphene paper 

Pyrolysis Silicon 

embedded 

sheets 

1500 100 100 Electrochimica 

Acta, 2016, 

188, 777–784. 
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Silicon/ N-

doped graphene 

Hydrothermal Nanosheets 750 500 80 Sci. Reports, 

2015, 5, 

15665-15675. 

Silicon 

NPS/Carbon 

Nanofibers 

Pyrolysis Nanofibers 600 50 50 J. Mater. 

Chem., 2011, 

21, 811–818 

Si/Carbon Freeze drying 

and Pyrolysis 

Si NPs 

embedded 

sheets 

1450 500 250 This work 
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Research content: In this work, alkali ion batteries are discussed and certain new 

materials and architectures useful as anode in Li and Na ion batteries have been 

synthesized and tested for their performance. The various types of batteries and the 

importance as well as the issues of alkali ion batteries have been elaborated in the 

beginning to set the motivation for developing novel materials for the batteries. The 

various types of anode materials are particularly the topic of interest in this work and 

their storage mechanism and the shortcomings associated with those materials with 

respect to their charge storage mechanism have been explained. Based on that, different 

approaches have been adapted to address those shortcomings and enhance the 

performance of the system under consideration. 

Methodology development 

Search for better anodes for Li ion batteries and superior Na ion batteries have been the 

prime motivation in the domain of battery research. Along those lines, this work 

presents certain new methodologies which can be helpful to design and synthesis the 

new materials for Li and Na ion batteries. The novel synthesis of Na ion battery anode 

from a natural seed gel derived hard carbon is discussed in chapter 3. Although the 

pyrolysis route is very common for the synthesis of carbon, the precursor selection is 

important to ensure the desired properties in the final product. The natural seed gel 

consists of carboxylic acid and hydroxyl groups which provide -OH functionalities to 

the hard carbon. The freeze drying route to dry the gel also helps in retaining the 

structure rather than destroying the properties by conventional heating method. The 

volume expansion of Si is very huge problem and a big hindrance in commercialization 

of Si based anodes. The core-shell and composites methods are usually relied upon to 

provide the buffer for volume expansion. In chapter 4, a uniform carbon caging is 

achieved by the gel synthesis route. As the precursor seeds are subjected to swelling in 

the Si NPs aqueous dispersion, the Si NPs are uniformly loaded into the gel and in the 

final composite to give an impressive performance. Chapter 5 develops a strategy of 

simple physical mixing of two different anode materials and achieving superior results 

in mixed anodes than the individual counterparts. This way one avoids the cumbersome 

techniques to make the composite of the two compounds and could achieve the desired 

outcome. In chapter 5, the material design is chosen in such a manner that the excess 

ratio of one element can resolve the volume expansion and sulfide dissolution 



   

  

149 
 

simultaneously. The one pot synthesis under certain conditions affirms the pure phase 

rather than multiphase compound which is very crucial for better results. This is proven 

with the comparison of the material synthesized with already known compounds in the 

literature which are either multiphasic or with less ratio of the buffer element. In 

appendix a metal organic framework (MOF) has been used as a Li ion battery anode. 

The full cell flexible device is made using free standing electrodes where MOF is anode 

and LiCoO2 (LCO) is cathode. The flexible device is used to heat a transdermal patch 

for drug delivery. 

Relevance of results 

In this thesis, each working chapter is based on one type of charge storage mechanism 

in the anode materials, where the target of solving the issue related to each type of 

material is established and attempts are made to achieve the same. The results obtained 

are seen to have accomplished the goal of enhancing the performance metrics of the 

device. The hard carbon synthesized for the application as anode for Na ion battery is 

shown to be comparable in performance with few reports and better than many of them. 

The comparison with commercially used hard carbon also renders the same impression 

giving the possibility of commercialization to the natural seed gel derived hard carbon. 

Achieving high stability for Si anode is indeed a challenge for the researchers working 

in Li ion battery. The present work establishes a gel route for uniform loading of Si NPs 

to get Si-carbon composite where Si is encapsulated in the carbon cage. The carbon 

caging provides the long term stability with high specific capacity to the Si NPs which 

is indeed a major achievement. The LCO//LTO system is the most used one at the 

commercial scale and is known for its good stability and robustness. The low specific 

capacity of LTO makes the overall energy density of the device very low and restricts 

the employment of this system in the applications with high energy density requirement. 

The physically mixed LTO and hard carbon anode with mere 20wt % of LTO is seen 

to have higher specific capacity and an excellent rate capability which otherwise is not 

achievable in case of carbon based materials as the nanopores are not able to adsorb 

ions at high rates. The mixed anodes are cycled up to 3000 cycles and show no 

degradation. The full cells with mixed anodes also are better in terms of energy density 

as well as stability making the problem relevant for the community. The high specific 

capacity sulfides are always considered as a good choice to design high energy density 
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devices. But, the polysulfide formation during cycling leading to capacity fading 

prevents their implication in real application. The last chapter of this thesis offers a 

possible solution to this problem by proposing a ternary metal sulfide with a high ratio 

of buffer element to minimize the sulfur dissolution.  

When compared with the same class of materials, the ternary metal sulfides stands out 

among those which do not have the high ratio of passive element which acts only as 

matrix rather than participating in charging or those which are impure with multiphase 

characteristics. 

Future direction 

The basic goal of alkali ion battery research is to uplift the energy and power density of 

the alkali ion batteries so that their performance can satisfy the ever increasing demands 

of the battery driven gadgets and systems. Moreover, the batteries should be low cost, 

robust and safe. In certain cases they need to be flexible, with the growing interest in 

wearable devices. The following problems are proposed for further research in the 

immediate future based on this understanding. 

I. The full cells in this thesis in chapter 5 and 6 are made with proposed anodes with 

LiCoO2 (LCO) as cathode. They have a good energy density and stability but these can 

be further enhanced by choosing a different cathode material other than LCO. 

Specifically, the polyanionic cathode Li3V2(PO4)3 (LVP) which is better than LCO in 

terms of stability and capacity can be employed for the better performance of the full 

cells. As the LCO//LTO system is the most used one at the commercial scale[1] and is 

known for its good stability and robustness; with the improved performance of LTO 

and hard carbon mixed anode, thus the variation of cathode can lead to enhancement in 

the power density as well as the energy density of the system. This can be one of the 

future directions of the present work. The ionic liquid electrolytes could be utilized for 

the stability of the devices as well. 

II. The cathodes play a crucial role in determining the power density of the battery. The 

cathodes used in alkali ion batteries are layered oxides. They have high potential 

window of up to 4-5 V. However, their specific capacities are limited by the one 

electron reaction they undergo during charging discharging. In certain cases like 

polyanionic compounds like Na3V2(PO4)3 (NVP), the electron uptake is even less than 
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one. The conversion reaction compounds have very high capacities as they are capable 

of undergoing multiple electron transfer. Iron trifluoride (FeF3) is such an interesting 

cathode with operating potential of 2.74 V due to the presence of highly ionic Fe-F 

bonds and it has theoretical capacity of 700 mAh g-1.[2][3] But this cathode has low 

ionic conductivity and it undergoes almost 50 % volume expansion during lithiation.[4] 

Already there have been reports of making its composites with carbonaceous materials 

and downsizing the particle size but the results are not impressive enough to achieve 

commercialization. A core shell approach is proposed here as a future direction which 

can serve two purposes simultaneously; where a robust cathode material such as LVP 

or NVP can act as a shell to protect the FeF3 from degradation during lithiation and can 

increase the potential window of the core shell cathode to 4 V which otherwise would 

be only 2.74 V.  

III. Metal batteries are a very good candidate to bring the above considerations pertaining 

to high performance in to reality. The metal ion batteries can achieve very high energy 

density and power density because of the following reasons: the specific capacity of Li 

is 3800 mAh g-1 and has the lowest electrochemical potential of -3.04 V.[5] When 

coupled with any cathode material, the potential difference would be highest as 

compared to any other cathode anode combination giving rise to high power density. 

Unfortunately, the dendrite formation during plating/ stripping and the cell shortening 

due to the growth of dendrites are the biggest challenges in their implementation. The 

unstable SEI formation causing performance degradation effecting the cycle life is yet 

another issue to be resolved. The electrolyte additives to stabilize the SEI formation, 

using solid electrolytes to prevent short circuiting and coating of metal with protective 

layers have been till date the preventive measures to develop durable metal batteries. 

The use of foils as host for plating and stripping seems to be promising but the plating 

of the foil with Li metal and then extracting it to further use as Li containing anode is 

not feasible on the commercial scale. This is because the processing complications and 

safety issues associated with bulk Li metal handling in real systems. Recently, the metal 

infiltration into the distinct carbon forms has been employed to make Li metal anodes 

with the host matrix. The free standing carbonaceous materials such as reduced 

graphene oxide (rGO) and wood carbon has been used for the aforementioned task. rGO 

and wood carbon has been used as metal infiltration matrix for Li as well as Na metal 

batteries.[5][6][7] Apart from this, Ni foam owing to its porous and conducting nature 
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has also been proposed as matrix for the same.[8] The free standing matrix provides the 

ease of metal infiltration and device fabrication eliminating the plating/ stripping and 

cell opening and refabricating processes.[9] Thus, the free standing conducting aerogels 

could also be fruitfully examined as the host matrix for metal infusion, as they are 

flexible and robust, and can be molded into desired shapes. The easy synthesis of 

aerogels, cheap precursors and eco-friendly synthesis strategies make them a good 

candidate for metal containing anodes. 
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