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Preface 

 

Li-ion Batteries (LIBs) have attracted much attention in recent times among all the 

rechargeable batteries available today due to highest energy density (150-200 Wh 

kg-1), cell voltage (3.7 V), good cycle life (1000-1500) and low self-discharge (2% 

per month). Lithium being the third lightest element, has high potential (-3.07 V vs. 

SHE), high capacity (3861 mAh g-1) is an excellent anode material for LIBs. 

However, pure Li is very reactive to moisture in air and also form dendrites in LIBs 

upon charging to high voltages. The Li dendrites can penetrate through the separator 

causing short circuit which leads to development of heat, fire or explosion. The 

origin of LIB lies in the discovery that Li+ ions can be reversibly intercalated within 

or de-intercalated from the van der Waals gap between graphene sheets of 

carbonaceous materials at a potential close to the Li/Li+. Thus, lithium metal is 

replaced by carbon based anode materials for LIBs and the problems associated with 

pure metallic lithium mitigated. LIBs were first introduced into market by Sony 

Corporation of Japan during 1991 by using LiCoO2 cathode and graphite anode in 

standard electrolyte solution containing LiPF6 salt in alkyl carbonates. Since then, 

the LIB market has grown from an R&D interest and the current market value close 

to US$40 billion. The world demand for primary and secondary batteries is 

forecasted to be US$120 billion in 2019 in which rechargeable LIBs has market 

share about 37%.  

Initially, specific energy of commercial LIB was only about 120 Wh kg-1. 

Extensive research has been carried out to develop high capacity, high durability, 

and efficient anodes and cathodes with high voltage for LIBs. Due to continuing 

improvements in various cell components including improved manufacturing 

technology, present day LIBs can provide a specific energy density close to 200 Wh 

kg-1. 

The pursuit for high capacity, high energy density LIBs has led to the 

emergence of the Lithium-air and Lithium-sulphur (Li-S) batteries as promising 

candidates, wherein a conversion process has replaced the conventional insertion 

processes. While reaction of Li with oxygen in the Li-air gives a capacity as high as 



viii 

 

1200 mAh g-1, the Li-S battery, assuming complete conversion, can yield energy 

density of upto 2500 Wh kg-1. The research in these aspects are very new and may 

be the technology of the future. 

It is believed that advanced materials research and development will play an 

important role in the area of LIBs and will contribute substantially the future need of 

the human society. 

The thesis is an attempt to develop high energy density LMR-NMC based 

cathodes with minimized voltage decay, improved capacity retention and cycle life, 

coupled with high capacity silicon anodes for increasing energy density in LIBs. 
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Definitions 

 

Capacity 1 gAh
weight Equivalent

26.8
 

Capacity fade: Gradual loss of capacity of a secondary battery with cycling. 

Capacity retention: The fraction of the full capacity available from a battery under 

definite conditions of discharge after it has been stored for a period of time.  

C rate: The rate at which a cell or battery is being charge-discharged. E.g., 1C 

refers to the capacity in 60 min, C/20 refers to the capacity in 20h and so on… 

Coulombic efficiency: The ratio of output charge of a secondary cell or battery on 

discharge to the input required to restore it to the initial state-of-charge under 

specified conditions. 

Constant-current (CC) charge:  The method of charging a battery using a current 

having little variation. 

Constant-voltage (CV) charge: The method of charging a battery by applying a 

fixed voltage, and allowing variations in the current.  

Cutoff voltage:  The battery voltage at which the discharge is terminated. This is 

also called end voltage. 

Cycle life: The number of cycles under specified conditions that are available from 

a secondary battery before it fails to meet its performance.  

Energy density: The ratio of the energy available from a battery to its weight (Wh 

kg-1 or volume (Wh L-1). 

Irreversible capacity: The capacity loss due to irreversible consumption of lithium 

during first cycle. 

Nominal voltage: The operating voltage of a cell or battery. 

Open circuit voltage: The voltage of the battery under no load condition. 

Operating voltage: The typical range of voltages of a battery during discharge 
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Power density: The ratio of the power available from a battery to its weight (W kg-

1) or volume (W L-1). 

Self-discharge: The loss of useful capacity of a cell or battery due to internal 

chemical action (side reactions). 

Solid electrolyte interphase (SEI): The layer that is formed during 1st cycle at the 

anode (Graphite, Si, SnO2 etc.) surface due to decomposition of solvents forming 

mixture of lithium carbonate, oxides, fluorides and semi carbonates. The SEI layer 

thickness in LIBs around 10’s of nm. 

State-of-charge: The ratio of capacity available at instant to the total available 

capacity. 

State of health: It is a figure of merit of the condition of a battery compared to its 

ideal conditions. 

Thermal runaway: A condition where a cell or battery on charge or discharge will 

overheat and destroy itself through internal heat generation caused by high 

overcharge or over discharge currents or other abusive condition. 
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Chapter 1 

 

Introduction to Lithium-Ion Batteries 

 

 

1.1. Abstract 

Li-ion battery (LIB) technology continues to be the most successful electrochemical 

system developed in recent times. Because of its high energy density, LIB is the choice 

to power cellular phones, portable computers, camcorders, power tools and even in 

hybrid electric vehicles and electric vehicles. This Chapter describes a brief 

introduction to LIBs with a review of technical literature on the electrode materials, 

electrolytes and includes an account of studies presented in the thesis. 

1.2. Importance of Energy Storage 

Energy is the lifeblood of the modern society [1, 2]. The access to energy is very 

important for the prosperity, life style and growth of every country [3]. The effect of 

globalization, population increase and rising consumer demands across developed and 

developing countries have resulted in an exponential increase in energy consumption 

[4]. This has significantly increased the gap between energy production and demand 

over the last several decades. Fundamental breakthrough in clean energy research is 

needed to solve the problem of such magnitude. Innovations in materials and 

processing technology provide significant opportunities for the transition from fossil 

based sources to clean energy sources such as nuclear, wind and solar energy [5]. But 

renewable energy sources must be captured and stored until demanded. They are 

somewhat varying with time, and the amount of energy supply is unpredictable [6, 7]. 

The success of these technologies relies on development of efficient energy storage 

materials that can be utilized in smart batteries and capacitors. Fuel cells offer another 
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alternative clean energy but would probably require further research in bringing down 

the cost for mass market. Batteries are efficient energy storage devices than capacitors 

which supply pool of energy on demand [8]. 

Among the leading secondary battery systems: lead-acid batteries, Ni based 

batteries and LIBs, the LIBs are rising faster due to high energy density (150-200 Wh 

kg-1 against 30 Wh kg-1 for lead-acid and 50-80 Wh kg-1 for the Ni-based batteries) 

and long cycle life [9, 10]. Because of high energy density, LIBs are the choice to 

power cellular phones, portable computers, camcorders, power tools and even in 

hybrid electric vehicles and electric vehicles [11-15]. Besides, LIBs are light weight, 

offer high voltage (~3.7 V) low memory effect and low self-discharge rate, high rate 

capability and good cycle life of about 1000 cycles [16-19]. 

1.3. Lithium-Ion Battery: Significance and Historic Outlook 

Lithium batteries through intercalation chemistry were first proposed by M Stanley 

Whittingham at the Exxon Laboratories during 1970s [20] by using titanium (IV) 

sulfide cathode and lithium metal as anode. However, practical rechargeable lithium 

batteries have not realized during that time because of high moisture reactivity and 

cost of Titanium disulfide. Besides, LIBs with lithium metal anode have safety issues, 

as lithium reacts with moisture (H2O and O2) in normal atmospheric conditions [11]. 

So research intended to develop batteries with non-metallic lithium based anodes and 

only lithium compounds are present, being capable of accepting and releasing lithium 

ions. 

Consequently, the reversible electrochemical intercalation of Li+ in graphite 

was demonstrated by Rachid Yazami in 1980, which paved the way to the discovery 

of an alternative anode for LIBs instead of pure lithium metal [21]. The reversible 

intercalation of Li+ along the van der Waals gap between graphene sheets of graphite, 

at a voltage (V) of 0.2 V vs. Li/Li+, was found to offer a theoretical capacity of 372 

mAh g-1 and with slow charge-discharge rates the electrodes perform well with no 

dendrite formation. 

LixCoO2 (LCO), as a feasible cathode material for LIBs was demonstrated by 

J. B. Goodenough and coworkers at Oxford University during 1980 [22]. The 

theoretical specific capacity of LCO is 274 mAh g-1 (when one mole of lithium per 
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formula unit participates in electrochemical redox process), but shows the practical 

capacity about 140 mAh g-1, when cycled in the voltage window between 2.5-4.2 V.  

Practical LIBs came to market through SONY Company of Japan during 1990. 

The LIBs consists of graphite anode and LCO cathode revolutionized the energy 

storage market of mobile devices. After the commercialization of the LIB in 1990, 

several advances have helped to bring down the costs of the battery. Even today, LCO 

and graphite chemistries dominates the LIB market. But, the major drawback with 

LCO is that only half of the lithium can be extracted from the parent LCO compound 

due to structural stability limitation which restricts the broad spectrum of application. 

Besides, LCO is toxic, biohazardous and thermally unstable [23, 24, 25]. 

Later in 2005, SONY introduced NexelionTM, the first hybrid rechargeable 

LIB containing a tin-based amorphous anode and a mixed metal composite cathode 

having the mixture of cobalt, manganese, and nickel oxides such as 

LiNi0.33Mn0.33Co0.33O2
 (NMC). The battery showed 30% more capacity per volume 

compared to conventional LIBs containing LCO as cathode and graphite as anode. 

These batteries are thermally more stable than LCO due to less Co content and 

practically deliver capacity in the range between 160-180 mAh g-1. 

Subsequently in 2007, A123 Systems of USA developed LIB comprising 

LiFePO4 (LFP) as cathode and graphite as anode which showed improved power 

capability, high thermal stability, stable cyclability, long battery life with minimized 

cost used for hybrid electric vehicles and grid. It delivers a calendar life of over 1500 

cycles. 

1.4. Working principle of LIB 

The important components of LIB comprises of anode (layered intercalation material 

(e.g., graphite) and cathodes based on intercalation materials like lithium transition 

metal oxide cathode (LiMO2, e.g., LiCoO2), a non-aqueous electrolyte consisting of a 

salt (1.0 M LiPF6) [26] dissolved in an organic solvent (such as ethylene carbonate 

(EC) and dimethyl carbonate (DMC) etc.)[27] and separator (polyethylene 

polypropylene based or glass mat separators). In the lithium-ion cell, Li-ions from 

cathode are intercalated and de-intercalated without much structural modification. 
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While charging Li-ions are extracted from cathode and inserted into anode and while 

discharging vice versa takes place during which electrons moves through external 

circuit giving the energy. The fully-charged lithiated carbon anode has about the same 

electrochemical potential of metallic lithium. The half-cell reactions occurring at the 

cathode and anode during the charge-discharge cycles of a lithium-ion cell are 

presented as follows. 

 

 

At the cathode: 

                                                Discharge 

  xLi+  +  xe-  + Li1-xCoO2 
                           LiCoO2                (Ec = 0.6 V vs. SHE)       (1.1) 

      Charge 

 

 

At the Anode: 

       Discharge 

LiC6                  Li1-xC6   +   xLi +    +   xe-              (Ea = -3 V vs. SHE)                (1.2) 

         Charge 

 

 

Accordingly, the net cell reactions during its charge-discharge process are: 

          Discharge  

LiC6   +   Li1-xCoO2                              Li1-xC6    + LiCoO2      (Ecell  = 3.6 V)         (1.3)

                                Charge 

 

 

The operating principle of a lithium-ion cell is shown schematically in Fig. 1.1. 
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Fig. 1.1: Schematic representation of a Li-ion cell 

1.5. Electrochemical Constituents of a Lithium-Ion Cell 

Depending on the choice of cathode and anode material, the voltage, capacity 

consequently the energy density, life, and safety of a LIB changes drastically. Several 

reviews describing high performance of LIBs have been published in the literature. 

However, the present thesis comprises studies on cathode and anode material for LIBs 

and hence the discussion is limited to these aspects only.  

During last 3 decades a large variety of materials have been synthesized and 

evaluated as cathode materials for LIBs. In general for the development of efficient 

cathodes, the cathode should have high voltage, high capacity consequently delivers 

high energy (Voltage  Capacity), high conductivity (helps to improve capacity 

retention, C rate performance and life), non-reactive in electrolyte solution (otherwise 

cause rapid dissolution), ease of synthesis (can be scaled up in large quantities), good 

cycle life, low self-discharge, safe and low cost. 

In the light of the aforesaid factors, several-type of cathode materials have 

been studied for LIBs in the literature. These include layered transition metal oxides 

and spinels, olivines, halides [28-31], chalcogenides [32], organic compounds and 

conducting polymers [33, 34]. The first three categories of the compounds 

e- e- 
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commercially available today because of their superior performance and are briefly 

reviewed below. 

1.5.1. Layered, spinel oxides and olivine cathodes  

Subsequent to the discovery of LiCoO2 by Goodenough and coworkers [30], several 

oxides with the layered- and spinel structures and olivine compounds have been 

investigated as cathodes. 

1.5.1.1.  LiCoO2 and its derivatives  

LiCoO2 (LCO) is the first and the most commonly used cathode material in 

commercial LIBs even today [22]. LCO has many desirable properties like high 

discharge potential (>3.7 V), low molecular weight (97.87 g mol-1), high capacity (274 

mAh g-1), high energy (530 Wh kg-1), stable cycling performance (>500 charge-

discharge cycles) and can be synthesized by simple methods. The de-lithiation 

potential of LCO is limited to 4.2 V (vs. Li/Li+), which means, only half of the 

theoretical capacity of the cathode, around 140 mAh g−1 is delivered is mainly due to 

first-order phase transition between LiCoO2 and Li0.5CoO2 [35]. LCO can be 

synthesized by solid state reaction [36-38], sol-gel technique [39,40], ultrasonic spray 

pyrolysis process [41], combustion synthesis [42,43], molten salt synthesis[44], co-

precipitation method [45], complex formation method [46], freeze-drying method 

[47], mechano chemical, and microwave synthesis [48, 49], hydrothermal synthesis 

[50], and other methods. LCO exhibits two forms, a hexagonal layered structure and 

a cubic structure, are distinguished by the spatial arrangement of cations. Based on 

the synthesis methods, LCO may have either hexagonal layered structure for high 

temperature (>800oC) LiCoO2 (HTLCO) or cubic spinel-like structure for low-

temperature (500-600oC) LiCoO2 (LTLCO)[51]. Gummow et al. [52,53] showed the 

structure of LTLCO is not preferably layered, and 6% of the cobalt ions reside in the 

octahedral (8a) sites of the lithium layers by using neutron diffraction data. According 

to Rossen et al. [54], LTLCO is supposed to form a spinel-relate structure (space group 

Fd3m) depending on a cubic closed packed oxygen network having alternating cation 

layers of 0.75 Co, 0.25 Li and 0.75 Li, 0.25 Co composition perpendicular to each of 

the four cubic direction. The structure of HTLCO relates to the trigonal system (space 
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group R

_

3 m, O3 phase) having a perfect G-NaFeO2 layered structure, in which Co 

and Li planes alternate in the ABCABC oxygen stacking [55]. The cell parameters 

reported in literature are in the range between 2.815 –2.816 A˚ for the a-value (inter 

layer metal –metal distance), and in the range of 14.05 – 14.08 A˚ for the c-value (inter 

slab distance). HTLCO shows good electrochemical performance than LTLCO. 

LTLCO known to have structures intermediate to perfect-layered and perfect-lithiated 

spinels [52, 53]. 

 

Fig. 1.2: Layered structure of LiMO2 (M = Co, Ni, Mn, Fe) (Adopted from Ref. [52]) 

LCO practically delivers low discharge capacities, in the range of 135-150 

mAh g-1, which is about 50-55% of its theoretical capacity. Lithium de-insertion from 

LCO involves many two-phase and single phase regions with a monoclinic phase at 

Li0.5CoO2. In order to enhance the ionic conductivity and cycling performance of the 

LCO cathode, some approaches such as carbon coatings [56,57], coatings with oxide 

compounds such as Al2O3 [58, 59], ZnO [60], and Li4Ti5O12 [61]. The coatings and 

dopings help LCO to improve interfacial stability. The coatings played an important 

role by enhancing the initial discharge capacity and also cycle life. Lu et al. [62] 

showed an 1st discharge capacity of 195 mAhg-1 for the 1 wt. %. Al2O3-coated LCO 

which is made by in-situ sol-gel method showing 85% capacity retention after 30 

cycles [63]. Study by Li et al. [64], showed 11.3% capacity loss after 400 cycles for 

3.0 wt. % FePO4-coated LCO cathodes. Other coatings which have produced 

significant improvements on the electrochemical behavior of LCO include ZrO2 [65] 
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and Li2PO2N [66]. High voltage stability (4.4. V) of LCO cathodes  can be achieved  

with a 10s of nm coating of LiPON onto LCO. LiPON improves interfacial stability 

at high voltages as coating reduces side reactions that increases cell impedance during 

cycling [67]. The major drawback of this coating is that when thicker films of LIPON 

coated on to LCO particles it increases impedance and hence reduces the power 

performance of the cells. 

The major concern of LCO is limited cycling life due to structural instability 

during charge-discharge cycling. The lattice expansion rate along the c axis (Fig. 1.2) 

attains as much as 1.8% for 50% de-lithiation, while the contraction rate is up to 10 

% for full de-lithiation, this non-uniform lattice variation exceeds the elastic strain 

tolerance of 0.1% for the LCO, leading to mechanical fracture and hence detrimental 

to battery performance during the cycle life. Substitution of Co sites with other metal 

ions has been exploited to enhance the structural stability of LCO during de-lithiation. 

Mg and La substitution of Co species has been demonstrated as an effective approach 

to retain the layered structure of LCO, suppress the phase transitions during Li 

interaction/deintercalation, and prominently improve the cycling performance of LIBs 

[68, 69]. Co-doped LCO using Cu and Al species has shown to high degree of 

crystallinity with improved phase purity [70]. Besides, cationic doping such as 

chromium [71] and sliver [72] Zr and Mo [73, 74], B [ 75], Ti [76]  have been 

employed. Al doping has received the greatest attention as it has been proven to 

produce significant improvement in capacity retention upon cycling, which is 

attributed to an increase of the diffusion coefficient of lithium ions in Al-doped 

cathodes and increased structural stability [77].  Compared to pristine LCO, doped 

LCO materials exhibit lower capacity fade, reduce irreversible capacity loss in the 

first cycle, and improve Coulombic efficiency and increased life.  

1.5.1.2. LiMnO2 

LiMnO2 (LMO) has been proposed as a cathode material in LIBs as early as the use 

of LCO came to reality in LIBs. Its use has not spread mainly due to performance 

limitations such as low capacity, difficulty of mass production, power performance 

and Mn dissolution. However, years of extensive research has led to significant 

improvement of its electrochemical performance. Compared to LCO, LMO has major 
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advantages safety and low cost which make it a promising substitute of LCO in LIBs. 

LMO material has two different crystal structures, i.e., orthorhombic and monoclinic 

phases. Compared with the orthorhombic LMO, the monoclinic LMO is always 

difficult to synthesize, even though it exhibits a theoretical capacity of only about 280 

mAh g-1, which is somewhat higher to that of orthorhombic LMO. Because of ease of 

synthesis of orthorhombic LMO, research efforts are focused on orthorhombic LMO. 

In general, high-temperature (>700 oC) synthesis methods of orthorhombic LMO (O-

LMO). High-temperature synthesis generates structural defects which makes LMO 

electrochemically active [78]. O-LMO can be synthesized easily by solid-state 

reaction of manganese oxide (Mn2O3) and LiOH. H2O at high temperatures between 

700-1000 oC [78] or low temperatures (300-450 oC) under inert atmospheres [79].  

The electrochemical performance of O-LMO cathode in LIBs is reported by 

several authors [80-82]. LMO known to have structural transformation to spinel phase 

during cycling between 2 - 4.3 V. It is difficult to analyze the structure of new LMO 

phase after cycling due cation arrangements in both cubic and hexagonal structures 

which cannot be distinguished by XRD [83]. The structural transformation takes place 

during early cycles depending on the synthesis conditions. Coating of O-LMO by 

various oxides has been used to prevent the structural transition during cycling and it 

is inferred that coating indeed helps to improve cycle performance of O-LMO [84]. 

The LMO synthesized through ion exchange exhibit high capacity of 220 mA h g−1 in 

the voltage range between 2.4 to 4.8 V. This is because ion exchange process has great 

influence on the defect chemistry of the host structure which in turn influences the 

electrochemical performance of LMO. Orthorhombic LMO nanorods synthesized by 

Zhao et al. showed the enhanced discharge capacity of 183.2 mA h g-1 with high 

capacity retention and coulombic efficiency at 0.1 C rate when operated in the voltage 

range between 2.0 and 4.3 V. Furthermore, the LMO nanorods presented excellent 

rate capability and small charge transfer resistance. Such high performance might be 

ascribed to the one-dimensional nanostructures with good crystallinity, which could 

effectively facilitate the charge and electron transport. Ni substitution in LMO 

(LiNi1/2Mn1/2O2) exhibited superior electrochemical performance in terms of operating 

voltage, rechargeable capacity, cycleability, safety, and materials economy [85-88]. 
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1.5.1.3. LiNiO2 

The Lithium Nickel Oxide (LiNiO2), having similar layered structure of Lithium 

Cobalt Oxide (LiCoO2), has been considered as a promising positive electrode 

material for LIBs due to its structural stability, environmental friendliness, low cost 

etc [89, 90]. The specific capacity obtained for LiNiO2 is also higher than LCO. 

However, LiNiO2 needs to be synthesized carefully due to the difficulties involved in 

oxidation of Ni2+ to Ni3+. The synthesis and treatment of LiNiO2 often require harsh 

temperature conditions which further limit its current use in commercial LIBs despite 

its superior capacity. Nickel has higher energy density than cobalt; 50% of lithium 

ions can be transferred between anode and cathode for cobalt at the maximum voltage 

of a typical battery (4.7 V), while 70% of lithium ions can be mobilized for nickel at 

only 4.2 V. Moreover the thermal stability of LiNiO2 is low compared to LCO which 

restricts its use in commercial batteries. 

The problems associated with cation disordering and thermal instability have 

limited its wide application. But it is reported that the limitations of LiNiO2 can be 

rectified to certain extent by the partial substitution of Ni, in LiNi1-yMyO2, with other 

metals like Co (e.g., LiCoyNi1-yO2 (0.2 y  1.0)) [91, 92], Fe (e.g., LiFeyNi1-yO2 (0  

y  0.23)) [93], Mn (e.g., LixMnyNi1-yO2 (0.9  x  1.2, 0  y  0.5)) [94, 95], Al (e.g., 

LiAlyNi1-yO2 (0  y  0.3)) [96], Ti (e.g., LiTiyNi1-yO2 (y  0.3)) [97] etc which have 

improved electrochemical performance. 

Further, bi-substitution is also reported as an excellent approach to improve 

the performance of LiNiO2 derived materials for LIB applications. For example, Ti 

and Mg at Ni sites in LiNiO2 results in LiNi1-yTiy/2Mgy/2O2 with very high reversible 

capacity [98]. Furthermore, there is another approach of substituting Li in Ni sites 

with simultaneous partial-replacement of O with F to develop 

Li1.075Ni0.755Co0.17O1.9F0.1 with stable cycling performance [99]. Other than 

substitution for Ni, there are reports on the substitution for O by non-transition 

elements such as S (e.g., Li1.05NiO1.98S0.02) [100] and F [101] to enhance the 

electrochemical performance of LiNiO2 and its derivatives. Owing to the attractive 

properties of LiNiO2 derivatives, many research and development work are under 
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progress to develop new electrode materials for LIBs based on LiNiO2 and its 

substituted materials. 

1.5.1.4. NMC 

In order to overcome the issues related to individual layered metal oxides (LiCoO2, 

LiNiO2, LiMnO2), a mixed metal oxide is developed which has more deliverable 

capacity, more stability than the individual metal oxides [102, 103]. Mixed ternary 

metal oxide LiNi1-x-y Cox MnyO2(0<x<0.5, 0<y<0.3) was developed by Zhaolin Liu, 

which shows the reversible capacity of 140 mAh g-1 [104]. The symmetrical mixed 

metal oxide (LiNi1/3Mn1/3Co1/3O2-NMC333) was studied by Ohzuku in the year of 

2001 showed reversible capacity of 150 mAh g-1 when cycled in the voltage window 

of 2.5-4.3V and up to 200 mAh g-1 when charged up to 4.6 V [105]. But high voltage 

cycling up to 4.6 V could cause capacity fade. All these mixed metal oxides are 

layered structures of - NaFeO2 type having the space group R


3 m.  In situ X-Ray 

absorption spectroscopic studies on the electronic transitions and local structure of 

Mn, Ni and Co of NMC333 reveal as only Ni atom is electroactive. It shows Ni2+/Ni3+ 

and Ni3+/Ni4+ redox couple whereas Mn and Co exists in +4 and +3 oxidation states, 

and also confirms that oxygen acts as electron donor at the end of charge. Though it 

is considered as most promising cathode material for LIBs, its application is limited 

due to low rate capability and poor cycling stability. This is because of cation mixing 

of Li+/Ni2+ which retards the Li+ mobility. Different strategies are employed to 

improve the rate capability and cycling stability. The high rate performance and 

enhanced discharge capacity of 188 mAh g-1 is attained by preparing NMC– grapheme 

composite (90:10 wt. %) by microemulsion followed by ball milling [106]. 

Hierarchical porous nano-/microsphere NMC (PNM-NMC) are developed which 

shows the discharge capacity of 207 mAh g-1 at C/10 rate and improved rate capability 

of 163 mAh g-1 at 1C and 149 mAh g-1 at 2C rates and stable cycling stability [107]. 

This improvement is attributed to the increase of contact area of unique hierarchical 

porous nano-/microsphere structure with electrolyte and with electrolyte, shorten Li+ 

diffusion path and that improves the Li+ ion mobility [107]. NMC333 prepared by co-

precipitation method with 7 atom % excess lithium hydroxide in the precursor exhibits 
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discharge capacity of 180 mAh g-1 at C/5 rate when charged up to at 4.6 V with 90% 

capacity retention in 50 cycles [108]. The higher reversible capacity is attributed to 

structural stability of de-lithiated NMC. Micro-spherical Ni–Mn–Co alloy particles 

synthesized by powder metallurgy pulverization (PMP) method with Ni, Mn, Co 

metal as raw materials shows initial discharge capacity of 164.4 mAh g−1 at 0.1 C rate 

when charged till 4.3 V [109]. 1 wt. % amorphous carbon coated on to NMC333 

shows improved thermal stability and electrochemical performance (87.4% capacity 

at 5C) compared with bare material. 0.02 mole % of Ce doping into NMC333 

enhances capacity retention and reduces charge transfer resistance which is attributed 

to the addition of Ce4+ ion by stabilizing the layer structure. In a recent report of 

LiNi1/3Mn1/3Co1/3O2 (NMC333), LiNi0.6Mn0.2Co0.2O2 (NMC622), and 

LiNi0.8Mn0.1Co0.1O2 (NMC811) with respect to their cycling stability in NMC-

graphite full-cells shows that NMC111 and NMC622 are stable up to 4.4 V cycling 

and 4.0 V for NMC811. At operating high voltages, significant capacity fade was 

observed, which is due to polarization of NMC cathode. 

In this way lot of research has been reported to improve the electrochemical 

performance of NMC333 in terms of rate capability and capacity retention. 

1.5.1.5. LiMn2O4 

LiMn2O4 is extensively studied in the literature because of its lower cost, lower 

toxicity, high natural abundance and higher thermal stability in relation to LCO [110]. 

But, LiMn2O4 shows rapid capacity fade during cycling, which limits its application 

in commercial batteries [111].   LiMn2O4 crystallizes in Fd3m space-group with Li 

and Mn, occupying 8a tetrahedral and 16d octahedral sites of the cubic-close-packed 

oxygen array, respectively. In the structure MO6 octahedra share edges to build a rigid 

3-dimensional network with open interconnected channels in the <110> directions 

where Li+ ions are present (Fig. 1.3). Li+ ions are mobile within these channels along 

the 8a-16c-8a path. 

A reversible extraction of Li from LiMn2O4 occurs at 4.05 V and 4.15 V 

resulting de-lithiated MnO2.
 Operating voltage is larger for LiMn2O4 as compared to 

LiMO2 (M = Co, Ni) layered compounds. However, LiMn2O4 delivers lower capacity 

(120-140 mAh g-1) and have poor cycle life. Synthesis methods plays important role 



13 
 

for the good electrochemical performance of LiMn2O4 [112-116]. In order to get 

good electrochemical performance from LiMn2O4, the average oxidation state of Mn 

should be higher than 3.5. Therefore, substituted cation-deficient spinels or Li-rich 

spinels have been focused, which show better electrochemical performance [117-123] 

and low capacity fade. 

 

Fig. 1.3: Crystalline structure of LiMn2O4 spinel (Adopted from Ref. [124]) 

The capacity fade is attributed to the following factors: (1) Mn2+ dissolution 

in the electrolyte the carbonate electrolyte containing fluorinated salts 

(disproportionation of Mn3+), (2) Jahn–Teller distortion of Mn3+ ions and (3) 

electrolyte decomposition products on the electrode surface [124-126]. Among all 

manganese dissolution into the electrolyte during cycling is the main issue for 

capacity fade. Mn dissolution causes the cations reach in the solution phase and 

migrate to the anode side, where they are reduced. The metallic clusters formed due 

to reduction destroy the passivation of Li and Li-graphite electrodes. Many strategies 

such doping of cations  like Mg [127], Al [128], transition metal ions [129–132] etc., 

have been employed to improve the structural stability and hence capacity fade. 

Ohzuku et al.[133] investigated substituted spinels, such as Li[M1/2Mn2/3]O4 (M = Cr, 

Ni, Cu, Co, Fe), and observed initial capacities of 120-125 mAh g-1 for the Fe- and 

Ni-substituted spinels [133]. Interestingly, Ni-substituted spinel provides most of its 

capacity at plateau voltage of about 4.5 V.  
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Careful investigation showed that manganese dissolution is due to the side 

reactions of carbonate electrolytes containing fluorinated salts, which generate HF. 

The Mn dissolution is initiated by the presence of hydrogen fluoride (HF), in the 

electrolyte with traces amount of moisture [134, 135]. Literature reports show that 

surface coatings is one of the effective way to avoid the electrode- electrolyte interface 

side reactions. There are many reports which shows the improvement in the 

electrochemical performance by various oxide coatings such as MgO [136, 137], 

CeO2 [138], ZnO [139], Al2O3 [140, 141], ZrO2 [142, 143], and Co–Al mixed metal 

oxide [144]. There are also some non-oxide coatings like AlPO4 which enhanced the 

thermal stability and electrochemical performance. 

1.5.1.6. LiMn1.5Ni0.5O4 (NMS) 

In order to address the issue of Jahn-Teller distortion due to Mn3+ ions in LiMn2O4, 

the average valence of Mn3+ should be raised by substituting some of Mn3+ with mono, 

or di-, or trivalent cations. Among all newly developed spinels LiMn1.5Ni0.5O4 has 

attained great importance due to its high voltage reversible capacity  of 148 mAh g-1 

at an average voltage of about 4.7 V vs Li/Li+. It has two possible structures, one is 

face-centered structure (Fd3m) and other is Primitive simple cubic structure (P4332).  

The average oxidation state of Mn is nearly +4, thus reducing the Jahn-Teller 

distortion and shows improved electrochemical performance than LiMn2O4. But it has 

certain disadvantages like low C-rate capability and poor cyclic stability due to 

decomposition of electrolyte at higher voltages, formation of LixNi1-xO impurity, and 

also due to formation of three cubic phases during electrochemical cycling.  

Various strategies have been followed to alleviate the above mentioned 

drawbacks. Some of the strategies like surface coatings such as ZnO, TiO2, LiPON, 

SiO2 [145-147] etc. have been done to improve interfacial stability at high voltages 

and cationic dopings like Co, Cu, Cr etc. to stabilize the crystal structure and minimize 

the formation LixNi1-xO phases. Different synthetic approaches such as co-

precipitation method [148–153], sol-gel method [154], ultrasonic-assisted co-

precipitation method, sucrose-aided combustion method, spray-drying method, 

emulsion-drying method, composite carbonate process, molten salt method (MSM), 

mechanochemical process, electrophoretic deposition, poly (methyl methacrylate)-
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assisted method, ultrasonic spray pyrolysis, polymer-assisted synthesis, 

combinational annealing method, pulsed laser deposition  are employed to obtain the 

pure phase spinel [155-165].  

 

1.5.1.7. Olivines 

Olivines, LiMPO4 (M = Fe, Mn, Ni, Co) compounds are the promising cathode 

materials for LIBs with high structural and thermal stability, safe, low cost and 

environmentally benign materials. LiFePO4 (LFP) is first demonstrated as cathode 

material for Li-ion battery by J. B. Goodenough and co-workers during 1997 [166]. It 

has orthorhombic structure with space group of Pnma with slightly distorted 

hexagonal close packed oxygen array of atoms. In the structure, oxygen is bound 

covalently to P5+ to form 3

4PO tetrahedral polyanions which stabilizes the structure. 

The strong P-O covalent bond guarantees safe operation at high temperatures and 

abusive conditions. LiMPO4 (M = Fe, Mn, Ni, Co) compounds have the theoretical 

capacities around 170 mAh g-1. Among all the possible lithium phospho-olivines 

LiFePO4, LiMnPO4 (LMP) and LiMnxFex-yPO4 (LMFP) are the more feasible cathode 

materials because they deliver the capacity in the voltage range between 3.3-4.1 V vs 

Li/Li+ within the electrolyte stability window [167-169]. But phospho olivines have 

poor internal electronic conductivity and lithium ion diffusion which limits its 

application in commercial batteries. Many approaches are opted to improve the 

electronic and ionic conductivity. Carbon coatings on to LFP improve the 

conductivity and hence electrochemical performance in LIBs. 
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Fig. 1.4: Crystal structure of olivine LiFePO4 (Adopted from Ref. [168]) 

Carbon coating activates the dynamics of the materials by inter particle 

conduction allowing the particles to be isolated [170]. But carbon coatings reduce the 

volumetric energy density. So 3-5% carbon coating in general is employed which 

satisfies the requirements of improving the conductivity and maintains the balance 

between gravimetric and volumetric energy density [171]. Reducing the particle size 

is the other strategy which decreases the diffusion length of lithium ion and therefore 

improves the conductivity [172]. But again minimizing the particle size (nano metre) 

would decrease the tap density and increases cost of production compared to micron 

sized particles and also reactivity in electrolyte solutions. Surface reactivity of LFP is 

sufficiently low which allow the use LFP in nanometric size. Nano metric size LFP 

with few % of carbon coating seems to deliver excellent capacity of 160 mAh g-1, 

100s of charge discharge cycles, good C rate performance and used currently in 

electric and hybrid electric vehicles. In addition to carbon coating, elemental dopings 

have been reported to have improved intrinsic electronic conductivity and lithium ion 

diffusion. Many dopants like Na, K, Nb, Al, Nd [173-176] with small ionic radii are 

used to dope in Li-sites and Mn, Mg, Ni, Bi, Co, Zn in Fe-sites.  

LiMnPO4 is another important olivine compound having the operating voltage 

of 4.1 V (0.6 V-0.7 V higher than LFP), energy density of 700 Wh kg-1. Similar to 
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LFP, carbon coating found to be an effective way to improve the electronic 

conductivity. Li et al. successfully showed reversible capacity of 146 mAh g-1 in the 

first cycle and the stable capacity of 140 mAh g-1 for the 10 cycles. In a first report in 

2009, Aurbach co-workers showed reversible capacity of 150 mAh g-1 for the carbon 

coated LMP for 100s of cycles. LMP nano particles were synthesized by polyol 

synthesis followed by carbon coating by ball milling process. Besides carbon coatings, 

various elemental dopings (Ti, Mg, Zr) were carried out inorder to improve 

conductivity of LMP. Magnesium doped LMP samples showed the good 

improvement in rate capability and cycle life. Later 20-30 % Fe substitutions seems 

to improve electrochemical performance of LMP in terms power and safety.  This is 

because Fe substitution in LMP may induce fewer defects owing to its effect on the 

synthesis of the material. Besides Fe will increase conductivity and hence kinetics of 

the material similar to LFP.  As a result, both the capacity and the kinetics of the LMP 

cathode materials will be improved. Martha and co-workers successfully synthesized 

the LiMn0.8Fe0.2PO4 with 10% carbon coating by ball milling method showed 

discharge capacity of 160-165 mAh g-1 which is close to its theoretical capacity and 

excellent rate performance was also obtained. Later Zhou et al. also reported the 

carbon coated LiMn0.8Fe0.2PO4 by using different carbon sources (Sucrose and carbon 

black). Different synthetic methods were used for synthesis of olivines like solid state 

method, co-precipitation, sol-gel, spray pyrolysis, hydrothermal, solvothermal 

methods etc.  Still there is a lot of room for the research to develop olivines with 

excellent electrochemical properties like high energy density, stable cycle life etc. by 

simple and cost effective methods.   

LFP and its charged counterpart FePO4 have remarkable thermal stability 

where as LMP and its charged counterpart LixMnPO4 (which contains a small amount 

of residual lithium), is relatively unstable in alkyl carbonate based electrolyte solution. 

There are reports when LixMnPO4 is heated in inert atmosphere the LixMnPO4 de-

lithiated phase is decomposed to form Mn pyrophosphate (Mn2P2O7) and release O2. 

There are limited reports on LiCoPO4 and LiNiPO4
 compounds as these cathodes 

operate close to 5.5 V in order to get full capacity, beyond the stability window of 

carbonate based electrolytes. 
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1.5.1.8. LMR-NMC 

In the recent times, research has been focused on developing high energy density (high 

voltage and high capacity), and safe cathodes to power electric vehicles. In the process 

of working for the development of high energy density cathode which can store and 

expel large number of lithium ions over a wide voltage range, M. M. Thackeray [110] 

and group developed xLi2MnO3.(1-x)LiMO2 (Li-Mn- rich Ni-Mn-Co oxide, hereafter 

LMR-NMC) is the solid solution of Li2MnO3 and LiMO2 (M = Ni, Mn, Co) which 

can show the reversible capacity of >250 mAh g-1 in the wide voltage window of 2.5 

– 4.8 V with the possible energy density of 1000 Wh kg-1.  

 

Fig. 1.5: Crystal structure LMR-NMC (xLiMO2 (1-x) Li2MnO3) (M = Ni, Co, Mn) (Adopted from 

Ref. [178]) 

The structural characterization shows Li2MnO3 has monoclinic phase with 

C2/m space group and LiMO2 (M = Ni, Mn, Co) has rhombohedral phase with R


3 m 

space group. Both the materials have nearly close crystal system which allows to form 

the mixed solid solution [177]. In general, it is mentioned as lithium and manganese 

rich nickel manganese cobalt oxide and denoted by formula xLi2MnO3.(1-x)LiMO2 

(M = Ni, Mn, Co) or LMR-NMC or Li1.2Ni0.15Mn0.55Co0.1O2. It is layered structure 

with alternating lithium and transition metal layers arranged in stacks [178]. LMR-

NMC composite operate at high anodic potentials of 4.8 V vs. Li/Li+ and provide high 

capacities > 250 mAh g-1 at an operating voltage of 3.8 V. Because of the high energy 

density, LMR-NMC is the choice of several high energy applications like EVs. But 
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LMR-NMC has several material issues which limits its application. It suffers from 

low conductivity, high interfacial instability due to high voltage cycling, high 

irreversible capacity during the first cycle and the major one is voltage fade which is 

associated with the structural change from layered to spinel phase.  

In order to obtain maximum capacity from LMR-NMC, Li2MnO3 component 

need to be activated for which LMR-NMC has to be charged to high voltage (>4.4 V). 

Above 4.4 V, Li2MnO3 is activated which releases oxygen as Li2O and forms MnO2. 

This could cause large irreversible capacity loss of about 50-100 mAh g−1 in the first 

cycle. The newly formed MnO2 participate in the electrochemical process. Due to high 

voltage charging, electrolyte decomposes and deposits on the surface of electrode 

which causes interfacial instability leading to rise in impedance. Due to release of 

oxygen during the process of LiMn2O3 activation, vacancies are created in the crystal 

causing the instability in the structure due to non-stoichiometry [179]. So to get 

stability and stoichiometry in LMR-NMC the transition metal ion preferably Ni 

migrates from transition metal layer to lithium layer as depicted in Fig. 1.6. This 

migration leads to the structural changes from layered to spinel which causes the 

voltage decay from 3.8 V to below 3.0 V region leading to decay in energy density. 

Besides, because of less electronic and ionic conductivity of the material compared to 

NMC, LMR-NMC has poor cycle life. 

 

Fig. 1.6: Mechanism of layered to spinel transformation (Adopted from Ref. [179]) 

Conductivity is improved by adding the additives like carbon, graphene, 

carbon nanofiber (CNF) etc. 1.5 wt. % highly graphitic CNF additive to LMR-NMC 
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composite electrode increases cycle life, 2 fold increase in C rate performance and 

Coulombic efficiency. In contrast when CNFs are not used, the cells completely loss 

capacity in less than 200 cycles. CNFs makes a good electronic contact along the 

particles, improves interfacial stability even though salt decomposition products 

formed on the surface of the electrode during high voltage cycling. Reversible 

capacities close to 280 mAh g-1 could be obtained for these CNF added composite 

LMR-NMC cathodes compared to 250 mAh g-1 of the conventional electrodes. 

Besides, interfacial stability is improved by coating with metal oxides, (such 

as ZrO2, MgO, Al2O3, TiO2), [179-182] solid electrolytes such as LiPON [183, 184], 

phosphates (AlPO4) [185] and fluorides [186]. It was found that metal oxide coatings 

are transformed to metal fluorides during high voltage cycling which is proved by 

secondary ion mass spectroscopy. The coated material protects the surface from 

degradation due to electrolyte decomposition products on the surface of cathode and 

also from HF attack which is produced with reaction of salt LiPF6 with trace amount 

of moisture present in the electrolyte. Coating of Al2O3 on Li[Li0.05Ni0.4Co0.15Mn0.4]O2 

shows the discharge capacity of 175 mAh g-1 at 30 mA g-1 with good cycling 

performance. AlF3 coating on lithium transition metal oxides found to have improved 

the Couloumbic efficiency than the pristine sample.  Even phosphates like AlPO4, 

Co3(PO4)2[187], LiCoPO4 [188], LiMnPO4[189], LiNiPO4 [190] are used as coatings 

which also acts as host structures for Li+ insertion and deinsertion. LMR-NMC 

attained the capacity of 215 mAh g-1 at 2C rate and 295 mAh g-1 at low rates by coating 

the surface with double layer (inner layer - 2 wt % AlPO4 or CoPO4 and outer layer 

of 2 wt % Al2O3. LMR-NMC coated with LiNiPO4 attained the initial discharge 

capacity of 200 mAh g-1 at 1C rate compared to uncoated material which has shown 

the capacity of 170 mAh g-1. 

LiPON coated LMR-NMC electrodes show improved cycle life performance 

at  room temperature and 60 oC during high voltage cycling to 4.9 V. LiPON is a solid 

electrolyte has voltage stability up to 5.5 V, stabilizes the interface of LMR-NMC 

delivering high capacity >275 mAh g-1
,
  3 fold enhanced C rate performance and 

Coulombic efficiency. The LiPON coatings were mostly non conformal, ~10s of nm 

which allows Li+ migration. However, thick (~100s nm) layers of LiPON found to be 
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less effective, compromises on the useable capacity because of the higher electronic 

resistance of LiPON. 

Surface chemistry modification is another effective strategy to enhance the 

structural and thermal stability which improves the electrochemical performance. 

LMR-NMC treated with (NH4)2SO4 [191] has delivered capacity of 230 mAh g-1 at 

1.2 C discharge rate. The improvement is attributed to transformation of surface from 

layered to spinel structure with part of lithium ion de-insertion. Besides, there are 

numerous surface treating agents (HNO3, Na2S2O8,) [192,193], which are used to 

enhance the electrochemical performance. 

 

Fig. 1.7: Discharge voltage profiles of LiPON coated LMR-NMC during 300 cycles (Adopted 

from Ref. [193])  

The surface coatings, conductive diluents increases capacity retention, 

improves cycle life, reduce irreversible capacity decay but not the voltage decay as 

shown in example for LIPON in Fig. 1.7 [193]. As discussed the voltage decay is due 

to structural transformation from layered to the spinel phase. In order to improve the 

conductivity and minimize the layered to spinel transformation, elemental dopings are 

considered as competent strategy to improve the efficiency of the material in terms of 

structural stability and capacity, C rate capability which in turn improve energy and 

power density. Doping includes cation dopings such as Mg [194], Cr [195], Al [196], 
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Ti [197], Fe[198] etc or anion doping such as Fluorine [199, 200] or even 

simultaneous doping. The electrochemical performance of LMR-NMC is enhanced 

significantly by doping with Ru [201]. It showed improvement in electrochemical 

performance at higher rates rather than lower C rates. The significant improvement is 

attributed to increase in lithium inter slab distance upon doping which allows the faster 

lithium diffusion and also more lithium insertion and de-insertion leading to increased 

energy density.  

Still the issues voltage decay, capacity fade which are the main reason for the 

loss of energy density is not properly addressed. So there is lot of room for the 

effective research to prevent or minimize the voltage decay in LMR-NMC and boost 

performance and energy density. 

1.5.1.9. Future cathodes for LIB 

LIB is largely limited by the capacity of cathodes which is the most expensive and 

heaviest component of LIB. Besides LMR-NMC, lots of research are directed to 

achieve multi electron capacity from the polyanioninc multivalent Li2Mn (or Co) SiO4 

systems, conversion compounds such as FeF2
 (2 e- system), FeF3

 (3 e-), MnF3, CuF2, 

BiF3 etc. are focused. List of materials with potential, specific capacity, energy density 

are given in Table 1.1 with the currently used LCO, LFP LiMn2O4 and cathodes. 

Table. 1.1: List of materials with potential, specific capacity, energy density 

Material Potential 
Specific capacity 

(Ah kg-1) 
Energy ( Wh kg-1) 

LiCoO2 3.9 140 546 

LiFePO4 3.3 160 528 

LiMn2O4 3.9 148 585 

FeF2 2.66 571 1518 

FeF3 2.74 712 1951 

BiF3 3.13 302 945 

MnF2 2.65 719 1905 

CuF2 3.55 528 1874 

Li2FeSiO4 3.3 328 1082 

Li2MnSiO4 4.0 333 1332 

Li2CoSiO4 4.3 325 1397 

Li2NiSiO4 4.7 325 1530 
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The future energy storage systems should be cost-effective, safe, sustainable, 

eco-friendly, deliver high capacity/power density, rate capability, and can be 

manufactured in large-scale manufacturing. Accordingly, sodium, magnesium, 

metal–air, metal–sulfur, and metal–organic batteries are being considered for post-

lithium ion batteries. 

1.5.2. Anodes 

Anode is the other main component of the battery. Similar to cathodes, an ideal anodes 

should have high capacity, high reduction potential, low first cycle irreversible 

capacity, fast kinetics, less volume or structure change during charge-discharge 

cycling, cost effective, safe, easy of synthesis, should be stable in electrolyte solution. 

In the light of the aforesaid discussion, several compounds such as carbon based 

compounds like graphite, hard carbon, graphene, carbon nanotubes etc., metal oxides 

such as TiO2, Li4Ti5O12, SnO2, Mn3O4, Co3O4, V2O5), metal and metal alloys such as 

lithium, Si, Sn, Sb, Al, Mg, Bi, In, Zn, Pb, Ag, Pt, Au, Cd, As, Ga and Ge have been 

well studied in the literature.  Among them Li, carbon based anodes, TiO2, Li4Ti5O12, 

Sn and SnO2 and Si have been commercialized for variety of applications and these 

compounds are briefly reviewed below.  

1.5.2.1. Lithium anode 

Lithium is most attractive anode because of its high specific capacity (3861 mAh g-1) 

[202] and lowest potential (-3.04 V). Because of these advantages it is not only used 

in lithium metal based primary batteries but also as anode in lithium-sulphur and 

lithium-air batteries which are anticipated as future high energy density batteries. 

Lithium anode has several limitations like safety and low rechargeability. Because of 

its low potential the electrolytes reduce at the electrode surface leading to formation 

solid electrolyte interphase (SEI). The tailored SEI will be ionic conductive and 

prevent further deposition of electrolyte. Moreover, due to heterogeneous deposition 

of lithium and dissolution during charge and discharge of lithium metal anode leads 

to the formation of high surface area lithium dendrites in organic electrolytes. 

Formation of lithium metal dendrite results in exposure of new lithium surface to the 

electrolyte and further decomposition of electrolyte takes place [202]. Besides, the 
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growth of dendrite may cause severe safety issue like, lithium grows across the 

separator and penetrate to the cathode side leading to short circuit. This limits the 

practical application of lithium as anode in rechargeable batteries. Many efforts have 

been made to tackle the issue of dendrite growth and lot of ground breaking research 

is going on throughout the world to prevent the dendrite formation, so it can be used 

efficiently as a high capacity anode in high energy density rechargeable batteries like 

lithium-sulphur and lithium-air batteries [204, 205].  

1.5.2.2. Carbon based anodes 

During early 1980s, Rachid Yazami reported the possible reversible intercalation of 

lithium in graphite at the potential of 0.2 V vs Li/Li+ deriving the capacity of 372 mAh 

g-1 by considering one lithium per six carbons (LiC6) [206, 207]. Based on this 

research, SONY Company of Japan launched a Li-ion battery by assembling graphite 

as anode, LCO as cathode in 1.0 M LiPF6 in 1:1 ratio of ethylene carbonate and 

dimethyl carbonate electrolyte. Since then, lots of advances have been done on carbon 

based anodes such as graphite, hard carbons, graphenes, carbon nanotubes and fibers 

etc.  

Graphite has layered structure. The individual layers of graphite are called 

graphene. Each graphene layer, carbon atoms are bonded covalently, arranged in a 

honeycomb lattice and the distance between planes is 0.335 nm. Graphite dominates 

the commercial LIB market because of its excellent electrochemical performance such 

as stable cycling performance with high columbic efficiency and less volume change 

(~10%) during lithium insertion. But graphite has limited capacity of 372 mAh g-1 

which restricts the development of high energy density LIBs for powering the HEVs, 

EVs and for other high energy applications. In addition to limited capacity, the major 

failure of the graphite is due to solvated Li co-intercalation which exfoliates the 

graphite and degrades making it electrochemically inactive. In order to improve the 

reversible storage capacity of graphite, graphite anode should have good SEI 

(discussed later) which is formed due to reduction of alkyl carbonates at low 

potentials, and Li containing salts.  A typical SEI should have thickness of 10s of nm 

which allow ions to pass but it is electronically insulator. A good SEI helps to improve 

further degradation of graphite which helps to improve capacity retention and cycle 
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life. Investigations have been carried out to introduce defects, functional groups, high 

volume voids (micro pores and macropores) etc. to further improve the 

electrochemical performance. Peled et al. was first to demonstrate the enhancement 

of the electrochemical performance by mild oxidation of artificial graphite. This 

improvement is attributed to two factors, one is formation of nanochannels or 

micropores which enhances the lithium intercalation or storage and other factor is 

formation of dense oxide layers which inhibits the electrolyte decomposition. Two 

types of oxidations like air oxidation and liquid oxidation can be used for producing 

defects, nanochannels. But the reproducibility and uniformity is not controlled in air 

oxidation whereas liquid oxidation has the advantage of controlling the above 

mentioned properties. The reversible capacity of 355 mAh g-1 is achieved by the 

graphite on mild oxidation with the aqueous solution of (NH4)2S2O8 which is the 

strongest oxidizing agent. HNO3, Ce(SO4)2, H2O2 are also used for the mild oxidation 

of the graphite to enhance its energy density.  

Formation of composite by introducing metals and metal oxides on or into the 

graphite is the other strategy to enhance the storage capacity of the graphite, even 

metals and metal oxides also adds capacity since they de/intercalate or alloy with 

lithium. The increase in conductivity and additional lithium storage sites are resulted 

in the composite of graphite with silver, which improved the rate capability and 

storage capacity [208, 209]. Composite formation of graphite with nickel [210] 

inhibits the co-intercalation of solvated lithium in to graphite which improves 

Coulombic efficiency, cycling stability in propylene carbonate electrolyte. Nickel 

particles coated onto graphite blocks some of the edge surfaces from exposing to 

electrolyte which minimizes the intercalation of solvated lithium. Similarly composite 

formation of graphite with tin also improves the electrochemical performance where 

both graphite and tin acts as host to lithium [211-213]. Likewise there are many 

combinations of graphite with different metals and metal oxides like Al, Zn [214] and 

metal oxides  like NiO [215], SnO [211], SnO2 [216], Fe2O3 etc. are used for 

improving the performance as anode material. Coating of graphite with polymer or 

different type of carbon for modifying the surface improves the electrochemical 

performance. Polypyrrole [217], polythiophene [218], polyaniline [219] are 
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conductive polymers which are used to form composite with the graphite. The 

improved electrochemical performance is ascribed to enhanced conductivity due to 

conductive polymer and in addition polymer can also act as host for lithium, adding 

capacity to the graphite.  

The performance of the graphite is still improved by deriving the graphene  

(one atom thick two dimensional carbon material) [220, 221]. Since then researchers 

started synthesizing graphene in many ways. One of the most accepted synthesis is 

conversion of graphite to graphene oxide followed by reduction to graphene 

chemically. Graphene shows enhanced capacity than graphite because of 1) insertion 

of lithium ions into the voids, 2) Li ion adsorption on the dual side of graphene, 3) 

binding of Li ion on the covalent sites of the graphene. So due to binding of lithium 

in multiple ways with graphene, the theoretical capacity of graphene is assumed to be 

744 mAh g-1. In addition to this, several carbon nanostructures are like multi-walled 

carbon nanotubes [222, 223], single-walled carbon nanotubes [224, 225], graphene 

nanosheets [226] etc., are developed to enhance the performance of the carbon anodes. 

Hard carbons [227, 228] have amorphous structure, and are considered as also 

attractive anodes due to its high capacity (> 300 mAh g-1) and low cost. However, 

hard carbons shows high initial irreversible capacity loss, high capacity fade and low 

columbic efficiency which hinder practical application of hard carbon in LIBs. 

1.5.2.3. Tin (Sn) based anodes 

Tin (Sn) is one of the attractive anode material for LIBs because of its high capacity 

(Li4.4Sn = 994 mAh g-1) i.e., [229] 3 times more capacity than that of graphite whereas 

SnO2 [230] has double the capacity (790 mAh g-1) of graphite. The electrochemical 

redox processes of Sn and SnO2 during charge-discharge are presented below. 

 SnO2 + 4Li+ + 4 e-  Sn + 2Li2O             (1.4) 

 Sn      +   x Li+          LixSn                   (1.5) 

The first reaction is irreversible where SnO2 reduces to Sn and second reaction 

is reversible. During initial cycle, along with reduction of SnO2 to Sn, SEI layer is 

formed on the electrode surface leading to high irreversible capacity. Moreover, due 

to alloying/de-alloying with large number of lithium ions Sn-anode undergoes volume 

change leading to pulverization resulting low electrochemical performance. 
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Numerous efforts have been made to enhance the electrochemical performance of Sn 

and SnO2 anodes. Some of the strategies are: a) synthesizing the Sn/ SnO2 

nanoparticles [231] to prevent the stress due to volume change during cycling and 

avoid pulverization, b) fabricating the Sn-C composite [232, 233] where Sn is 

dispersed in carbon matrix which supports the volume change without losing the 

electrical contact of Sn with current collector. Paek and co-workers [234] showed the 

improved anode performance of SnO2 by fabricating the SnO2-graphene nano-porous 

electrodes. These electrodes exhibits the reversible capacity of 810 mAh g-1 with the 

capacity retention of 70 % after 30 cycles. The enhanced electrochemical performance 

is attributed to buffering of volume change by the pores developed between graphene 

and SnO2, besides confinement of SnO2 between the graphene layers prevents the loss 

of electrical contact. Chen and co-workers [235] showed an improvement in the 

lithium storage properties and cycle life of SnO2 by controlled carbon nano-coating 

using two-step hydrothermal method. 8 wt. % of carbon coating on SnO2 showed 

improved capacity of 631 mAh g-1 at the current density of 400 mA g-1. Lou et al. 

[236] demonstrated an excellent electrochemical performance of spherical SnO2 

nanoparticles through conformal coating of carbon using glucose as carbon source by 

hydrothermal method. It showed the reversible capacity of 440 mAh g-1 at a current 

density of 300 mA g-1. Similarly, many nanostructures like nanorods [237], nanowires 

[238], nanoneedles [239], core-shell structures [240] are also employed to attain 

superior electrochemical performance.  

1.5.2.4. Titanium oxide 

Titanium dioxide (TiO2) is extensively used as a multifunctional material because of 

its structural stability, sturdiness and physio-chemical properties with the advantage 

of reasonable cost. The appropriate electronic band structure of TiO2 makes it a 

promising material for various applications such as photovoltaics, catalysis, and 

energy storage. TiO2 is one of the most promising anode materials in LIBs with the 

theoretical capacity of 335 mAh g-1, has significant advantages of low volume change 

during lithium insertion and extraction ( <4%), has short path for lithium ion diffusion 

which enhances C rate performances, shows excellent structural stability which leads 

to excellent cycle stability. Besides it high charge-discharge plateau voltage of ≥1.7 
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V vs. Li/ Li+ which eliminates SEI formation at the surface. However, it has 

limitations of low practical capacity ~160 mAh g-1 (0.5 Li transfer) due to poor 

electronic conductivity which leads to poor cycle life [241]. The reversible Li 

insertion and extraction in the TiO2 anode material can be expressed as  

…………..          (1.6) 

Where, x can vary between 0 to 1 depending upon the different polymorphs of TiO2.  

However, due to relatively low practical capacity of ~160 mAh g-1, low 

electrical conductivity and high operating voltage of TiO2, it is not used significantly 

in practical application. Various strategies have been developed to solve the issues of 

conductivity and kinetics of Li-ion diffusion such as synthesis of nanostructured TiO2 

[40], coating with carbonaceous materials such as carbons, carbon fibers, graphenes 

and, incorporating metal oxides to enhance its capacity and cyclability [242-246]. 

In general, TiO2, exhibits four different polymorphs such as anatase, rutile, 

brookite and TiO2 (B) [247, 248]. In addition to these phases, different metastable 

phases of TiO2 also exist. [249]. Among all, rutile is the thermodynamically stable 

phase of TiO2; other metastable phases can be converted to rutile phase by high 

temperature treatment > 850 oC.  

Macklin et al. first demonstrated successful Li+ intercalation/deintercalation at 

120 ºC into the bulk of rutile phase [250] and it was observed that rutile phase of TiO2 

is not electrochemically effective in room temperature. But later in 2006, Maier et. al. 

demonstrated a reversible Li+ insertion/extraction of ∼0.5 mol of Li per mol of TiO2 

at room temperature into/from nanosized rutile [251]. Further, to improve the capacity 

retention and rate capability, the conductive phases such as carbon, polymers, and 

metals additives have been implemented [252, 253]. 

In general, anatase TiO2 is found to be more electrochemically active in 

compare to the rutile phase. Based on the electrochemical reaction showed in equation 

(1), anatase TiO2 can accumulate up to 0.5 Li when micro-sized bulk material is used. 

And the volume changed observed while insertion/ de-insertion process was found to 

be negligible (~ 4%) [254]. In order to improve the capacity of the anatase material, 

several strategies have been employed such as synthesis of nano size particles of 

22 TiOLixexLiTiO x 
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varying dimension [255] and carbon supported structures and coatings [256] which 

can improve the specific capacity as well as rate capability of the material.  

Among all the phases of TiO2, TiO2 (B) is the better host for the lithium 

intercalation. TiO2 It has a large unit cell with a more open crystal structure compared 

to other polymorphs. It has monoclinic crystal system with a particularly long a-axis 

(1.216 nm) [257]. The unique structure of TiO2 (B) can accommodate a theoretical 

maximum of 1.25 Li per formula unit, [258] larger than the 1 Li per formula unit for 

anatase. The kinetics of Li-ion insertion is governed by the open channels along the 

b-axis, which improves the kinetics of Li ion diffusion, which leads to the better rate 

capability of this material. In order to obtain facile Li-ion diffusion pathways in TiO2 

(B) material, tailoring the morphology and structure play an important role. 

Even though TiO2 can be cycled 1000s of cycles with little loss in capacity 

and good C rate performance, but its use in LIBs is not significant in practical 

applications because of low capacity and high operating plateau voltage. 

1.5.2.5. Lithium Titanium Oxide (LTO) 

The lithium titanate, Li4Ti5O12 (LTO) has attracted as an anode material in LIBs with 

flat plateau voltage of 1.55 V vs. Li/ Li+, theoretical capacity ~175 mAhg-1. LTO does 

not have SEI during lithiation) unlike graphite, and acts as a zero strain insertion 

material (volume change during charge-discharge is negligible) [259-261], which 

make LTO to be cycled hundreds of cycles with excellent structural stability. It has a 

cubic spinel structure and can be expressed as Li4/3Ti5/3O4 or in the spinel form 

(Li[Li1/3Ti5/3]O4). The lithium intercalation reaction into the LTO is based on the 

following equation.  

      ……………         (1.7) 

Generally lithium titanate material doesn’t have side reaction with electrolytes 

which can give rise to irreversible capacity. However, low electrical conductivity of 

this material affects its rate capability. Lot of efforts have been made to explore the 

electrochemical properties of LTO. It has been observed that morphology and particle 

size plays an important role in the electrochemical performance of LTO, such as nano 

sized LTO powders synthesised via sol-gel delivered the capacity 125 mAh g-1 at end 

12571254 33 OTiLieLiOTiLi  
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of 50th cycle [262], three-dimensionally ordered macroporous (3DOM)  showed the 

capacity of 145mAh g-1 because of short diffusion length and porous morphology 

[263]. Wang et al. reported that rutile-TiO2 as a carbon-free nanocoating to improve 

the kinetics of LTO toward fast lithium insertion/extraction [264].  

Han et al. [265] reported the solid state synthesis of Li4Ti5O12 from Li2CO3 

and anatase TiO2 precursors by solid state synthesis and obtained 0.3mm beads that 

showed improved electrochemical performance with capacity retention of 80% at 10 

C rate. Wang et al. [266] also reported the Li4Ti5O12 synthesized by solid state method 

attaining the improved performance like 98.25 % capacity retention at 10 C rate. It is 

also reported that obtaining smaller grains and crystallites by longer ball milling 

shows enhanced anode performance. Likewise many synthetic methods like sol gel, 

microwave method, molten-salt method, hydro-thermal method [267-270] are 

employed to improve the electrochemical performance in terms of rate capability, 

capacity retention, cycle life.  

Surface modification is the other promising strategy applied to improve the 

electrochemical performance. Different surface coatings like metal oxides, carbons 

such as carbon nanotubes, graphenes are used. Luo et al. [271] synthesised Li4Ti5O12 

nanorods coated with carbon using glucose as carbon source by hydrothermal method. 

It showed 92.7 mAh g-1 higher capacity than pristine Li4Ti5O12 and stable cycling 

capacity. Jung et al. [272] improved the capacity retention to 95% after 1000 cycles 

by coating the carbon from pitch precursor on to Li4Ti5O12. Pitch is takes as carbon 

source. Graphene coating on Li4Ti5O12 enhanced the initial discharge capacity, 

showing 168.5 mAh g-1. Whereas, pure Li4Ti5O12 showing the capacity of 81.2 mAh 

g-1. 

Metal coating onto the Li4Ti5O12 was found to be effective way of improving 

the conductivity. The nanocomposite Li4Ti5O12 with Ag [273] as coating showed high 

capacity of 131 mAh g-1 at 30 C rate. This improvement is may be due to activation 

of electrode. 3% of Ag was found to be optimum percentage for high performance of 

Li4Ti5O12. Metal oxide coatings like Fe2O3 [274], CuO [275], ZrO2 [276] coatings on 

Li4Ti5O12 enhanced electrochemical performance in terms of capacity retention, rate 

capability, cycle life.  
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Though the surface coatings improve conductivity but may not enhance the 

electronic conductivity of the lattice. So to improve the as above mentioned 

conductivity substituting small percentage of Ti3+, Li+ with other ions improves the 

internal conductivity. Wang et al. [277] improved the electrical conductivity by 

doping with magnesium. Strontium (Sr) [278] doping is found to decrease the charge 

transfer resistance which is attributed to increase in lattice parameter and reduced 

particle size. Doping of Cu2+ [279] improved the diffusion coefficient of Li+ and 

charge transfer resistance. Similarly many different cations and anions are used to 

improve the intrinsic electrical conductivity thus enhancing the electrochemical 

performance.  

Co-doping of anion and cation was also followed for increasing the 

electrochemical performance in terms of electrochemical conductivity (rate 

capability), capacity retention and cycle life. Co-doping of Al3+ and F- [280] showed 

better rate performance and La3+ and F- [281] co-doping shows much better anode 

electrochemical performance. 

1.5.2.6. Silicon 

Silicon is an attractive anode material for LIBs due to high theoretical capacity of 

4200 mAh g-1 which corresponds to fully lithiated state of Li4.4Si [282]. Silicon is the 

second most abundant, non-toxic, low cost anode material [283]. But its application 

is limited in commercial LIBs due to its high volume change (~400%) [284] during 

charge/discharge cycling, which creates huge stress on the particles leading to 

pulverization of the silicon [285]. Another failure mode for silicon particles is to lose 

electrical contact during volume change. This results in rapid capacity fade leading to 

the failure of the cell. In addition, it has poor electronic conductivity which limits its 

power (rate) performance. Unlike graphite, SEI layer is formed on the surface of Si 

anodes due to salt decomposition and electrolyte reduction, due to the swelling of the 

silicon during cycling, the SEI layer form fissures and become porous. As a result a 

thick SEI layer is formed which increases cell resistance, reduces cell performance. 

Many efforts have been made for alleviating the above mentioned problems. 

Nanostructured silicon anodes circumvent the issues of pulverization as they can 
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provide enough free space to accommodate volume expansion during Li insertion, 

thus minimizing the strain. In addition, nanoscale dimensions provide good electronic 

contact and have fast lithium ion diffusion, thereby enhancing the rate performance 

and specific capacity. 

Various nanostructured morphologies of silicon have been reported during last 

decade addressing the issues of volume expansion. Nanowires [286, 287] and 

nanotubes [288], interconnected hollow nanospheres [289], thin films [290, 291], 

vesical [292] and nanoparticles [293] are found to be very attractive as nanoscale 

designs, incorporate pores or voids to accommodate the volume modification, 

circumvent the problems of pulverization and thereby enhance the electrochemical 

performance.  

Some of the researchers made the silicon-carbon (Si-C) composites as an 

effective strategy to prevent the stress on silicon due to volume change. Carbon based 

materials enhances the electronic conductivity of Si and also addresses the issues of 

pulverization. Kumta and Kim [294] made the composite of polystyrene and silicon 

by mechanical milling followed by pyrolysis in inert atmosphere. This composite 

showed the reversible capacity of 850 mAh g-1 with capacity retention of 98.9% was 

achieved over 30 cycles. Liu and coworkers [295] made Si-C composite by using 

polyvinyl alcohol (90%) and silicon (10%) which attained the capacity of 754 mAh g-

1 with Coulombic efficiency of 80.3%. In this way many carbon sources like polyvinyl 

chloride, resorcinol-formaldehyde resin, graphite etc. [296-298] were used as carbon 

matrix to support volume change of silicon. Si and meso-carbon micro-beads 

(MCMB) [299] made by mechanical milling, showed early capacity fade. Composites 

of graphite (80%) and silicon (20%) [300] showed an initial capacity of 1350 mAh g-

1, about 1000 mAh g-1 for 100 cycles, respectively. Besides blending, other 

approaches such carbon coating is used to mitigate the pulverization. Coating of 

silicon particles with carbon layer is reported as containing the 27% of carbon and 

showed stable capacity of 1000 mAh g-1 at the current density of 300 mA g-1.  

Metals like silver (Ag) [301] and copper (Cu) [302] were used to make Si-M 

(M = Ag, Cu) composite to improve the conductivity. But the capacity retention and 



33 
 

cycle life is not impressive because of poor contact of silicon particles from metal due 

huge volume change of silicon during cycling.  

Silicon dense thin films were used as potential anodes for lithium ion batteries. 

However, dense films showed the inferior performance due to stress followed by 

pulverization. The mass loading and adherence of silicon to substrate are the critical 

factors that decide the performance of the silicon anode. Amorphous silicon thin film 

of 200 nm [303] was fabricated by magnetron sputtering and exhibited excellent 

electrochemical performance with the capacity of 3000 mAh g-1 which is ascribed to 

optimization of loading density and strong adhesion of silicon to copper. The thin film 

alloy of silicon-aluminum on copper foil [304] displayed the enhanced anode 

performance than silicon thin film. The capacity retention for silicon-aluminum on 

copper foil was 80% after 350 cycles whereas silicon thin film showed 61%. Liu and 

co-workers demonstrated the influence of different types of copper current collectors 

on the electrochemical performance of Si-Al thin film anodes. Si-Al alloy on copper 

foam showed enhanced performance than on flat mesh grid and expanded copper. 

Improved performance is accredited to unique 3D macro-porous structure of copper 

foam which facilitated the silicon electrolyte contact, improved conductivity, free 

space for volume change. In addition to 2D silicon thin films 2D silicon nano sheets 

are also fabricated as anodes for lithium ion batteries. These 2D nano sheets have the 

advantages like small volume expansion, easy accessibility to lithium ions. 

Core-shell of Silicon and carbon is the most effective strategy in improving 

the electrochemical performance in terms of capacity retention and rate capability than 

Si-C composites. The superior performance of core-shell of silicon carbon is due to 

complete covering of silicon with limited carbon layer and shell of carbon provides 

the enough mechanical strength for the volume change of the silicon. Solid core-shell 

of silicon-carbon fabricated by surface induced coagulation process attained capacity 

of 1800 mAh g-1 at the current density of 100 mA g-1 with good capacity retention and 

C rate performance [305]. Core-shell of silicon-carbon nano fibers fabricated by dual 

nozzle electrospinnig method displayed the capacity of 721 mAh g-1 with capacity 

retention of 99% after 300 cycles [306]. This 1D core-shell supported the volume 

change, improved the conductivity and stabilized the SEI formation. Likewise many 
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strategies are followed like synthesizing the silicon wires, tubes, and different nano 

structures, different silicon-carbon composites to mitigate the volume change and 

improve the electrochemical performance in terms of capacity retention, stable cycle 

life and enhanced conductivity.  

Moreover, binder less electrode architectures are becoming popular as these 

facilitate charge transport efficiently, eliminate the need for binders, which would 

otherwise contribute extra weight and add resistivity to the cell and also solve the 

issues of pulverization. Thereby it drastically improves electrochemical performance. 

More on these electrode architectures are discussed in Chapter 6 and 7. 

If the issues of pulverization of Silicon, and Sn based anodes can be mitigated, 

these anodes could find a room for the next generation anodes for high energy density 

LIBs. 

1.5.3. Electrolytes 

Electrolyte plays an important role in determining the current (power density), life, 

and safety of the battery. The performance of the electrode materials depend largely 

on their chemical stability and compatibility with electrolytes. A good electrolyte acts 

as an inert part of the battery without undergoing any net chemical change, ensuring 

stability against both the electrode surfaces and facilitates all the redox processes at 

the electrodes [307].  

An ideal electrolyte should be a) a good ionic conductor and electronic 

insulator, b) have wide operating potential window, c) inert to all the cell components 

including electrodes, separators and packing materials, d) have thermal stability under 

operating temperatures, e) environmentally benign and less toxic, and f) be cost-

effective and g) easily available [308]. The different type electrolytes of interest for 

room temperature Li based batteries are: a) non-aqueous electrolytes (lithium salt 

solubilized in organic solvent or solvent mixtures), b) aqueous electrolytes ((lithium 

salt solubilized in water), c) ionic liquids (ILs) (organic salt doped with a fraction of 

the lithium salt equivalent), d) polymer electrolytes, and e) hybrid electrolytes [307-

309]. 
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Non-aqueous electrolytes are used in most of the commercial LIBs, like non-

coordinating anion salts such as lithium hexafluorophosphate (LiPF6), lithium 

hexafluoroarsenate monohydrate (LiAsF6), lithium perchlorate (LiClO4), lithium 

tetrafluoroborate (LiBF4) and lithium triflate (LiCF3SO3), dissolved in organic 

carbonates, in particular, mixtures of ethylene carbonate (EC) with dimethyl 

carbonate (DMC), propylene carbonate (PC), diethyl carbonate (DEC), and/or ethyl 

methyl carbonate (EMC) [309]. Among the salts LiPF6 found to have voltage stability 

close to 4.5 V and even can be stable up to 5 V with additives.  The recent reports 

reveal that the commercial electrolytes are unstable above certain operating voltage 

limit [310-312]. Hence, to meet the present market demand for LIBs with higher 

energy, power density and safety, it is very much important to search for an alternate 

electrolyte with high voltage stability. Organic fluoro alkyl carbonate in 1.2 M LiPF6 

has been emerged as 5 V electrolytes due to the higher oxidation potential of the 

fluorinated molecules [313]. Since the battery performance is significantly influenced 

by a porous and ionic conductive solid electrolyte interphase (SEI) layer, the property 

of the LIBs can be further enhanced through intentionally controlling thick SEI by 

adding small amount of additives, like tris (hexafluoroiso-propyl) phosphate (HiFP) 

etc. [314, 315]. 

Though LIBs with non-aqueous electrolytes are widely used in most of the 

electronic applications, its large scale applications is limited due to the flammability 

of the organic electrolytes. This leads the attention of researchers to test the feasibility 

of utilizing non-flammable, internally environmental and low cost aqueous solutions 

with high ionic conductivity as electrolytes for LIBs [316, 317]. In this way, many 

salt solutions like LiNO3 [318, 319], Li2SO4 [320] etc. have been reported. 

The non-volatility and non-flammability of room temperature ionic liquids 

(ILs) made them as a promising alternative to organic electrolytes for next generation 

LIBs. ILs can also offer high ionic conductivity, thermal stability, high voltage 

window and larger solubility of organic and inorganic compounds [307, 321]. But 

their high viscosity which result in reduced mobility and high cost limits its wide 

applications. The recent reports show a progress in mitigating this limitations through 

searching new cations and anions, mixtures with traditional organic carbonates. The 
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commonly used cations in ILs are imidazolium, quaternary ammonium, pyrrolidinium 

and piperidinium, while anions are ,  etc. [321, 322]. 

The polymer electrolytes (solid polymer electrolytes and gel polymer 

electrolytes) have been emerged as new attractive class of electrolytes that can 

overcome the limitations of low mechanical strength and safety issues of liquid 

electrolytes. Poly(ethylene oxide) (PEO) is the most commonly used polymer 

electrolytes [323]. However, over all benefits of polymer electrolytes, their low ionic 

conductivity makes adverse effect on its application. The research is progressing 

worldwide in this direction to improve the ionic conductivity of polymer electrolytes 

through different methods like adding lithium salts (like Lithium 

trifluoromethanesulfonate (LiTf), lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) etc.) [324] and ceramic nanoparticles (like SiO2, Al2O3, Fe3O4, TiO2) to the 

solid electrolytes [323, 325]. The poly(vinylidenefluoride) (PVdF) base polymer gel 

electrolytes has also been emerged as an attractive electrolyte for LIBs [326]. 

The goal of mitigating the limitations of ILs and polymer based electrolytes 

lead the researchers to development of hybrid electrolytes (ionic liquid base and 

polymer based hybrid electrolytes) for LIB. There are different ionic liquid-

nanoparticle hybrid electrolytes like IL-SiO2 [327, 328], TiO2 etc. have been reported. 

The polymer based hybrid electrolytes having organic and inorganic materials 

(nanoparticles like SiO2, TiO2 etc as inorganic part and polymer as the organic part) 

synthesized through sol-gel method is also reported as a promising electrolytes for 

battery applications [329]. 

1.6. Drawbacks and Failure Modes of Lithium-Ion Batteries 

The energy density of the current LIBs is limited by the capacity and potential of the 

of cathode. So the key to improve energy density of LIBs lies in the choice of 

appropriate cathode materials, that have higher redox potentials (~5 V) and can 

reversibly intercalate more than one lithium ion per atom. But, the low 

electrochemical stability window (~0.8 V – 4.5 V) of the organic carbonate-based 

electrolyte avoids the usage of high-voltage cathodes. In addition, these organic 

electrolytes are highly flammable posing serious threats to safety. On battery getting 

6PF

4BF
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overheated, there is uncontrolled rise in temperature generating flammable gases 

during which separator tends to burn, trigger short circuiting, resulting explosion of 

cell. So, there is an utmost need of safe cathode materials having high thermal stability 

with high operational voltages and capacity that can guarantee an improvement in the 

energy density, as well as a suitable electrolyte with high thermal stability and broad 

electrochemical voltage window that may be well-matched with the high voltage 

cathodes [329]. The thermal runaway in LIB is schematically shown in Fig. 1.8. 

 

 

 

 

Fig. 1.8: Thermal runaway in a lithium-ion battery (Adopted from Ref. [329]) 

 

 

Another major factor that is critical to the battery performance is solid 

electrolyte interphase (SEI) formation (below 1V) during lithiation of graphite and 

silicon anodes. The electrolyte reduces on the electrode surface during initial charge 

(lithiation) which form a passive layer that is electronically insulating but is ionic 

conductive. Typically a good SEI thickness is about 10s of nms. SEI acts as an 

interphase between the metal and the electrolyte solution and stops further degradation 

of the electrolyte and anode after the second charge. The SEI is composed of inorganic 

components such as LiF, Li2CO3 as well as organic components like (CH2OCO2Li)2, 

ROCO2Li which are partial or complete reduction products of the electrolyte solvents 

and salts (Fig 1.9). Formation of polymeric compounds on the surface causes 

formation of bad SEI. 
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Fig. 1.9: (a) Diagrammatic representation of SEI formation, and (b) the reaction mechanism of 

SEI formation (Adopted from Ref. [330]) 

In graphite and Si anodes, SEI formation causes loss in capacity of about 25-

50%, called as irreversible capacity. An efficient, stable SEI stabilizes the electrode 

surface and helps in good cycle life of the battery, avoiding additional decomposition 

of electrolyte in succeeding cycles although allowing migration of Li+ through the 

electrode/electrolyte interface. The development of a surface layer (SEI) is also 

observed in cathodes, but in contrast to anodes, the decomposition of the electrolyte 

takes place not only in first charge-discharge cycle but electrolyte decomposition 

happens even in successive cycles at high operating voltages >4 V, resulting in a 

thicker SEI which stops the electronic and ionic conduction, resulting in cell failure. 
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1.7. Scope and Objectives of the Thesis 

US Department of Energy (DOE) year 2022 goals to develop next generation lithium 

ion batteries (LIBs) that have high energy density (300-400 Wh kg-1) which enable a 

large market penetration of hybrid and electric vehicles (HEVs and EVs) [330]. 

Besides, the LIBs should have reduced cost, improved safety and cycle life. State-of-

art LIBs use transition metal (TM, such as Ni, Mn, Co) oxide (LCO, NMC-3332 or 

LiNi0.8Co0.15Al0.15O2) or olivines (LFP, LMP), spinels (LiMn2O4, LiNi0.5Mn1.5O4 

(NMS) based cathodes and graphitic carbon as anode [326]. The nominal capacity of 

most of these cathodes are in the range of 120-180 mAh g-1 when cycled up to 4.2 V, 

is only half the specific capacity of graphite anode (theoretical capacity = 372 mAh g-

1) [321]. Thus, there has been an intense research activity during the last decade to 

develop high capacity-high voltage or high energy cathodes for LIBs. LMR-NMC 

cathodes which has almost double the capacity (372 mAh g-1 for 1.2 Li transfer) of 

currently available cathodes have been investigated as a promising cathode material 

for LIBs [312-318]. To get high capacity from LMR-NMC, the material need to be 

electrochemically cycled above 4.4 V. During high voltage cycling (> 4.4 V), oxygen 

release takes place from Li2MnO3 component in the form of Li2O and MnO2 which 

causes interfacial instability of LMR-NMC electrode. The major issue of LMR- NMC 

is voltage decay mostly due to structural transformation of layered to the spinel 

structure. An improved interfacial stability, capacity retention and rate performance 

of LMR-NMC can be achieved by surface coatings such as metal oxides like Al2O3, 

ZrO2, TiO2 etc., metal phosphate coatings (AlPO4, LiFePO4 etc.), and solid electrolyte 

coating like lithium phosphorous oxynitrides or blending with another cathode 

material [325]. But voltage fade is not properly addressed by these surface coatings 

or blendings.  

To enhance the performance of anodes which meet the requirement of the 

automotive industry, researchers have been investigating materials which form alloys 

with lithium to generate anodes that have specific capacities in an order of magnitude 

higher than graphite. Silicon is an attractive anode material for Li-ion batteries mainly 

because of its very high theoretical charge capacity of 4200 mAh g-1 (Li4.4Si) [311, 

316]. But silicon has various issues of low electronic and ionic conductivity and most 
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important one is high volume change of ~400% during lithiation and delithiation 

leading to structural degradation (pulverization) followed by capacity fade and 

reduced cycle life.  

Thus, there has been an intense research to mitigate volume change during 

cycling, such as producing Si-NPs, aligned Si-nanowires/nanotubes, dispersing 

silicon into an active (such as carbon) /inactive (Eg. SiO2) matrix, silicon based thin 

films, free standing Si-C electrodes and different morphologies of silicon. Taking 

benefit of high conductivity of carbon and high capacity silicon, recent reports 

demonstrated carbon-silicon nanocomposites can circumvent the issues associated 

with silicon and improve the overall electrochemical performance of Si-anode for Li-

ion batteries.  

So current research emphasis is given to develop high energy density Li-ion 

batteries through high capacity-high voltage cathodes, high voltage electrolytes and 

high capacity anodes. 

The studies reported in the present thesis are confined to develop high energy 

density LMR-NMC based cathodes with minimized voltage decay, coupled with high 

capacity silicon anodes for increasing energy density in LIBs. 

1.7.1. The present study 

From the above review of literature on the cathode, anode materials for lithium-ion 

batteries (Chapter 1), it is clear that next generation LIBs can have double the energy 

and power density of the currently available LIBs with reduced cost and improved 

safety. With this background, Chapters 2 of the thesis is an attempt to evaluate energy 

and power density of currently available LIBs with respect to C rate and temperature. 

Chapter 3-5 comprise studies on development of LMR-NMC cathode materials with 

improved energy density. Chapter 6-7 deals with development of Si anode material 

for the next generation LIBs.  

LIBs operating at high-low temperatures and high C rates pose a technical 

barrier for operating hybrid and electric vehicles is due to substantial reduction in 

energy and power. Chapter 2 explains simultaneous effect of temperature and C rate 

on state-of-health, power and energy density of LIBs. Ragone charts are developed on 
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LIBs based on LiCoO2 cathode and graphite anode chemistry at various temperatures 

between -20 and 55 oC and C rates (C/5-10C). The “Energy-Power Index” (EPI) (%) 

vs. T profile shows a linear increase from -10 C to 25 C and then it makes a semi-

plateau between 25 C and 55 C. Besides, for the optimum performance of LIBs 

operating at low temperatures, low C-rate application is most preferable. 

Chapter 3 describes an effort to improve capacity retention, C rate 

performance and energy density of LMR-NMC by 3D electrode architecture and LiF 

coating (F- anion doping). LMR-NMC is synthesized by solution combustion method 

followed by LiF coating onto LMR-NMC by solid state synthesis. The fluorine doped 

cathodes deliver high capacity of ~300 mAh g-1 at C/10 rate (10-20% greater than the 

pristine LMR-NMC cathodes), have high discharge voltage plateau (> 0.25 V ) and 

low charge voltage plateau (0.2 to 0.4 V) compared to pristine LMR-NMC cathodes. 

Besides, irreversible capacity, voltage fade and capacity loss are significantly reduced 

in-relation to the pristine LMR-NMC electrodes. LiF coating onto LMR-NMC, 

partially replaces M-O bonds of the material by M-F bonds, thus increasing the 

interfacial and structural stability. The Chapter also describes possible replacement of 

aluminium current collector with 3D carbon fiber current collector which delivers 

high capacity of >200 mAh g-1 at 1C rate, with good capacity retentions for over 200 

cycles.  

In order to improve the voltage fade in LMR-NMC an attempt is made with 

both cation (Mg2+) and anion dopings (F-) is described in Chapter 4. Mg-doped LMR-

NMC (Li1.2Ni0.15-xMgxMn0.55Co0.1O2) is synthesized by combustion method followed 

by fluorine doping by solid state synthesis is investigated as a promising cathode 

material for LIBs. In this approach, we substituted the Ni2+ by Mg2+ in varying mole 

percentages (x = 0.02, 0.05, 0.08) and partly oxygen by fluorine (LiF: LMR-NMC= 

1:50 wt. %). The synergistic effect of both magnesium and fluorine substitution on 

electrochemical performance of LMR-NMC is studied by electrochemical impedance 

spectroscopy and galvanostatic-charge-discharge cycling. Mg-F doped LMR-NMC 

(Mg-0.02 mole) composite cathodes shows excellent discharge capacity of ~300 mAh 

g-1 at C/20 rate whereas pristine LMR-NMC shows the initial capacity around 250 

mAh g-1 in the voltage range between 2.5 and 4.7 V. Mg-F doped LMR-NMC shows 
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lesser Ohmic and charge transfer resistance, cycles well and delivers a stable high 

capacity of ~280 mAh g-1 at C/10 rate. The voltage decay which is the major issue of 

LMR-NMC is minimized in Mg-F doped LMR-NMC compared to pristine LMR-

NMC.  

Chapter 5 describes another approach of improving energy density, C rate 

performance of LMR-NMC material by blending with carbon coated LiMnPO4 

(CLMP) using mechanical milling. The presence of the CLMP provides interfacial 

stability under high current (rate) and voltage cycling conditions and thereby improves 

the energy loss over cycle life in relation to the pristine LMR-NMC. Blended 

composite electrodes show stable reversible capacities of >225 mAh g-1 in the voltage 

window of 2.5 to 4.7 V for more than 200 cycles, and shows improvements in the rate 

performance, reduction in irreversible capacity loss and Mn dissolution than the 

pristine LMR-NMC composite electrode. We characterize the details of 

electrochemical performance studies to understand the role of CLMP in improving 

the interfacial stability at the interface.  

The studies based on LMR-NMC cathodes opens a possibility for cathode 

material which has almost double the capacity of currently used cathodes, can be a 

possible substitute cathode for LIBs used in electric vehicles. 

To enhance the electrochemical performance of Silicon anodes we 

demonstrate two electrode architectures for LIBs which are described in Chapter 6 

and 7. Chapter 6 presents binder and conducting additive free Silicon nanoparticles 

(Si-NPs) as anodes for LIBs. The Si-NPs are pressure embedded onto copper (Cu) foil 

current collector without using any organic binder or conductive carbon additive. 

Binder-free Si-NP electrodes exhibit an initial reversible capacity of 950 mAh g-1 at 

C/10 rate and more than 650 mAh g-1 during 500 cycles at 1C rate. The electrodes 

show excellent rate capability (800 mAh g-1 at 5C rate) and cycling stability, because 

of available free space for volume change during cycling of silicon NPs without 

pulverization. The binder-free anode fabrication enables Si-NPs to obtain the real 

capacity of silicon without any interference of capacity contribution from composite 

materials. 
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Organic binder and conducting diluent free Silicon- Carbon 3D free standing 

electrodes as anodes for LIBs are described in Chapter 7. Si-NPs are synthesized by 

magensiothermic reduction in Chapter VI are used as active mass along with carbons 

derived from petroleum pitch (P-Pitch) onto 3D carbon fiber (CF) current collector. 

Highly conductive CFs of 5-10 µm in diameter have been used to replace a 

conventional Cu foil current collector. We demonstrate here P-Pitch which adequately 

coat between the CFs and Si-NPs above 700 °C under Argon atmosphere. P-Pitch 

makes uniform continuous layer of 10-15 nm thick coating along the exterior surfaces 

of Si-NPs. Capacities in excess of 2200-2050 mAh g-1 (at C/10) for 100s cycles at 900 

and 1000 °C, respectively have been achieved in half cell configuration. Synergistic 

effect of carbon coating and 3D carbon fiber electrode architecture improves the 

efficiency of the Si-C composite during long cycling at 1000 °C. This is because 

silicon-carbon nanocomposites can accommodate huge strain with reduced 

pulverization, provide good electronic contact, and exhibit short diffusion path for 

lithium ion insertion. The usual organic binder and current collector can be replaced 

by a high temperature binder of carbonized P-pitch and CFs, respectively. Together 

these replacements increase the specific energy density and energy per unit area of the 

electrode. Full cells based on LMR-NMC cathodes and Si-C composite free standing 

electrodes deliver an energy density of 530 Wh kg-1, which is almost double the 

energy density of currently available LIBs. 
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Chapter 2 

 

Effect of Temperature and C rate on 

“Ragone Plots” of Lithium-Ion 

Batteries 

 

 

2.1. Abstract 

Lithium-ion batteries operating at high-low temperatures and high C rates pose a 

technical barrier for operating hybrid and electric vehicles due to substantial reduction 

in energy and power. This Chapter explains simultaneous effect of temperature and C 

rate on state-of-health, power and energy density of LIBs. Ragone charts are 

developed on LIBs based on LiCoO2 cathode and graphite anode chemistry at various 

temperatures between -20 and 55 oC, and C rates (C/5-10C). To account for varying 

power and temperature Ragone isotherms are integrated over the power range yielding 

a functional Integrated Energy-Power (√∫ 𝐸(𝑃)𝑑𝑃
𝑃

∣𝑇

2

) . The ratio of integrated 

areas at various temperatures to 25 C gives the “Energy-Power Index” (EPI) (%). 

The EPI vs. T profile shows a linear increase between -10 C and 25 C then it makes 

a semi-plateau between 25 C and 55 C. Besides, for the optimum performance of 

LIBs operating at low temperatures, low C-rate application is most preferable. 
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2.2. Background and Motivation 

The LIBs should have high energy density (E.D.) and power density (P.D.) to be used 

in hybrid and electric vehicles [1-7]. The E.D. is influenced by capacity and voltage 

of the battery. The E.D. and P.D. are inversely related. An ideal battery should have 

high E.D. and P.D. and should not be influenced by climatic conditions and the rate 

at which battery is cycled. The application of LIBs are limited because the 

electrochemical performance of the batteries are temperature dependent [8-19]. There 

are different climatic conditions in different parts of world where the temperature is 

lower or higher than ambient temperature (25 oC) [8-19]. There are many reports 

which states that operating LIBs at ambient temperature show excellent 

electrochemical performance compared to lower or higher temperatures [8-19]. 

Viscosity of carbonate based electrolytes (particularly ethylene carbonate (EC)), 

changes at low temperatures, leading to sluggish ion transport, promote high 

concentration polarization, yielding depleted electrolyte areas that could cause higher 

cell impedances and can lead to formation of EC-rich solid phases [12,15, 19, 20]. 

Besides, at low temperature polymeric components within the cell tend to become 

brittle [21]. The active electrodes materials tend to fall apart due to binder. All these 

factors lead to reduction in cell capacity and lifetime of the battery at low 

temperatures. At high temperatures, side reactions occur much faster, so battery 

degrades much earlier. Heating could cause thermal runaway of the cell and lead to 

flame or explosion [11, 17-18]. The life, energy and power density of LIBs decreases 

when operated at low or high ambient temperatures. Besides, under high C rate 

operations, the cell capacity decrease is due to fast local depletion of Li-ions in the 

electrolyte at the interface of electrode active materials and electrolyte by the EC 

reaction [19, 20, 22].  

In overall, the major factors controlling the nominal energy of a battery are: i) 

state of health (SOH), ii) temperature, and iii) the drain power. SOH accounts for the 

ageing of the cell components including electrochemically active materials (anode, 

cathode, and electrolyte) [23] and inactive materials (separator, metal sheet substrates, 

electrode binder, additives, gasket, seals etc.) [24]. Ageing adversely affects the 

lithium storage capability of electrode materials owing to crystal structure degradation 
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[25] and to inter-particles electrical disconnection [24]. Ageing also decreases the 

electrolyte conductivity leading to increased overall cell Ohmic resistance [26-29].  

SOH is usually determined from the cell’ discharge profile at a well-defined 

temperature and discharge rate. The integration of the discharge curve (voltage vs. 

time or vs. capacity) gives the energy provided by the cell. The energy of an aged cell 

is related to that of a fresh under the same discharge rate to yield the SOH (usually 

given in %).  

Besides, temperature plays a major role in the cell energy density and power 

density. LIB discharge reaction is exothermic in nature (enthalpy variation H<0) 

[30]. Therefore, the amount of energy should decrease as temperature increases. On 

the other hand, the lithium ions diffusion in anode and cathode materials and their 

mobility in the electrolyte are thermally activated processes. This implies that within 

the range of the cell’ thermal stability the rate of charge and discharge should increase 

with temperature [31-32]. In general, the temperature dependence of energy has a bell 

shape starting with an increase up to a maximum and then decreases with temperature 

[33]. 

The charge and discharge rates also play a major role in the cell’s performance 

[34-35]. In fact, by increasing the rate, increases the anode and cathode polarization 

together with the Ohmic effect. Accordingly, with higher current rates the charge and 

discharge voltage limits are reached faster resulting in cell not being fully charged and 

fully discharged. This reduces the energy density and the charge-discharge cycle 

coulombic and energy efficiency. There is also a Joule effect which increases with the 

charge and discharge rate and at low temperatures leading to cell' heating [36]. 

Hence, there is an intense need to understand the change in electrochemical 

performance of the LIBs with change in temperature and rate so that we can find the 

minimum threshold temperature and rate for optimized performance of the battery. 

Moreover, we can find the temperature where the performance is poor which helps in 

taking proper precautions for normal running of battery.  

The energy vs. power "Ragone plots" [37-38] are convenient charts for 

comparing the energy and power densities of various energy storage devices and 

predicting the energy output under a well-defined power drain [39]. Ragone plots are 



74 
 

usually achieved by discharging a fully charged cell (or battery pack) under a constant 

power and by integrating the voltage over the discharge capacity (Ah) to get energy. 

The power (P) and energy (E) are related to the total mass or volume of the battery 

(W/kg or W/L and Wh/kg or Wh/L, respectively), which makes it possible to compare 

different battery systems as E vs. P or P vs. E charts. 

In this chapter, we explain the change of energy and power densities of real 

lithium ion cells with change in temperature and C-rate by using Ragone plots [37-

38]. In this study, lithium ion cells based on LiCoO2 cathode and graphite anode 

initially fully charged at the ambient temperature (~25 °C) are discharged isothermally 

between -20 °C and 55 °C at different C-rates (C/5 to 10C). This enables Ragone plots 

to be achieved at different temperatures. To account for temperatures and rates 

variables we introduce a new metrics; the Power Energy Index (PEI). PEI (in %) is 

defined as the ratio of the root squared integrated area under the Ragone profile 

achieved at temperature T vs. the same at 25 ºC. The PEI vs. T profile shows a linear 

increase and semi-plateau. This feature is discussed in terms of trade-off between 

temperature effects on the thermodynamics and the kinetics of LIB.  

2.3. Experimental 

2.3.1. Structural and physical characterizations of electrode materials 

The Powder XRD measurements were performed by using an X’Pert Pro 

diffractometer (The Netherlands) (reflection  geometry, Cu K radiation, 

receiving slit of 0.2 mm, scintillation counter, 30 mA, 40 kV). The diffraction data 

were collected at 0.02 step widths over a 2 range from 10 to 700. The surface 

morphologies of the composite powders were further measured by scanning electron 

microscope (Carle Zeiss Supra 40VP field emission scanning electron microscope) 

and compositions of cathodes by energy dispersive analysis of X-rays (EDAX) 

systems from Oxford instruments (UK).  

2.3.2. Electrochemical characterizations  

Two batches of six identical 700 mAh commercial lithium-ion cylindrical cells, 

comprised of graphite anode and LiCoO2 cathode are used for testing (as shown in 

Fig. 2.1) in the present study. The dimensions of cylindrical lithium ion cells are 4.4 
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cm (length) X 1.25 cm (diameter), having average weight of 12.125 g. The nominal 

voltage and capacity of cylindrical cells are 3.7 V and 700 mAh, respectively. The 

lithium ion cells are cycled between 2.5 V to 4.2 V at different temperatures (-20 oC,-

10 oC, 0 oC, 10 oC, 25 oC, 35 oC, 45 oC and 55 oC) by using an environment chamber 

(Weiss Technik, UK). Each lithium ion cells were cycled at a particular C rate (C/5, 

C/2, 1C, 2C, 5C and 10C) at varying temperatures (mentioned above) using Arbin 

battery cycler (Arbin BT2000 – Battery Test Equipment, USA). Charging was carried 

out using CC-CV protocols till the current decreases to C/25 followed by discharging 

at CC. The obtained data are plotted by using Origin software. The energy density and 

power density are derived from voltage vs. capacity curves which are shown 

pictorially. The schematic of experimental part is shown in Fig. 2.1 for better 

understanding. 

 

 

 

 

 

Fig. 2.1: Photograph of 700 mAh lithium ion cells used for electrochemical testing at different C 

rates and different temperatures 
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Fig. 2.2: Schematic of the experimental of 3.7V/ 700 mAh lithium-ion cells cycled at different C 

rates and different temperatures for calculating integrated energy density and power density 

2.4. Results and Discussion 

2.4.1. Electrode materials characterization  

In order to know the exact chemistry of the electrodes used in lithium ion cells, the 

cells were disassembled, materials are collected by washing several times with 

dimethyl carbonate solution, dried and structural, physical properties of the electrodes 

are determined by XRD, SEM and EDAX. Fig. 2.3(a) shows XRD patterns of the 

LiCoO2 layered materials, indexed by a hexagonal lattice structure of NaFeO2, 

space group 166, mR3 . XRD results confirms no impurities in the cathode material. 

The SEM image presented in Fig. 2.3(b-c) indicates LiCoO2 have multifaceted 

morphologies having particle sizes in the range of 1 µm. Small particles are belonging 

to the additives such as carbon black and polyvinylidene fluoride binder. Elemental 

analysis of cathode by EDAX (Fig. 2.3(c)) shows that it has consistent atomic % of 
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cobalt and oxygen corresponding to LiCoO2. The XRD pattern shown in Fig. 2.3(d) 

shows a characteristic (002) peak at 2θ = 26.7o corresponds to graphite.  

 

 

 

 

 

Fig. 2. 3: (a) XRD patterns, (b) SEM image, (c) EDAX analysis of composite LiCoO2
 cathode; and 

(d) XRD patterns of graphite anode 

 

2.4.2. Isothermal discharge profiles 

 

The voltage vs. discharge capacity profiles at different C rates and at same 

temperatures between -20 and +55oC are shown in Fig. 2.4(a-h) and discharge 

capacity values are presented in Table 2.1. From Fig. 2.4(a-h) and discharge capacity 

values presented in Table 1 clearly indicates that similar capacities close to 700 mAh 

are obtained at low (C/5) to high C rates of 2C between 55 and -10 oC (highlighted in 

Table 2.1). However, the energy density and power densities are not same at all rates 

and temperatures. This clearly indicates the electrochemical performance of lithium 
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ion cells are rate and temperature limited. There is voltage decay or voltage dip similar 

to coup-de-fouet that observed in lead-acid batteries at high C rates and/or all low 

temperatures result in decrease in energy and power density. A voltage delay is 

observed at the beginning of discharge as temperature decreases and rate increases 

such as at 0 °C, 10C-rate, -10 °C, 5C and 10C and at -20 °C almost all C-rates. A 

voltage delay at early discharge may be due to cell' polarization due to sluggish 

electrode kinetics and lithium ion mobility in the electrolyte. Due to higher Ohmic 

and ionic resistances temperature increases locally which affects the kinetics 

therefore, reducing the cell's overpotential, which in turn converts to enhance 

discharge voltage. At low temperature of -20 oC, the cells perform poorly at C/5, C/2 

and high rates of 5C and 10C. At low temperature of -20 oC, cells have slow Li ion 

diffusion in anode [40-41] and cathode [42-43] and to lower electrolyte conductivity 

which lead to initial voltage dip. The increase in capacities at moderates C rates of 1C 

and 2C at -20 oC, after coup-de-fouet, could be due to the Joule heating. At high C 

rates of 5C and 10 C at -20 oC, the coup-de-fouet phenomena is not observed as the 

voltage drops below cut-off voltage of 2.5 V in fraction of seconds. Consequently the 

cells do not deliver any capacity at high C rates of 5C and 10 C at -20 oC. 
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Fig. 2.4: The voltage vs. discharge capacity profiles for lithium ion cells cycled at different C rates 

(as indicated), at same temperatures (a) 55 oC, (b) 45 oC, (c) 35 oC, (d) 25 oC, (e) 10 oC, (f) 0 oC, 

(g) -10 oC, and (h) -20 oC 
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Table 2.1: Summary of discharge capacities for lithium ion cells cycled at different C rates (as 

indicated), at same temperatures (55 oC, 45 oC, 35 oC, 25 oC, 10 oC, 0 oC, -10 oC and -20 oC 

 

2.4.3. Galvanostatic discharge profiles 

Voltage vs. discharge capacity profiles for the 3.7 V/700 mAh lithium ion cells, each 

cycled at same rate (a) C/5, (b) C/2, (c) 1C, (d) 2C, (e) 5C, (f) 10C, and different 

temperatures between 55 and -10 oC are shown in the Fig. 2.5 and corresponding 

discharge capacities in Table 2.2. From Fig. 2.5 and Table 2.2 it is again very clear 

that the cell capacities are almost identical at same rate and different temperatures 

between 55 and -10 oC, except for -20 oC. Further, at C/5 rate, the energy density of 

all the cells cycled at different temperatures is almost similar (voltage profiles are 

similar) and performance starts declining slowly at C/2 rate depending on temperature 

and the decay in energy density is significant at higher rates (1C and higher) and is 

maximum at lower temperatures. The performance limitations at high-rates of >1C 

during discharge is essentially due to the cell overpotential of anode and cathode 

polarization and Ohmic drops [12, 15, 19, 20]. Accordingly, the cut-off voltage of 2.5 

V is reached before the cell is fully discharged, which translates to lower energy 

density. From the Figs. 2.4-5 and Table 1-2, it can be concluded that the rate and 

temperature at which lithium ion cells are discharged show cumulative effects on the 

Temperatu

re (oC) → 

55 45 35 25 10 0 -10 -20 

Rate ↓ Capacity (Ah) 

C/5 0.704 0.705 0.706 0.714 0.706 0.705 0.704 0.257 

C/2 0.709 0.709 0.7 0.6911 0.718 0.708 0.706 0.382 

1C 0.684 0.709 0.709 0.708 0.709 0.682 0.706 0.570 

2C 0.691 0.706 0.7 0.697 0.706 0.703 0.698 0.680 

5C 0.673 0.695 0.689 0.688 0.695 0.687 0.681 - 

10C 0.642 0.662 0.655 0.672 0.694 0.682 0.666 - 
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electrochemical performance. The discharge voltage of cells decreases with the 

decreasing of temperature and increasing discharge rate. 

 

 

 

 

Fig. 2.5: Voltage vs. discharge capacity profiles for the 700 mAh cells, each cycled at same rate 

(a) C/5, (b) C/2, (c) 1C, (d) 2C, (e) 5C, (f) 10C, and different temperature as shown in the figure 
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Table 2. 2: The parameters obtained from the voltage vs. discharge capacity profiles for the 700 mAh, 

each cycled at same rate: a) C/5, (b) C/2, (c) 1C, (d) 2C, (e) 5C, and (f) 10C at different temperatures  

 

 

2.4.4. Ragone plots and Power-Energy Index (PEI) 

In order to analyze the change in energy and power densities of lithium ion cells, with 

respect to temperature and C-rate, it is essential to have all the parameters in single 

Ragone plot. Ragone chart of lithium ion cells discharged at different C rates and 

temperatures are shown in Fig. 2.6. It is evident from Ragone chart that the cells 

cycled at high C rates have low energy density and cells discharged at lower 

temperatures show less efficiency in terms of energy compared to lithium ion cells 

cycled at high temperatures. As the temperature increases, there is an increase in 

efficiency of lithium ion cells. Moreover, there is no change in power density (Fig. 

2.6.) with change in temperature which illustrates that power density of lithium ion 

Rate → C/5 C/2 1C 2C 5C 10C 

Temperature 

(oC) ↓ 

Capacity 

(Ah) 

Capacity 

(Ah) 

Capacity 

(Ah) 

Capacity 

(Ah) 

Capacity 

(Ah) 

Capacity 

(Ah) 

55 0.706 0.709 0.709 0.706 0.695 0.662 

45 0.7 0.7 0.682 0.7 0.69 0.655 

35 0.714 0.711 0.706 0.697 0.688 0.672 

25 0.706 0.709 0.709 0. 706 0.695 0.694 

10 0.705 0.708 0.708 0.703 0.687 0.682 

0 0.704 0.706 0.703 0.698 0.681 0.664 

-10 0.694 0.691 0.685 0.691 0.673 0.642 

-20 0.257 0.382 0.57 0.68 - - 
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cells is independent of its operating temperature. Power fade in general is not because 

of operating temperature but mostly results from cycling because of surface 

passivation films of electrolyte decomposition products [8]. 

 

 

Fig. 2. 6: Ragone chart of lithium ion cells cycled at C rates and temperatures (as indicated) 

The Ragone charts obtained at 25 oC, 35 oC, 45 oC and 55 oC are very close 

which is making it difficult to differentiate their efficiencies. In these temperatures, 

the cells energy output is almost stable. This should be assigned to opposite effects as 

temperature increases; an increase in electrode kinetics and electrolyte conductivity 

on one hand and a decrease in electrode utilization rate due to the overall exothermic 

character of discharge reaction.  

In order to account for the cell energy performance over the whole power 

range we introduce the integrated power energy (IPE) function. IPE is achieved by 

integrating the Ragone charts. And individual integrated energy or integrated power 

are obtained by taking the square root of the obtained integrated values in Eq. 2.1 
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followed by multiplying or dividing by time 1 hour to convert to energy density and 

to power density as IPE is expressed in 𝑊ℎ
1

2𝑘𝑔−1. 

𝐼𝑃𝐸(𝑇) = √∫ 𝐸(𝑃)𝑑𝑃
𝑃

∣𝑇  
2

              (Eq. 2.1) 

The values are converted to percentages by considering the value obtained at 25 oC as 

standard or 100%. The detailed calculation structure is presented in scheme 2.1. 

 

Scheme 2.1: Details of IPE calculation from Ragone plot 

To normalize IPE data, we use the power energy index (PEI) where the 

obtained square root integrated values are converted to percentages by considering the 

value obtained at 25 oC as standard or 100% as shown in Eq. 2.2. 

𝑃𝐸𝐼(𝑇) = 100√
∫ 𝐸(𝑃)𝑑𝑃𝑃 ∣𝑇

∫ 𝐸(𝑃)𝑑𝑃𝑃 ∣
25

 °
C 

                (Eq. 2.2) 

PEI or normalized electrochemical performance of lithium ion cells presented in Fig. 

2.7 increases linearly from -10 oC to 25 oC then PEI stabilizes between 25 oC and 55 

oC. Table 2.3 summarize the PEI and EPI data.  

The low efficiency of the lithium ion cells at low temperatures is due to 

reduced electrolyte conductivity and lithium ion diffusivity. As temperature increases 

up to 25 oC the PEI increases linearly mostly due to improved lithium ion transport 

kinetics. Then the PEI increase and becomes almost negligible above 25 oC. The 

specific cell chemistry based on graphite anode and LiCoO2 cathode operating cells 

ambient temperature should yield the best in terms of power and energy together with 

cycle life. In fact it is established that as operating temperature increases the cycle life 

decreases due to enhanced electrode and electrolyte degradation. Noteworthy is the 

good performance of these cells over wide ranges of temperatures and discharge rates 
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provided charging is performed at the ambient temperature and under relatively low 

rates. 

In overall, on operating lithium ion cells at higher temperatures there is little 

improvement in efficiency but life time reduces significantly which limits its 

applications under different climatic conditions. So there is an intense need of 

development of lithium ion cells which sustain at higher and lower temperatures and 

shows enhanced efficiency through new electrode materials, electrolytes or electrolyte 

additives or novel separators. 

 

Fig. 2. 7: Conversion of energy and power density into (a) integrated power -energy, (b) % of 

power –energy index w.r.t. temperature 

 

Table 2. 3: IPE values of lithium-ion cells w.r.t. temperatures and corresponding PEI values in 

percentages 

Temperature (0C)      IPE (Wh kg-1) or W kg-1) PEI (%) 

                  -10                 554.4 93.34 

                     0                 571.09 96.15 

                   10                 579.3 97.49 

                   25                 594.2 100 

                   35                 591.7 99.85 

                   45                 594.3 100.06 

                   55                 597.1 100.47 

 

2.5. Conclusions 

The discharge temperature and C-rate have great influence on the performance of 

graphite/LCO lithium ion battery. Using integrated energy vs. power function and 

normalizing data to a new Power-Energy Index 'PEI' we show that PEI increases 



86 
 

linearly with temperature up to 25 oC and remain almost constant between 25 oC and 

55 oC. This suggests that operating these cells close to 25 oC should provide the best 

trade-off between energy storage performances and cycle life. An increase in PEI with 

temperature is expected as at low temperatures the performance is controlled by the 

cell reaction kinetics and by the electrolyte conductivity. The fact that PEI stabilizes 

above 25 oC is less expected and denotes a tradeoff between the cell reaction kinetics 

and thermodynamics, which are respectively favorable and unfavorable to the overall 

energy output. 

A decrease in energy density at low temperatures and high rates is mainly due 

to a decay in discharge voltage rather than discharge capacity. At low temperatures 

and high rates cells show a voltage delay perhaps due to local heat due to Joule effect. 

It is also observed that for the optimum performance of the LIBs at low 

temperatures, low C-rate applications are most preferable. Either the temperature is 

too high or too low will result in low electrochemical performance, which means that 

the life of LIBs will not reach as expected. Consequently, in order to improve the 

battery performance for practical applications, the LIBs should be heated at low 

temperature and cooled at high temperature. More work is needed to understand the 

effect of the cell chemistry and the state of health on the PEI. 

The Ragone chart presented in this chapter of same LIB chemistry but 

different temperatures and rates act as guide for the usage of batteries for different 

temperature and C rate applications. Moreover, the chart guide us in improving the 

electrochemical performance of the LIBs at the temperatures where the battery 

performance is very poor. 
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Chapter 3 
 

Study of High Energy Density Li-Mn 

Rich (LMR) Ni-Mn-Co Oxide (NMC) 

Cathodes for Lithium-Ion Batteries 

through 3D Electrode Architecture and 

LiF Coating  

 

3.1. Abstract 

This Chapter describes synthesis of Li-Mn Rich (LMR) Ni-Mn-Co Oxide (NMC) 

cathodes  such as Li1.2Ni0.15Mn0.55Co0.1O2 (here after LMR-NMC) by solution 

combustion method followed by LiF coating onto LMR-NMC by solid state synthesis. 

The electrochemical performance of the pristine LMR-NMC and corresponding F-

doped (LiF coated) samples as cathodes for LIBs are investigated by galvanostatic 

charge-discharge cycling and impedance spectroscopy. The fluorine doped cathodes 

deliver high capacity of ~300 mAh g-1 at C/10 rate (10-20% greater than the pristine 

LMR-NMC cathodes), have high discharge voltage plateau (> 0.25 V ) and low charge 

voltage plateau (0.2 to 0.4 V) compared to pristine LMR-NMC cathodes. Beside, 

irreversible capacity, voltage fade, capacity loss are significantly reduced in-relation 

to the pristine LMR-NMC electrodes. LiF coating onto LMR-NMC, partially replaces 

M-O bonds of the material by M-F bonds, thus increasing the interfacial and structural 

stability. Besides, in order to improve the electronic conductivity and complete 

utilization of the active materials, this Chapter also describes a possible replacement 

of aluminium current collector with 3D carbon fiber current collector. The 3D 
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electrode architecture of LMR-NMC delivers high capacity of >200 mAh g-1 at 1C 

rate, good capacity retentions for over 200 cycles. The study opens a possibility for 

LMR-NMC cathode material which has almost double the capacity of currently used 

cathodes, and can be a possible substitute cathode for LIBs used in electric vehicles. 

3.2. Background and Motivation  

The current research in lithium based batteries are focused to achieve high 

energy density batteries with reduced cost and improved safety [1-4]. State-of-

art LIBs use transition metal (TM, such as Ni, Mn and Co) oxide (LiCoO2, 

LiNi1/3Mn1/3Co1/3O2 or LiNi0.8Co0.15Al0.15O2) or olivines (LiFePO4, LiMnPO4, 

LiMn0.8Fe0.2PO4,LiCoPO4), spinels (LiMn2O4, LiNi0.5Mn1.5O4 (NMS) based 

cathodes and graphitic carbon as anode [1-20]. The nominal capacity of most 

of these cathodes are in the range of 120-180 mAh g-1 when cycled up to 4.2 V, 

is only half the specific capacity of graphite anode (Theoretical capacity = 372 

mAh g-1) [1-4, 18-20]. The issues of low energy density cathode materials and 

high energy density but highly unstable batteries (Li-S, Li-Air systems), limits 

the application of LIBs in electric vehicles [22-23]. Thus, there has been an 

intense research activity during the last decade to develop high capacity-high 

voltage or high energy cathodes for LIBs. Lithium and manganese rich 

transition metal oxides such as Li1.2Ni0.15Mn0.55Co0.1O2 (LMR-NMC) has 

almost double the capacity of layered TM oxides, and is one of the stable, 

sustainable high energy cathode material which have suitable properties to use 

in the electric vehicles (Specific capacity – 372 mAh g-1 corresponding to 1.2 

Li insertion/de-insertion and energy density ~1000 Wh kg-1) [23-36]. To get 

high capacity from LMR-NMC, the material need to be electrochemically 

cycled above 4.4 V. During high voltage cycling (>4.4 V), oxygen release takes 

place from Li2MnO3 component in the form of Li2O and MnO2 which causes 

interfacial instability of LMR-NMC electrode [30]. Besides, oxygen release 

causes large irreversible capacity loss of about 50–100 mAh g−1 in the first 

cycle. The major issue of LMR-NMC is voltage decay mostly due to structural 

transformation of layered to the spinel structure [10-13]. The structural change 

is associated with migration of transition metal ions to lithium layer during high 
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voltage cycling (>4.4 V). The migration takes place because of vacancies 

created by oxygen release as Li2O from Li2MnO3 component during high 

voltage cycling [23-30]. Because of migration, the layered structure slowly 

transforms to spinel during the course of cycling due to which there is decay in 

the voltage plateau from 3.7 V region to 2.8 V region which decreases the 

energy density [24-28, 31-33]. The interfacial instability can be minimized by 

surface coatings such as metal oxides like Al2O3, ZrO2, TiO2 etc., metal 

phosphate coatings like AlPO4, LiFePO4 etc. blending with another cathode 

material [33-45]. And solid electrolyte coating like LiPON improved the 

capacity retention and rate performance of LMR-NMC [33]. But voltage fade 

is not properly addressed by these surface coatings or blending. LMR-NMC 

suffers from poor cyclability (capacity retention), rate capability due to low 

electronic conductivity of LMR-NMC and deposition of thick SEI layer formed 

by a reaction of the cathode surface with the organic electrolytes at high voltage 

cyclings (>4.4 V) [46]. 

Besides, F-substitution or coating helps in the improvement of 

electrochemical performance at high cut-off voltages, improves thermal 

stability and reduces charge transfer resistance [47-48]. Many researchers have 

postulated that substituting oxygen by fluorine is highly advantageous method 

to improve electrochemical performance [49-50]. In the literature it has been 

demonstrated that both F-substituted layered cathode materials such as 

LiNi0.8Co0.1Mn0.1O2 and LiNi1/3Mn1/3Co1/3O2 delivered stable cycling 

performance and improved high rate capacity [50-51]. F-doping in 

LiNi0.5Mn1.5O4 (NMS) resulted in improvement of electrochemical 

performance like increase in initial capacity and high rate capability ~10 % and 

also shows better thermal stability [52]. Manganese dissolution is also reduced 

(~30 %), as electrode surface is less prone to HF attack. Generally 2-5 % of 

fluorine is recommended for best electrochemical performance. In overall, the 

effect of fluorine on enhanced electrochemical performance of Lithium TM 

oxide compounds was proposed to originate from a combination of following 

features [53]. These include (1) the physical properties like high tap density 
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(high volumetric energy density) [44], (2) enhanced cation ordering, (3) 

improved structural stability associated to the smaller c-axis variation during 

charge, and (4) in fluorine doped spinels, the presence of fluorine near the 

surface provides protection from HF attack at high voltages (~5 V) [52].  

To overcome the issues of interfacial instability (to improve cycle life, 

C rate performance, irreversible capacity and voltage decay or energy loss) in 

this Chapter, we present a method of LiF coating which stabilizes the interface 

and decreases the voltage fade. LiF coating prevents the electrode surface from 

direct contact of electrolyte thus reducing the electrolyte decomposed deposits 

on the surface, hence stabilizing the interface. Moreover, on coating and doping 

with LiF some of the M-O bonds are replaced by M-F bonds on the surface [47-

48, 53]. The M-F bond is stronger and thus stabilizes the structure during 

cycling. Partially O2- is replaced by F- on the surface of LMR-NMC and due to 

which the average oxidation state of the surface metal ions is slightly decreased 

which lead to decrease in charge potential thus minimizing the electrolyte 

decomposition and delivering better electrochemical performance. There are 

similar reports that LaF3 and AlF3 coatings also enhances electrochemical 

performance of LiMn2O4, NMC respectively [54-55]. Besides, it is also reported 

that Al foil coated with porous layered cathodes of LiNi0.8Co0.15Al0.5O2 (NCA) 

is susceptible to undergo corrosion in 3:7 ratio of ethylene carbonate (EC) and 

ethyl methyl carbonate (EMC) with 1.2 M LiPF6 which is significantly 

contributing to the capacity fade of the battery [56]. So to avoid capacity and 

power fade due to corrosion of Al-foil, we made an attempt to replace Al-foil 

by highly conductive, corrosion resistant non-graphitic carbon fibers (CFs) of 

~10 micro meter in diameter. The cathode material disperses throughout the CF 

and thus making a good electronic contact with CF current collector and have 

high active material utilization which improves the energy density. 
 

3.3. Experimental 

3.3.1. Synthesis of LMR-NMC and F-LMR-NMC 

The LMR-NMC materials were synthesized by solution combustion method by 

taking stoichiometric amount of Li (NO3), Ni(NO3)2 6H2O, Mn(NO3)2 4H2O, 
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Co(NO3)2 6H2O (all chemicals are from Alfa Aesar, Chennai, India) as oxidants 

and glycine as fuel. The metal nitrates and glycine were dissolved in appropriate 

amount of water in a beaker, subsequently heated at 100 oC till viscous slurry 

was formed and placed it in a preheated furnace at 400 oC. Few minutes after 

keeping the material in the furnace at 400 oC auto ignition takes place forming 

amorphous LMR-NMC. The as prepared sample was kept at 400 oC for about 

30 min for complete removal of organics. Various weight ratios (100:1, 75:1, 

50:1, 25:1) of LMR-NMC and LiF were made by grinding in an agate mortar 

for about 30 min followed by annealing at 800 oC in an alumina crucible for 20 

hrs in air (Hereafter this product is termed as F-LMR-NMC). Similarly for 

comparison, pristine LMR-NMC (No LiF coatings) was prepared from 

amorphous LMR-NMC by annealing at 800 oC in an alumina crucible for 20 

hrs in air. 

 

3.3.2. Structural and physical characterization of LMR-NMC and F-LMR-

NMC 

The Powder XRD measurements on LMR-NMC and doped LMR-NMC were 

performed by using an X’Pert Pro diffractometer (Netherlands) (reflection  

geometry, Cu Kα radiation, receiving slit of 0.2 mm, scintillation counter, 30 

mA, 40 kV). The diffraction data were collected at 0.02 step widths over a 2θ 

range from 10 to 700. The structural parameters were refined by Rietveld 

refinement analysis that was performed using Full Prof Suite program. The 

surface morphology of the composite powders were further measured by 

scanning electron microscope (Carle Zeiss Supra 40vp field emission scanning 

electron microscope) and transmission electron microscopy (JEOL-JSM-700F) 

and compositions by energy dispersive X-ray microanalysis (EDAX) systems 

from Oxford instruments. It was further characterized by Raman spectroscopy 

using a micro Raman spectrometer HR800 (Jobin Yovn Horiba, France), with 

He-Ne laser (excitation line 632.8nm) and a microscope objective (50X, 

Olympus Mplan, 0.4 mm working, numerical aperture 0.75 in back scattering 

configuration). X-ray photoelectron spectroscopy (XPS) measurements were 
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carried out ESCA+, (Omicron nanotechnology, Oxford Instruments plc, 

Germany) equipped with monochromic AlKα (1486.6 eV) X-ray beam 

radiation operated at 15 kV and 20mA, binding energy was calibrated vs. 

carbon (C1s = 284.6 eV). For these measurements, the powder samples were 

transferred to the XPS device using a hermetically sealed unit, which contains 

a sample holder attached to a magnetic manipulator, and a gate valve. The 

spectra were deconvoluted using Gaussian functions based on Origin 8.0 

software.  

 

3.3.3. Electrode preparation and cell assembly 

The composite electrode comprised slurry of 82% active material, 10% carbon 

black (Timcal) and 8% PVdF (Kynar, Japan) in N methyl pyrrolidone (Aldrich), 

were coated on to Aluminum (>99.9%, Strem chemicals, Inc., US) and carbon 

fiber (Hollingsworth & Vose, USA) current collectors using doctor blade 

technique. The composite electrodes were dried under vacuum at 90 oC and 

punched into 1 cm diameter electrodes. The active masses of the electrodes are 

about 5 mg cm-2. Li foils (Alfa Aesar) were used as counter electrodes. 

Swagelok cells are assembled in an ultrahigh pure Argon (99.999%) filled glove 

box (M-braun, Germany). The moisture and oxygen content in the glove box 

were less than 0.1 ppm. The cells are assembled using composite electrodes 

comprising LMR-NMC, F-LMR-NMC (1:100, 1:50, 1:25) powder as active 

masses, Li-foils as counter and reference electrode, and polyethylene-

polypropylene trilayer separator (Celgard, Inc., Canada). The electrolyte was 

EC: DMC (1:2) / LiPF6 (1.2 M). The HF and H2O content in the electrolyte was 

less than 20 ppm. 

 

3.3.4. Electrochemical characterizations of LMR-NMC and F-LMR-NMC 

The electrochemical performance of the LMR-NMC and F-LMR-NMC 

composite electrodes were measured by using Solartron cell test system consists 

of 1470E multi-channel potentiostats and multiple 1455A series frequency 
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response analyzers (FRAs) (driven by Corrware and Z-Plot software from 

Scribner Associates) and Arbin battery cycler (Arbin BT2000 - Battery Test 

Equipment, USA). The impedance measurements were carried out in a 

frequency range between 1 MHz and 10 mHz in fully discharged condition 

(SoC 0) after 50 cycles at 3.1 V (2 hrs rest after discharging to 2.5 V). The 

charge-discharge cycling were carried out in the potential range between 2.5 V 

and 4.7 V using CC-CV protocol. All the experiments were carried out at 25 oC 

± 2 oC. 

 

3.4. Results and Discussion 

3.4.1. Structural characterization 

 

The diffraction pattern of the samples shown in the Fig. 3.1, are indexed based 

on α-NaFeO2 structure. Li1.2Ni0.15Mn0.55Co0.1O2 is a mixed composite of 

rhombohedral LiMO2 (Space group R3m) and monoclinic Li2MnO3 (space 

group C2/m) structure. The extra less intense peak between 20 – 23o belongs to 

monoclinic Li2MnO3 which formed due to ordering of Li and Mn in transition 

metal layer. In Fig. 1(a) - (d), it is observed that the relative integral intensity 

ratio of I(003) to I(104) peaks, are decreased from 1.28 for pristine to 0.98 for 

1:100, to 0.95 for 1:75, to 0.70 for 1:50, to  0.63325 for 1:25 wt. % LiF: LMR-

NMC. The decrease in the I(003) to I(104) peaks shows increase in cation 

mixing and the crystal structure becomes closer to cubic with increasing the 

fluorine content. The proper splitting of (006)/(102) and (018)/(110) doublets 

of all samples indicates that there is a formation of well-ordered layered 

structure [23-36]. 
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Fig. 3.1: XRD patterns of: (a) pristine LMR-NMC, (b) F-LMR-NMC (1:100 wt. %), (c) F-LMR-

NMC(1:75 wt. %), (d) F-LMR-NMC(1:50 wt. %), and (e) F-LMR-NMC (1:25 wt. %) synthesized 

by solution combustion method followed by LiF coating onto LMR-NMC by solid state synthesis 

at 800 0C for 20 hrs 

The XRD pattern of LMR-NMC and F-LMR-NMC are refined by 

Rietveld refinement. The lattice parameter of F-LMR-NMC shows a=2.8612 Å 

and c=14.2496 Å (1:50 wt. %) while LMR-NMC shows a=2.8539 Å and 

c=14.2519 Å. Full chart of lattice parameters of varying compositions of LiF 

and LMR-NMC are presented in Table.3.1. The increase of a-axis is due to 

partial reduction of metal ions for charge compensation of fluoride (F-) ion. The 
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increase in a-lattice parameter suggest that there is replacement of some of O2- 

with F- [51-53] thus decreasing the average oxidation state of metals partially, 

since the a-parameter is the measure of M-M bond length in the basal plane of 

hexagonal structure. Hence, on coating with LiF there is no change in the crystal 

system of the LMR-NMC and it retains its layered structure in all ratios. 

Table.3.1: The comparison of lattice parameter values of pristine material and different ratios of LiF 

and LMR-NMC material 

 

 

 

 

 

 

 

 

 

 

 

3.4.2. Physical characterizations and compositional analyses 

The morphologies of both pristine LMR-NMC and F-LMR-NMC are 

investigated by HR-SEM and HR-TEM as shown in Fig. 3.2 and Fig. 3.3. The 

HR-SEM and HR-TEM images in both pristine LMR-NMC and F-LMR-NMC 

materials converge. They have multifaceted, mostly platelet like morphology 

(Fig. 3.2(a-c), Fig. 3.2(a-b). The pristine LMR-NMC (Fig. 3.2(a), Fig. 3.3(a) 

has particle sizes are in the range of 25-125 nm uniformly distributed whereas 

F-LMR-NMC (Fig. 3.2(b-c), Fig. 3.3(b)) have agglomeration of primary 

particles in the ranges between 100-300 nm leading to secondary particles in 

the range of 1.5-2 µm (Fig.3.2(b)). This clearly indicates F doping increases the 

tap density of the F-LMR-NMC material. 

 

 

Ratio 

(LiF : LMR-NMC ) wt. % 
a ( Å ) c ( Å ) 

Pristine 2.8539 14.2510 

1 : 100 2.8542 14.2520 

1 : 75 2.8564 14.2481 

1 : 50 2.8612 14.2496 

1 : 25 2.8631 14.2366 
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Fig. 3.2: HR-SEM image of: (a) pristine LMR-NMC at 100 KX magnification, and (b-c) 

F-LMR-NMC (1:50) at 25 KX and 100 KX magnifications, respectively 

 

F-LMR-NMC materials are coated with thin layer (~10 nm) of LiF as 

shown in Fig. 3.3(a). HRTEM image in Fig. 3.3(b) confirms formation of 

secondary particles in F-LMR-NMC. The lattice fringes and atomic layers of 

LiF coatings are shown in Fig. 3.3(c-d). The LiF crystallites have a typical, 

well-defined cubic symmetry, and the atomic layers are also clearly observed 

in the HR-TEM images in Fig. 3.3(c and d). The d-spacing values of 0.204 nm 

correspond to (200) reflection in the LiF XRD pattern. 
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Fig. 3.3: HR-TEM image of: (a) pristine LMR-NMC, (b) F-LMR-NMC (1:50), (c) high 

resolution image of the surface of F-LMR-NMC, and (d) Lattice fringes and atomic layers 

of the F- LMR-NMC 

 

Elemental mapping of F-LMR-NMC (1:50 wt. %) and corresponding SEM 

image is shown in Fig. 3.4. The elemental mapping in Fig. 3.4 shows the uniform 

distribution of elements O, Mn, Ni, Co and F in the material. EDAX analysis 

shown in Fig. 3.5(a) and weight percentages of elements of 1:50 wt. % F-LMR-

NMC in Fig. 3.5(b). The EDAX confirms F substitution in LMR-NMC. 
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Fig. 3.4: The elemental mapping (O, Mn, Ni, Co and F) of F-LMR-NMC (1:50 wt. %) and 

corresponding SEM image 

 

Fig. 3.5: (a) EDAX analysis result, and (b) weight percentages of elements of 1:50 wt. % F-LMR-

NMC 

Raman spectroscopy is a powerful technique for probing crystal 

Chemistry of layered transition metal oxides [46, 57]. Figure 3.6 show three 

major Raman bands at 596 cm-1, 474cm-1 and 425 cm-1 for pristine LMR-NMC 

and F-LMR-NMC (1:50 wt. %). Raman active vibrational modes for an ideal 



103 
 

layered lithium transitional metal oxide (LMR-NMC) with R 3 m symmetry have A1g 

symmetry stretching and Eg symmetric deformation of M-O which corresponds to 

two sharp Raman peaks near 596 cm-1 and 474 cm-1 respectively. There is a weak 

peak at 419 cm-1 corresponding to the monoclinic Li2MnO3 due to reduced local 

symmetry of C2/m rather than R 3 m. The obtained Raman band values matches 

with literature values given for a hexagonal (R 3 m) and a monoclinic (C2/m) 

crystals respectively. The Raman spectra clearly supports XRD indicating no 

change in crystal structure of LMR-NMC due to F-doping (or coating). 

 

 

 

 

Fig. 3.6: Raman spectrum of F-LMR-NMC (1:50 wt. %) and pristine LMR-NMC 

 

Figure 3.7 presents XPS spectra of (a) survey analysis of pristine F-LMR-

NMC (1:50 wt. %) between 0-900 eV, (b) O1s, (c) F1s, (d) C1s, (e) Li1s, (f) Mn2p, 

(g) Ni 2p and (h) Co2p.  
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Fig. 3.7: (a). XPS survey analysis of F-LMR-NMC (1:50 wt. %) between 0-900 eV, XPS spectrum 

of (b) O1s, (c) F1s, (d) C1s, (e) Li1s, (f) Mn2P , (g) Ni2P and (h) Co2p 
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The survey scan in Fig. 3.7(a) clearly indicates the presence of all the elements 

of F-LMR-NMC including Fluorine and Carbon (from synthesis). The O1s spectra in 

Fig. 3.7(b) show a strong O1s peak at 530 eV, which corresponds to lattice oxygen of 

LMR-NMC, and a small peak due to OH or metal carbonates at 533 eV [46, 58]. The 

F1s spectrum in Fig. 3.7(c) of pristine F-LMR-NMC shows strong XPS signal close 

to 685 eV clearly indicates the presence of F due to LiF compounds [46, 58]. The C1s 

spectra in Fig. 3.7(d) show two significant peaks around 284.5 and ~286 eV. The 

284.5 eV peak could be attributed to residual carbon from the synthesis and 

contaminants present in the analysis chamber. The higher B.E. peak ~286 and 289 eV 

corresponds to C-O and C=O linkages could be ascribed to the formation of Li2CO3 

surface impurity, or a product of reactions between CO2 in the atmosphere and F-

LMR-NMC. Fig. 3.7(e-h) clearly indicates the signature peaks of Li1s, Mn2p, Ni2p 

and Co2p peaks for the F-LMR-NMC [46]. 

3.4.3. Electrochemical performance studies  

3.4.3.1 Structural, physical, electrochemical assessment of carbon fibers 

In general Aluminium current collectors are used as cathode current collectors for Li-

ion batteries. However, aluminium is not completely corrosion free and its contact and 

corrosion resistance increases with increase in cycling [59-60]. Almost all the 

potentials above 4.0 V, the current decreases quickly to a steady state value (Fig. 

3.8(a)) similar to the data reported in the literature [61]. Fig. 3.8(b) shows current-

time plots for the aluminium electrode at potentials between 3.0 V and 4.8 V at 25 oC. 

The low current densities (0-1 μA cm-2) are obtained for voltages except for the 

potentials between 3.0-4.0 V during the 1st cycle. The aluminium current collector is 

stable in contact with electrolyte up to 4.8 V. The steady-state currents after 2-3 hrs 

have been taken out from current-time plot and are compared for different voltages 

(Fig. 3.8(b)). There is a clear peak for 3.0-4.0 V with the maximum current reaching 

about 20 A cm-2 at 3.4 V is due to anodic oxidation of Al to Al3+ (such as Al2O3 or 

Al2(CO3)3 etc.) on the surface [60-61]. This occurs during 1st chronoamperometry 

cycle and does not recur during the 2nd cycle (Fig. 3.8(b)) indicating a stable passive 

layer (such as Al2O3 or Al2(CO3)3 formed on the surface. The high currents observed 

at 3.3-4.0 V could be due to cleaning of Al in NMP which may remove the preformed 
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surface passivation layer. The total charge associated with this passivation reaction is 

significant being >250 µAh/cm2 (obtained from integration of currents between 3.4-

4.0 V). 

 

Fig. 3.8: (a) The current density-time plots obtained at various potentials (as indicated) at Al 

electrodes in EC-DMC 1:1/LiPF6 1.1M solutions at 25oC. Current at 3.5V is scaled by 1/10, b) 

Comparison of the steady-state currents at various voltages for aluminum (during 1st and 2nd 

sweep) and carbon fiber current collector (1st sweep), (c) SEM image of carbon fiber mat, (d) 

cathode fabricated on carbon fiber mat, (e) Raman spectra of carbon fibers used as current 

collectors, and (f) XRD of carbon fibers used as current collectors 

This may contribute to irreversible capacity. In contrast, the stability CF as 

current collector is also presented along with aluminium in Fig. 3.8(b). It is seen from 

Fig. 3.8(b) that at all potentials the current quickly decreases to a steady state value 
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(0-3 μA cm-2), similar to Al current collector, indicating good stability of the CFs. 

Unlike aluminium, the corrosion of these fibers do not occur between the potentials 

3.0 V and 4.0 V. The SEM image of CF mat and electrode structure are presented in 

Fig. 3.8(b) and c respectively. The thickness of CF are in the range of 5-10 

µmFig(c)). Electrode structure presented in Fig. 3.8(d) clearly indicates that the 

active materials are densely packed and still some empty spaces are available for 

active material loading. The Raman spectra presented in Fig. 3.8(e) shows strong D 

band at 1350 cm-1 confirms non-graphitic nature of the CFs. This is further supported 

by the XRD pattern of CFs presented in Fig. 3.8(f) clearly indicating the non-graphitic 

nature of CFs. Graphitic CFs are not used here for this study as possibility of PF6 

anion intercalation to the CF may occur while charging the cells above 4.5 V, which 

may contribute to the capacity and also may destroy the fiber structure during long 

cycling [62]. 

We present here a 3D electrode architecture of LMR-NMC onto CF current 

collector which provides good electronic conductivity, good structural, mechanical 

stability and corrosion resistant.  

3.4.3.2 Electrochemical assessment of LMR and F-LMR-NMC 

Figure 3.9 shows the galvanostatic charge-discharge cycling plots of F-LMR-NMC 

(Li1.2Ni0.15Mn0.55Co0.1O2-zFz) and pristine LMR-NMC (Li1.2Ni0.15Mn0.55Co0.1O2) at 

various C rates between voltages of 2.5 to 4.7 V on CF current collector. As shown in 

Fig. 3.9(a), on charging above 4.4 V, Li2MnO3 component is getting activated and 

converted to Li2O and MnO2. The voltage profiles presented in Fig. 3.9(a) clearly 

indicates that F-LMR-NMC shows low charge voltage and hence more charge 

capacity at low voltages (less than 4.4 V) than pristine LMR-NMC. This is due to 

partial decrease of average oxidation state of metal ions and suggests that there is 

partial substitution of O2- by F- which is evident from increase in a-lattice parameter 

as it is the measure of M-M bond length [63].  This helps in getting the charge capacity 

at low voltages (>200 mAh g-1 capacity below 4.4 V for F-LMR-NMC) which 

minimizes the decomposition of electrolyte on electrode surface thus increasing the 

interfacial stability. Besides, high stable capacity of LMR-NMC could be obtained in 

the F-doped sample without adding any high voltage electrolytes. Higher discharge 
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voltage plateau is also obtained for F-doped LMR-NMC compared to pristine LMR-

NMC on CF as presented in Fig. 3.9(b). F-LMR-NMC shows high initial discharge 

capacity of ~300 mAh g-1 (Fig. 3.9(b)) as compared to pristine material of ~250 mAh 

g-1 at low discharge rates of C/10 (Fig. 3.9(b)). The irreversible capacity is 

significantly low, about 5% for the F-doped LMR-NMC compared to pristine LMR-

NMC ~25% on CF as presented in charge-discharge voltage profiles in Fig. 3.9(a-b). 

The high capacity of F-doped LMR-NMC is attributed to high stability of structure.  

 

 

Fig. 3.9: (a) Voltage vs. charge capacity during charge of pristine LMR-NMC and F-LMR-NMC 

(1:50 wt.%) on CF at C/10 rate. (b) Voltage vs. discharge capacity of pristine LMR-NMC and F-

LMR-NMC on CF at C/10 rate 

Both pristine LMR-NMC and F-LMR-NMC on CF shows good cycling 

stability as shown in Fig. 3.10(a) compared electrodes prepared on Al current 

collector. The electrodes prepared on Al current collector shows gradual decrease in 

capacity where as both pristine and F-LMR-NMC on CF retain their capacity for long 

cycles. This is because CF provides good electrical contact to the material in a 3D 

electrode architecture compared to Aluminum in a 2D structure. Hence, in this work 

we focus the electrochemical studies of pristine and F-LMR-NMC on CF current 

collector only. The fluorination of Mn, Ni and Co based layered oxide cathode 

material has led to significant improvement in cycle life and power capability of the 

lithium cells. Besides, the specific energy calculated from the discharge voltage 

profiles presented in Fig. 3. 9(a) are 875 and 1050 Wh kg-1 for LMR-NMC and F-

LMR-NMC of CF current collector respectively. 
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Fig. 3.10: (a) Capacity vs. cycle number of pristine LMR-NMC, F-LMR-NMC (1:50 wt.%), on 

carbon fiber and Al-foil current collector at C/10 and C/5 rate (as indicated). 1st cycle data is not 

shown here, (b) Capacity vs. cycle number of different weight ratios of LiF and LMR-NMC (F-

LMR-NMC) composite electrode at C/5 rate (as indicated) and 25 oC 

 

The 1:50 weight ratio of LiF: LMR-NMC shows good electrochemical 

performance in terms of high capacity, good cycling stability compared all other 

weight ratios as shown in Fig. 3.10(b). So 1:50 wt. % is the optimized ratio for the 

better electrochemical performance of the LMR-NMC. Whereas, other ratios are 

showing good cycling stability but less capacity compared to 1:50 wt. % ratio (LiF: 

LMR-NMC). The 1:25 wt. % is showing less capacity because of high LiF content 

induces formation strong M-F bonds which will hinder the lithium ion migration. 

Besides, high amount of LiF will form a thick layer on the surface which also hinders 

the migration of Lithium ion. Cycle life data of 1:75 wt. % ratio (LiF: LMR-NMC) is 

not shown here as this composition has very similar capacity of 1:100 wt. % ratio. C 

rate performance of pristine LMR-NMC, F-LMR-NMC (1:50 wt. %) on CF are shown 

in Fig. 3.11(a) indicate a high reversible capacity of 15-20 % more can be achieved at 

low discharge rates and 10-15 % for high C rates (1C and 3C) for F-LMR-NMC 

compared to pristine LMR-NMC. The coulombic efficiency of both composite 

cathodes are over 99%. The cycling performance presented in Fig. 3. 11(a-b) indicates 

a very good capacity retention of F-LMR-NMC during 200 cycles. F-LMR-NMC 

electrodes delivers high 1C rate capacity of >200 mAh g-1. Besides, cycling 

performance of various composition F: LMR-NMC carried out at C/5 rate (Fig. 
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3.10(b) indicates 1:50 wt. % of F: LMR-NMC (2% F in LMR-NMC) electrodes 

delivers high capacity compared to the 1:100, 1:75 and 1:25 wt. % compositions. 

 

 

Fig. 3.11: (a) C rate performance of pristine LMR-NMC, F-LMR-NMC (1:50 wt. %), on carbon 

fiber, (b) Capacity vs. Cycle number of F-LMR-NMC (1:50 wt. %) on carbon fiber during 200 

cycles (1-5 at C/10; 6-100 at C/5 and 101-200 at 1 C rate) 

 

There is significant improvement in electrochemical performance of F-LMR-

NMC (1:50 wt. %) compared to pristine LMR-NMC in terms of cycling stability, 

capacity retention and minimized voltage fade as shown in the 5th-50th discharge cycle 

in Fig. 3.12(a-b). Most of the capacity are obtained at 3 V region in LMR-NMC 

whereas average operating voltage for F-LMR-NMC has been increased close to 3.5 

V. The capacity vs. voltage profiles during 110th and 200th cycles of F-LMR-NMC 

(1:50 wt. %) at 1C rate is presented in Fig. 3.12(c). The figure shows that there is good 

capacity retention and very less voltage fade even at high rate of 1C which is due to 

stability of the crystal structure, minimized surface degradation of electrode surface 

by LiF coating and high conductivity and corrosion resistance by CF. From the Fig. 

3.12(c), it is very clear that there is almost no voltage fade during long term cycling 

(110th and 200th cycle). Besides, there is very less capacity fade during long cycling. 
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Fig.3.12: Voltage vs. capacity of pristine LMR-NMC and F-LMR-NMC (1:50 wt. %) on carbon 

fiber during: (a) 5th cycle, (b) 50th cycle, at C/5 rate (the energy loss is calculated from these 

voltage profiles), and (c) Voltage profile of 110th and 200th cycle of F-LMR-NMC (1:50 wt. %) at 

1C rate 

The minimized voltage fade in F-LMR-NMC is further supported by the 

dQ/dV vs. V plots of LMR-NMC and F-LMR-NMC (1:50 wt. %) during 10th, 20th, 

30th, and 50th cycles as shown in Fig. 3.13(a-b), respectively. Significant change in 

voltage dQ/dV vs. V plots of LMR-NMC is observed whereas voltage fade in F-LMR-

NMC is minimized. The minimized voltage fade in F-LMR-NMC is attributed to 

structure stability and decreased inter layer transition metal ion migration which can 

be explained in the following way, the partial substitution of O2- by F- leads to M-F 

bond formation which is more stronger than M-O bond and hence stabilizes the 

structure during cycling. Moreover, the ionic radii of transitional metal ions increases 

as evident from the increase in ‘a’ lattice parameter. So, the movement (migration) of 

transition metal ions from transition metal layer to lithium layer decrease is due to 

high ionic size of transition metal ions which minimizes the cation mixing and in 

return it minimizes the layered to spinel transformation and finally it minimizes the 
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voltage fade. The decrease in the average oxidation state of metals on the surface helps 

in minimizing the voltage fade of the material during long term cycling thus 

maintaining stable energy density. The specific energy loss for pristine and F-LMR-

NMC were ~12.5 % and 2% at C/5 rate, respectively. 

 

Fig. 3.13: Comparison of dQ/dV vs. V plots of: (a) LMR-NMC, and (b) F-LMR-NMC (1:50 wt. 

%) during 10th, 20th, 30th, and 50th charge-discharge cycles 

The EIS data provides very useful information about Ohmic resistance and 

charge transfer resistance associated with the cell. In order to get understanding of 

enhanced capacity and good capacity retention, we present the Nyquist plots of LMR-

NMC and F-LMR-NMC on CF current collector and F-LMR-NMC on Al foil current 

collector during 50th cycles in Fig. 3.14(a-b). The impedance spectra in Fig. 3.14(a-b) 

shows a comparison of impedances of LMR-NMC and F-LMR-NMC on CF current 

collector and F-LMR-NMC on Al foil current collector under similar conditions. The 

data shows both LMR-NMC and F-LMR-NMC on CF have identical Ohmic 

resistances of about 10 Ohm cm2 whereas F-LMR-NMC on Al foil current collector 

shows 18 Ohm cm2 in 50th cycle. The charge transfer resistance for F-LMR-NMC on 

CF is much lower (482 Ohm cm2) in relation to LMR-NMC (902 Ohm cm2) on CF. 

However, the charge transfer resistance for F-LMR-NMC (2068 Ohm cm2) on Al foil 

current collector is significantly higher in relation to F-LMR-NMC and LMR-NMC 

on CF. The increase in Ohmic resistances and charge transfer resistance reduces the 

capacity (Fig. 3.10(a)) during long cycling for F-LMR-NMC on Al foil current 

collector. From this, it can be explained that both LiF coating and CF current collector 
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are synergistically helping in decreasing the impedance and thereby improving the 

rate capability, cycling performance and storage capacity of the electrode thus 

decreasing the polarization.  

 

Fig. 3.14: (a) Comparison of impedance spectra of LMR-NMC and F–LMR-NMC on CF current 

collector and F-LMR-NMC on Aluminum foil current collector after 50 cycles in discharged 

condition (SoC 0) at equilibrium potential of 3.1 V, (b) Is the zoomed image in the high frequency 

region of (a) 

3.5. Conclusions 

LMR-NMC is synthesized by solution combustion followed by fluorine doping by 

solid state synthesis. XRD of all the F-LMR-NMC samples do not show any impure 

peaks suggesting crystal structure does not change upon substitution of oxygen with 

fluorine. F-substitution is confirmed by the change is lattice parameter. LMR-NMC 

and F-LMR-NMC have multifaceted, mostly platelet like morphologies. Particle sizes 

between 25-125 nm are observed for LMR-NMC whereas F-LMR-NMC (Fig. 3.2(b-

c)) have agglomeration of primary particles in the ranges between 100-300 nm leading 

to secondary particles in the range of 1.5-2 µm. The fluorine doped cathodes deliver 

high capacity of ~300 mAh g-1 at C/10 rate (10-20% greater than the conventional 

LMR-NMC electrodes) and have high discharge voltage plateau (0.25 V) and low 

charge voltage plateau (0.2 to 0.4 V) compared to pristine LMR-NMC electrodes. 

Beside, voltage fade, capacity and energy loss are significantly reduced in-relation to 

the pristine LMR-NMC electrodes. The LiF coating onto LMR-NMC, partially 

replaces M-O bonds of the material by M-F bonds, thus increasing the interfacial and 

structural stability. Also, 3D electrode architecture of LMR-NMC onto CF current 
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collector provides better electronic conductivity, good structural and mechanical 

stability, thereby delivers high capacity at high C rates, compared to Al foil current 

collector. It is believed that the study opens a possibility for LMR-NMC cathode 

material which has almost double the capacity of currently used lithium transition 

metal oxide or olivine cathodes, can be a substitute cathode for LIBs used in EVs.  
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Chapter 4 
 

Synergistic Effect of Magnesium and 

Fluorine Doping on the Electrochemical 

Performance of LMR-NMC Cathodes 

for Lithium-Ion Batteries  

 

 

4.1. Abstract 

This Chapter describes Mg-doped LMR-NMC (Li1.2Ni0.15-xMgxMn0.55Co0.1 O2), 

synthesized by combustion method followed by LiF coating through solid state 

synthesis. In this approach, we substituted the Ni2+ by Mg2+ in varying mole 

percentages (x = 0.02, 0.05, 0.08) and partly oxygen by fluorine (LiF: LMR-

NMC= 1:50 wt. %). The synergistic effect of both magnesium and fluorine 

substitution on electrochemical performance of LMR-NMC is studied by 

electrochemical impedance spectroscopy and galvanostatic charge-discharge 

cycling. Mg-F doped LMR-NMC (Mg-0.02 mole) composite cathodes show 

excellent discharge capacity of ~300 mAh g-1 at C/20 rate whereas pristine LMR-

NMC shows the initial capacity around 250 mAh g-1 in the voltage range between 

2.5 and 4.7 V. The Mg-F doped LMR-NMC shows lesser Ohmic and charge 

transfer resistance, cycles well and delivers a stable high capacity of ~280 mAh 

g-1 at C/10 rate. The voltage decay which is the major issue of LMR-NMC is 

minimized in Mg-F doped LMR-NMC compared to pristine and F-LMR-NMC.  
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4.2. Background and Motivation  

The current research efforts in LIBs are directed to achieve high energy density, 

reducing the cost and improved safely [1]. As discussed in Chapter 3, layered LMR-

NMC cathodes are the possible substitutes to current transition metal oxide, phosphate 

cathodes [1-5] which can deliver high stable reversible capacity of >250 mAh g-1 

when it is cycled in the voltage window of 2.5 - 4.8 V [6-12]. Layered LMR-NMC 

cathodes are attractive cathodes for powering electric vehicle (EV) because of their 

high energy density (>1000 Wh kg-1). But still the application of LMR-NMC in EVs 

and HEV’s is limited because of serious materials issues associated with it. As 

discussed in Chapter 1 and 3, the energy loss is due to suppression of voltage profiles 

during cycling which is related with the phase transformation from a layered structure 

to spinel structure, need to be addressed before it is considered as a potential candidate 

for next generation cathode material for lithium-ion batteries [6-13]. The transition 

metal ions such as Ni, Mn, Co (mostly Ni) migrate in the lattice from transitional 

metal layer to Li-layer. This leads to the formation of spinel domain during high 

voltage cycling >4.4 V [7-11]. The structural transformation from layered to spinel  

causes significant voltage drop from 3.8 V region to < 3 V region thereby reducing 

energy density from 1000 Wh kg-1 to 750 Wh kg-1 which makes LMR-NMC 

practically not suitable for EVs or related applications [7, 9-10]. Besides, LMR-NMC 

electrodes have the limited capacity retention upon prolonged high voltage (>4.4 V) 

cycling, due to formation of insulating surface films, formed on the electrode surface 

because of electrolyte decomposition and reaction products [10]. 

The improved electrochemical performance of LMR-NMC can be obtained by 

a nanometer layer of surface coatings such as of lithium conducting solid electrolyte: 

lithium phosphorus oxynitride (LiPON) [9], Al2O3, RuO2, TiO2, AlPO4, CoPO4, AlF3, 

LiFePO4, LiV3O8, Li4Mn5O12, VO2, Mgo, AlF3 ZrF4
 etc. surface coatings or blendings 

in order to improve the interfacial stability and cyclability [14-24]. Although the 

surface coatings improves the rate performance and cycle life to some extent but does 

not help to mitigate the voltage fade associated with structural transition of LMR-

NMC during cycling. 
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In continuation to Chapter 3, in this Chapter we describe another attempt to 

improve interfacial stability and reduce voltage decay through both cation and anion 

dopings. By cation doping or substituting Mn or Ni or Co with other cations (like Ru, 

Mg, Ti, Al etc.)[14, 22-24] voltage fade has been significantly improved due to 

structural stabilization. Park et al. revealed that the substitution of 6 mole % of Al3+ 

ions with Mn and Ni in LMR-NMC [Li1.15(Ni0.275-x/2Mn0.575-x/2Alx)O2] could avoid the 

structural deterioration of electrode material allowing greater discharge capacities of 

210 mAh g-1 at a cut off voltage of 2.5-4.6 V while the undoped cathode delivers 150 

mAh g-1[24]. 5 wt. % Na doping significantly improves conductivity and mitigate 

layer to spinel structure conversion because Na+ ion exchange occurs upon contact of 

the cathode material with the electrolyte produces a volume expansion of the crystal 

lattice which accelerates Ni migration to Li depleted regions during oxidation of 

Li2MnO3 component in the first cycle [25]. Besides, Na doped NMC has better Ni 

reduction efficiency to provide higher rate capability and Na doped NMC was 

oxidized to a higher Mn valence state compared to its undoped NMC. In an another 

approach, Aurbach and coworkers demonstrated 5% Al doping  onto Mn site of LMR-

NMC exhibits 96% capacity retention as compared to 68% capacity retention for 

LMR-NMC after 100 cycles. Al doping reduces voltage decay and improve thermal 

stability of LMR-NMC [26]. Wang et al. stabilized the crystal structure by partial 

substituting 4% of Mg with lithium in transitional metal layer of Li(Li0.2-

2xMgxCo0.13Ni0.13Mn0.54)O2 and delivers an initial capacity of 272 mAh g-1 (between 

2.0 V and 4.8 V) and retains 93 % of capacity after 300 charge-discharge cycles [27]. 

The superior electrochemical performances of the Mg-doped material is due to the 

enhancement of the structural stability by substitution of Li by Mg in the TM layer, 

which effectively suppresses the cation mixing arrangement, leading to the alleviation 

of the phase change during lithium-ion insertion and extraction. 

Chapter 3 briefly explained about the anion doping/ LiF coating onto LMR-

NMC, improves interfacial stability thereby improves capacity retention, irreversible 

capacity and reduces voltage decay. Partial substitution oxygen with fluorine 

stabilizes the crystal lattice structure [27-35] due to smaller c-axis variation and 

fluorine coatings.  
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There are reports of both cation and anion dopings such as magnesium and 

fluorine substitution in NMC [Li(Ni1/3Co1/3Mn1/3-xMgx)O2-yFy] reduces cation mixing 

during cycling, improves crystallinity and tap density which in turn influence the 

improvement in capacity retention and thermal stability[33-34, 36-38].  

It is preferable to replace Ni site with Mg because of same charge [8, 36-38]. 

Besides, Mg2+ ions do not participate in redox process, making it possible to maintain 

the inter layer space during repetitive Li+ de/intercalation [34]. 

In this work, we studied partial substitution of Mg2+ with Ni2+ and oxygen with 

fluorine onto LMR-NMC. Mg2+is substituted in Ni2+ site because both the elements 

have same charge and Ni2+ and Mg2+ have approximately same ionic radii (0.69Å for 

Ni2+ and 0.72 Å for Mg2+). Moreover, majority of reports indicate Ni migration is 

more from transition metal layer to the lithium layer. Substitution of oxygen with 

fluorine partially replaces M-O bonds with M-F bonds, helps in protecting surface 

from degradation due to decomposition of electrolyte at higher voltages and 

stabilizing the structure as M-F bond is stronger than M-O bond (Discussed in Chapter 

3). Besides, F-substitution helps to reduce charging voltage which is beneficial for 

LMR-NMC to obtain high capacity at low voltages without electrolyte additives. And 

further substituting Ni2+ with Mg2+ helps in minimizing the cation migration as it 

blocks the tetrahedral void through which movement of cations takes place from 

transition metal layer to Li-layer [37-44]. Moreover, presence of high ionic radii metal 

ion increases the bond strength thus stabilizing the crystal system.  

4.3. Experimental  

4.3.1. Synthesis of LMR-NMC and Mg-F doped -LMR-NMC 

Mg-doped LMR-NMC is synthesized by combustion method by taking stoichiometric 

amounts of Li(NO3) (1.2 mole), Mn(NO3)2. 4H2O (0.55 mole), Ni(NO3)2. 6H2O (0.13 

mole), Co(NO3)2 6H2O (0.1 mole), Mg(NO3)2 6H2O (0.02 mole) as oxidants and 

glycine (all chemicals from Alfa Aesar) as fuel in a beaker and dissolved in minimum 

amount of water, stirred and heated at 100 oC till thick gel is obtained followed by 

placing it in a furnace which is preheated to 400 oC. At this temperature auto ignition 

takes place and finally gives the product. The as prepared sample was kept at 400 oC 
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for about 30 min for complete removal of organics. The obtained product is mixed 

with LiF (in the wt. ratio of 1:50 = LiF: LMR-NMC) and ground in a mortar pestle 

for half an hour followed by annealing at 800 oC for 20 hrs in air. As discussed in 

Chapter 3, 1: 50 weight % LiF: LMR-NMC gives optimum electrochemical 

performance. So this composition was chosen for the current study.  

4.3.2. Structural, physical and electrochemical characterization of LMR-

NMC and F-LMR NMC 

Structural, physical and compositional analyses were conducted by using powder 

XRD, SEM and EDAX, respectively as explained in experimental part of Chapter 3. 

The electrochemical performance of the samples comprising pristine LMR-NMC and 

different ratios of Mg and F-doped LMR-NMC [Li1.2Ni0.15-xMgxMn0.55Co0.1 O2-yFy) 

(x=0.02, 0.05, 0.08 mole and 1:50 -LiF: LMR-NMC; y= 0.02) as active masses were 

measured by using Solartron cell test system and Arbin battery cycler similar to the 

electrochemical experiments explained in Chapter 3. The impedance measurements 

were carried out in a frequency range between 1 MHz and 10 mHz in fully discharged 

condition (State-of-Charge, SoC 0) after 50 cycles at 3.1 V (2hrs rest after discharging 

to 2.5V). Charge-discharge cycling were carried out in the potential range between 

2.5 V and 4.7 V using CC-CV protocol. 

The electrodes were prepared by making the composite of 80% active 

material, 10% PVdF (Kynar) and 10% carbon black (C65, Timcal) in N-methyl 

pyrrolidone (Sigma Aldrich) and coated on to the Aluminum foil (>99.9%, Strem 

chemicals, Inc., USA) current collector by using doctor blade technique. The 

composite electrodes were dried under vacuum at 90 oC followed by punching them 

into 1 cm2 area circular discs. The electrodes were calendared at 1 Ton/cm2. The cells 

were assembled in an Argon filled glove box similar to the cell assembly explained in 

experimental part of Chapter 3. 

4.4. Results and Discussion 

4.4.1. Structure and morphology 

The XRD pattern of the pristine and Mg-F doped LMR-NMC samples are presented 

in Fig. 4.1, is indexed based on -NaFeO2 structure. It shows a small peak in the range 
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of 21o to 25o indicating the formation of monoclinic Li2MnO3 phase having C2/m 

space group and rest of the peaks belong to rhombohedral LiMO2 (M=Ni, Mn, Co) 

with R3 m space group. No extra peaks are observed indicating that there is no 

formation of impure phase in the LMR NMC crystal system by doping with Mg2+ and 

F-. 

 

 

Fig. 4.1: XRD patterns of: (a) pristine LMR-NMC, (b) Mg(0.02)-F-LMR-NMC (c) Mg (0.05)-F-

LMR-NMC, and (d) Mg (0.08)-F-LMR-NMC synthesized by solution combustion method 

followed by LiF coating on to LMR-NMC by solid state synthesis at 800 0C for 20 hrs 
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From the data in Fig. 4.1, the calculated ratio of relative intensity of I003/I104 is 

1.28, 0.94, 0.72, 0.62 for pristine, 0.02, 0.05, 0.08 Mg-F doped LMR-NMC, 

respectively indicating degree of cation ordering decreases for the 0.02 Mg-F-LMR-

NMC to 0.08 Mg-F-LMR-NMC. Thereby the electrochemical activity of pristine and 

0.02 Mg-F-doped LMR-NMC cathode materials in terms of capacity and rates of Li 

de-insertion/ insertion are supposed to be very good. So the results and discussion for 

electrochemical performance here is limited to pristine and 0.02 Mg-F-doped LMR-

NMC (Li1.2Ni0.13Mg0.02Mn0.55Co0.1O2-xFx) cathodes only [33-34]. There is a clear 

splitting of (006)/ (102) peaks and (018)/ (110) peaks in all the XRD plots suggest the 

formation of a well ordered layered structure. The XRD patterns of pristine LMR-

NMC and different ratios of magnesium with F-doped LMR-NMC samples are 

refined by Reitveld refinement using Full Prof Suite Program to find the lattice 

parameters. The lattice parameter of pristine LMR-NMC is a = 2.8539 Å and c = 

14.2519 Å and for Li1.2Ni0.13Mg0.02Mn0.55Co0.1O2-xFx is a = 2.85728 Å and c = 

14.2437Å.The increase in a-lattice parameter is due to relatively higher ionic radii of 

Mg2+ compared to Ni2+ and partial reduction of metal ions due to partial substitution 

of oxygen with fluorine. 

 

The morphology of the LMR-NMC and Mg-F doped sample are shown in Fig. 

4.2(a) and (b-c), respectively. The SEM images in both pristine and doped material 

have multifaceted morphology. The pristine LMR-NMC has particle sizes in the range 

of 25-100 nm uniformly distributed whereas Mg-F doped LMR-NMC have 

agglomeration of particles leading to nearly pomegranate like morphology having 

secondary particles in the range of 1.5-2 µm and primary particles in the range of 75-

150 nm. This clearly indicates Mg-F doping increases the tap density of the material. 
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Fig. 4.2: FESEM image of: (a) pristine LMR-NMC, and (b-c) Li1.2Ni0.13Mg0.02Mn0.55Co0.1O2-xFx at 

50 K X and 100 K X magnifications, respectively 

 

 

Mg and F dopings/coatings have been confirmed by EDAX. From the 

elemental mapping presented in Fig. 4.3, it is clear that the LMR-NMC material has 

Mg and F dopings and show the uniform distribution of Mg and F throughout the 

material. ICP analysis shows the composition of Li1.2Ni0.13Mg0.02Mn0.55Co0.1O2-xFx 

and ion chromatography confirms the 0.02 mole of F doping onto Mg-doped LMR-

NMC. 
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Fig.4.3: O, Mn, Ni, Co, Mg, F mapping of Li1.2Ni0.13Mg0.02Mn0.55Co0.1O2-xFx. The 1st image is 

corresponding SEM image of elemental mapping 

4.4.2. Electrochemical performance  

Mg-F doped LMR-NMC has improved electrochemical performance compared to 

pristine LMR-NMC. The Mg-F doped LMR-NMC composite cathodes show high 

initial discharge capacity of 300 mAh g-1 at C/20 rate and ~280 mAh g-1 at C/10 rate 

(Fig. 4.4(a) and (b)) whereas first discharge capacity of pristine LMR-NMC is around 

250 mAh g-1 at C/10 rate (Fig. 4.4(a-b)). Mg-F doped LMR-NMC composite cathodes 
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cycles very well over 70 cycles whereas pristine LMR-NMC cathodes shows 

significant loss in capacity, over 15%, in 50 cycles (Fig. 4.4(a)). Besides, Mg-F doped 

LMR-NMC composite cathodes delivers high capacity of 10-15% at low and high C 

rates (1C and 3C) compared to pristine LMR-NMC (Fig. 4.4(b)). The coulombic 

efficiency of doped composite cathodes are over 99% compared to 98% for pristine 

LMR-NMC cathodes. The coulombic efficiency of pristine LMR-NMC at higher C 

rates (1C and 3C) are comparatively lower than low C rates. This could be due to high 

interfacial instability (high IR drops) at high currents. Moreover, the voltage fade is 

observed in pristine LMR-NMC (discussed in Chapter 3) which could contribute 

considerably to loss of energy. Mg-F doped LMR-NMC composite cathodes have 

improved capacity and capacity retention because of improved conductivity and 

electrochemical stability due to Mg and F doping.  

 

 

 

Fig 4.4: (a) Capacity vs. cycle number at C/10 rate (initial cycles at C/30-20 rate as marked), and 

(b) C rate performance of pristine and Mg-F doped LMR NMC (1st cycle in Fig. 4.4(b) is removed 

for better clarity between the charge-discharge capacities) 

 

The differential capacity curves (dQ/dV vs. V plots) of both pristine and doped 

LMR-NMC composite cathodes are compared in Fig. 4.5(a), and (b), respectively. 

The 1st charge and discharge plots for both pristine and doped LMR-NMC composite 

cathodes are compared in Fig. 4.6(a) indicating low charge and high-discharge plateau 
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voltage for the doped composite cathodes. This is due to improved conductivity and 

interfacial stability (Low IR drops) due to Mg and F dopings. More than 200 mAh g-

1 is obtained for doped cathodes compared to ~100 mAh g-1 for the pristine LMR-

NMC composite cathode below 4.5 V. This helps to get high capacity of doped 

cathodes below 4.7 V without electrolyte additives. Comparison of discharge 

capacities between Fig. 4.6(b) and (c) (even Fig. 4.4(a)) shows LMR-NMC composite 

cathodes have >15% loss in capacity in 50 cycles whereas doped samples have any 

loss in capacity after 70 cycles (Fig. 4. 4(a)) at C/10 rate. LMR-NMC composite 

cathodes shows significant voltage drop compared to doped LMR-NMC sample (Fig 

4.5(a) and (b), Fig. 4.6(b-d)). This indicates loss of energy density of Mg-F doped 

LMR- NMC is minimized compared to F- LMR-NMC and pristine LMR-NMC in 

which capacity and voltage fade are very high (Fig. 4.6(d)).  

 

 

 

 

 

Fig. 4.5: Comparison of dQ/dV vs. V plots for (a) Pristine, and (b) doped LMR-NMC plots during 

10th, 30th, 40th, and 50th discharge cycles 
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Fig. 4.6: Comparison of voltage profiles for the Pristine and doped LMR-NMC during: (a) 1st 

cycle at C/20 rate, (b-c) 10th and 50th cycle at C/10 rate, respectively, and (d) Comparison of 

voltage profiles for the Pristine, Mg-F-LMR-NMC and F-LMR-NMC during 50th cycle at C/10 

rate 

In pristine LMR-NMC, there is shift of discharge profile from higher voltage 

(3.8 V) to lower voltage (3.4 V) whereas no such voltage shift is observed in Mg-F 

doped LMR-NMC during cycling. The high discharge capacities and minimized 

voltage decay of Mg-F doped LMR-NMC is attributed to attainment of stability of 

crystal structure of LMR-NMC during cycling by Mg and F dopings [33-34]. 

Magnesium is stabilizing the crystal structure from bulk whereas fluorine is stabilizing 

the structure from surface and synergistic effect of Mg and F dopings help in 

minimizing layered to spinel transformation which is evident from improved 

electrochemical performance of Mg-F doped LMR-NMC compared to pristine LMR-

NMC. High ratio of magnesium substitution leading to low capacity because 

magnesium is electrochemically inactive whereas high ratio of fluorine substitution 

leading to formation of impure phases. As discussed in Chapter 3, 1:50 wt. % of LiF: 
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LMR-NMC is the optimized ratio for fluorine and delivers the best electrochemical 

performance. 

In this work, Mg2+is substituted in Ni2+ site because both the elements have 

same charge and Ni2+ has ionic radii is 0.69Å which is approximately equivalent to 

ionic radii of Li+(0.73 Å), which may be the reason for cation mixing [33-34]. So by 

decreasing the Ni2+ content partially by substituting by Mg2+ helps to minimize the 

cation mixing. Moreover, magnesium blocks the tetrahedral void which is the path of 

migration for transition metal ions (typically nickel) from transition metal layer to 

lithium layer [8, 38-44]. Partial substitution of oxygen (O2-) by fluorine (F-) leads to 

M-F bond formation which is stronger than M-O bond. This may leads partial 

reduction of transitional metal ions which causes the partial increase of ionic radii, is 

evident from increase of ‘a’ lattice parameter (in XRD Fig. 4.1) which is basis of M-

M bond. Formation of M-F bond stabilizes the structure during cycling. Besides, LiF 

coating helps to increase interfacial stability at high voltage cycling without any 

electrolyte additives to the current carbonate based electrolytes. As size increases, 

movement of ions decreases, so the movement of transitional metal ions decreases 

which minimizes the cation mixing and reduces the layered to spinel transformation 

and thus suppresses the voltage decay. So synergistic effect of Mg and F co-dopings 

are helping in improvement of electrochemical performance of LMR-NMC in terms 

of minimized voltage decay, high initial capacity and cycling stability. High energy 

density close to 1000 Wh kg-1 could be obtained for doped samples (for the initial 

cycles and even after 50 cycles) compared to the pristine samples where significant 

energy loss occurs.  

The impedance analysis provide very useful information about resistive 

components associated with the cell. In order to get further understanding of enhanced 

capacity and good capacity retention, we compare Nyquist plots of both pristine and 

doped-LMR-NMC during 50th cycles in discharged condition (SoC 0) at equilibrium 

potential of 3.1 V as presented in Fig. 4.7. The data shows LMR-NMC composite 

cathodes have Ohmic resistance of about 10 Ohm cm2 whereas Mg-F doped LMR-

NMC have 5.25 Ohm cm2. The charge transfer resistances for Mg-F- doped LMR-

NMC is much lower (400 Ohm cm2) in relation to LMR-NMC (830 Ohm cm2). From 
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this it can be explained that both LiF coating, F-doping and Mg doping (increases 

overall conductivity) are synergistically helping in decreasing the impedance thus 

improving the rate capability, cycling performance and storage capacity of the 

electrode. 

 

Fig. 4.7: Impedance spectra of LMR- NMC and Mg-F doped LMR-NMC: a) after 50 cycles in 

discharged condition (SoC 0) at equilibrium potential of 3.1V, and b) the zoomed image of the 

impedance response in the high frequency region 

4.5. Conclusions  

Mg and F doping does not change the crystal system of LMR-NMC which is evident 

from XRD plot where no impure phase peaks are observed. Doped sample especially 

0.02 mole % of Mg and (1:50 wt. %- LiF: LMR-NMC) F doped LMR-NMC show 

excellent electrochemical performance, delivers capacity ~300 mAh g-1 at C/20 rate, 

10-15 % excess capacity than pristine LMR-NMC. Doped sample shows improved 

capacity retention, minimized voltage decay and high C rate performances compared 

to Pristine LMR-NMC. The improved electrochemical performance is attributed to 

the minimized cation mixing and stabilization of crystal structure during cycling. 

Magnesium doping blocks the tetrahedral void which is the path of migration of 

transition metal ions (typically nickel) from transition metal layer to lithium layer. 

Partial substitution of oxygen (O2-) by fluorine (F-) leads to partial M-F bond 

formation, which stabilizes the structure during cycling. Besides, LiF coatings (or 

additives during synthesis) help to increase interfacial stability at high voltage cycling 

without any electrolyte additives. It is believed that the study will open a new 

possibility for LMR-NMC cathode development which has almost double the capacity 
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of currently available cathodes, and could be a possible choice for LIBs used in 

electric vehicles. 
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Chapter 5 

 

LMR-NMC-Carbon Coated-LiMnPO4 

Blended Electrodes for High 

Performance Lithium-Ion Batteries 

 

 

5.1. Abstract 

This Chapter demonstrates another attempt in improvement in energy density, 

capacity retention and C rate performance of “layered-layered” lithium rich 

Li1.2Mn0.55Ni0.15Co0.1O2 (LMR-NMC) material by blending with carbon coated 

LiMnPO4 (C-LMP) using mechanical milling.  The presence of the C-LMP provides 

interfacial stability under high current (rate) and voltage cycling conditions and 

thereby improves the energy loss over cycle life in relation to the pristine LMR- NMC. 

Blend composite electrodes shows stable reversible capacities of >225 mAh g-1 in the 

voltage window of 2.5 to 4.7 V for more than 200 cycles, and shows improvements 

in the rate performance, reduction in irreversible capacity loss and Mn dissolution 

than the pristine LMR-NMC composite electrode. We characterize details of 

electrochemical performance studies to understand the role of C-LMP in improving 

the interfacial stability at the interface.  

5.2. Background and Motivation 

As discussed in Chapter 3 and 4, Lithium and manganese rich Ni-Mn-Co layered 

oxides, such as LMR-NMC cathodes have attracted attention as high energy density 

(>1000Wh kg-1) [1-12] cathode materials for rechargeable Lithium-ion batteries due 

to their high achievable reversible capacity >250 mAh g-1 in the voltage range between 
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2.5 and 4.8 V [1-5]. Besides, this material is thermally safer than 

Li[Ni1/3Co1/3Mn1/3]O2 (NMC) cathode material due to their lower cobalt content [1, 

3]. The capacity of LMR-NMC closely matches with that of graphite anode [3]. But 

LMR-NMC has numerous disadvantages such as high irreversible capacity, low 

capacity retentions and energy loss in this material during cycling which limits its 

application in developing high energy density LIBs to power EVs [1-12]. The energy 

density reduces from 1000 Wh kg-1 to 700 Wh kg-1 during 1-200 cycles [4-5]. The 

energy loss occurred in LMR-NMC is due to the voltage decay because of 

transformation of layered to the spinel structure of LMR-NMC [4-10]. As discussed 

in Chapter 3 and 4, transition metal layer migration to the lithium layer leads to 

transformation of layered to spinel structure [5-9]. The structural transition causes 

voltage decay from 3.7 V to <3 V operating voltage during discharge which causes 

significant loss of energy density [4-5]. Moreover, during high voltage cycling, salt 

decomposition products from the electrolyte deposits on the surface of the cathode, 

increases the cell impedance and leads to capacity fade [12]. Besides, gradual capacity 

fade is due to the dissolution of transition metal ions such as Mn [13-14]. So there is 

intense need to stabilize the material and its interface to mitigate capacity and energy 

loss. 

Many strategies have been followed for the mitigation of the voltage decay 

and improving capacity retention in LMR-NMC. In general, surface modifications 

(Chapter 3 and 4) [5, 15-34], cations doping such as chromium, nickel, ruthenium etc. 

[16-19] and anions such as fluorine [20-21] or both cation and anion such as Mg and 

F have been doped in LMR-NMC to improve the electrochemical performance [22]. 

As discussed in Chapter 3, LiF coating/ F-doping onto LMR-NMC cathodes deliver 

high capacity of ~300 mAh g-1 at C/10 rate (10-20% greater than the pristine LMR-

NMC cathodes), have high discharge voltage plateau (> 0.25 V ) and low charge 

voltage plateau (0.2 to 0.4 V) compared to pristine LMR-NMC cathodes [21]. Beside, 

irreversible capacity, voltage fade, capacity loss are significantly reduced in-relation 

to the pristine LMR-NMC electrodes. F-doped LMR-NMC partially replaces M-O 

bonds of the material by M-F bonds thereby increasing interfacial stability and high 

voltage stability over 200 cycles [21]. Besides, both Mg and F (Chapter 4) doping 

helps to mitigate capacity loss, reduces irreversibly capacity from >25 % to < 10 %, 
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increases C rate performance and cyclability compared to pristine LMR-NMC. Both 

Mg and F doping reduces charging voltage, i.e., increases surface stability and 

conductivity thereby delivers high capacity at low voltages. Both Mg and F doping 

reduces structural transition from layered to the spinel phase thereby reducing voltage 

drop and loss of energy during high voltage cycling [22]. 

In this Chapter, we made another attempt to overcome the issues of capacity 

loss, irreversible capacity and voltage decay of LMR-NMC through blending. 

Blending is one of the most classical and practical strategy to overcome the drawbacks 

associated with both the blended cathode materials and get most optimized 

electrochemical performance than that is possible with individual cathode materials 

[23-34]. Oxide cathode materials such as xLi2MnO3·(1−x)LiMO2 [26], 

LiNi1/3Mn1/3Co1/3O2 (NMC) [27], LiNi0.8Co0.15Al0.5O2 (NCA) [28], LiMn2O4 (NMS) 

[29-31] etc. are blended each other or with olivine type LiFePO4 [23-25] active 

materials to meet different design requirements such as improved interfacial stability, 

reduced irreversible capacity, increased cycle life, C-rate performance (pulse power 

operation), and safety as olivine compounds contain much stronger P-O bonds than 

other oxide materials [35-37]. In 2001, Numata et al. suggested an approach to 

improve the capacity retention, reduce Li loss, Mn dissolution of NMS based 

electrodes by simply mixing NMS and LiNi0.8Co0.2O2 together [29]. In a similar 

report, blending of NMC with NMS helps to suppress Mn dissolution from NMS, 

which is a major factor of capacity loss and coulombic inefficiency of the NMS/Li 

cells [30]. Blending the olivine LiFe0.3Mn0.7PO4 (LFMP) with spinel LiMn1.9Al0.1O4 

(LMO) shows high capacity of LFMP with the rate capability of the spinel [32]. In a 

recent report by Manthiram and coworkers shows blending of LMR-NMC with spinel 

Li4Mn5O12 or LiV3O8 eliminates the irreversible capacity loss completely at 30 wt. % 

Li4Mn5O12 and 18 wt. % LiV3O8. The elimination is due to the ability of Li4Mn5O12 

and LiV3O8 to insert the extracted lithium that could not be inserted back into LMR-

NMC [33]. Blending of 20 wt. % LiFePO4 with LMR-NMC have achieved high 

energy density and pulse power capability [26].  

In this Chapter, we present blending of LMR-NMC with carbon coated 

LiMnPO4 to overcome the issues of irreversible capacity loss, low capacity retention 



142 
 

and improved interface instability of LMR-NMC thereby reducing voltage decay and 

dissolution. LiMnPO4 is an attractive high voltage cathode with an operating voltage 

of 4.1 V vs. Li/Li+, offers more safety features compared to transition metal oxide 

cathode due to the strong P–O bond [35-37]. But it has low practical capacity (155 

mAh g-1 at C/10 rate) and low ionic and electronic conductivity which could limit the 

battery performance. Poor ionic and electronic conductivity of LiMnPO4 can be 

mitigated through synthesis of nanoparticles with in-situ/ex-situ carbon coatings. 20% 

of carbon coated LiMnPO4 blending onto LMR-NMC could further improve rate 

performance; cycle life, thermal and interfacial stability. The structural, 

morphological, electrochemical performance of blended composite electrode have 

been investigated in this manuscript. The goal of this work is to demonstrate the 

probability of blending of two Manganese based positive electrode materials but not 

to present an optimization study. 

5.3. Experimental 

5.3.1. Synthesis of C-coated LiMnPO4 nanoparticles 

LMP nano-particles were synthesized by polyol method [35-36]. In brief, 0.06 mol of 

manganese acetate tetrahydrate (Aldrich, 99%) was dissolved with 30 mL of 

deionized water and poured into 200 mL of diethylene glycol (DEG, Aldrich, 99%). 

The DEG–H2O mixture solution was vigorously stirred and heated at 100°C for 1 h. 

30 mL of lithium dihydrogen phosphate (LiH2PO4, 97%, Alfa Aesar) aqueous solution 

(2 mol L−1) was added drop wise. The DEG suspension was kept for another 6 h at 

this temperature and cooled down to room temperature. The resulting LiMnPO4 

material was separated by centrifugation and washed several times with ethanol to 

remove residual DEG and organic fragments. Finally, the material was dried in an 

oven at 120 °C for 12 hrs. The produced LMP powder was ball-milled (Materials to 

ball (ZrO2 cylindrical balls) ratio was 1:10) using planetary ball mill (Gelon, China) 

with 20 wt. % high surface area carbons (ACS 2200 from China Steel Chemical 

Corporation, Taiwan; BET surface area >2000 m2 g-1) to obtain carbon-coated 

LiMnPO4 (C-LMP). 
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5.3.2. Synthesis of LMR-NMC and blended cathode materials 

The LMR-NMC materials were prepared from solid-state reaction from lithium 

hydroxide and manganese-nickel-cobalt hydroxides as discussed elsewhere [10]. The 

manganese-nickel-cobalt hydroxide was prepared by coprecipitation method from a 

mixture of Mn, Ni, Co nitrates (in the molar ratio of Mn: Ni: Co = 0.55:0.15:0.10) 

(Alfa Aesar) in aqueous solution and 2.0 mol L-1 of LiOH (Alfa Aesar) aqueous 

solution with the desired amount of NH4OH (Across organics, India). During the 

reaction temperature was kept at 60 oC, with stirring speed controlled at 800 rpm, and 

the pH of the mixed solution was kept ~12 during the precipitation process. Finally, 

the precipitated (Co, Ni, Mn)(OH)2 particles were filtered, washed, dried under 

vacuum at 100 oC. Thus obtained (Mn, Ni, Co)(OH)2 and LiOH were mixed in the 

molar ratio of 1.0:1.2 by using a mortar and pestle, and pressed into pellets, in which 

10% of excess lithium was added to compensate for the lithium evaporation during 

the calcinations at high temperature. The pellets were heated at 450 oC for 5 hrs 

followed by 900 oC for 15 hrs in air and then quenched to room temperature to obtain 

spherical LMR-NMC. Blended materials was obtained ball-milling 80 % LMR-NMC 

with 20 wt. % C-LMP.  

5.3.3. Structural, physical and electrochemical characterization of LMR-

NMC, LMP and blended materials 

Structural, physical and compositional analyses were conducted by using powder 

XRD, SEM and EDAX, respectively as explained in the experimental part of Chapter 

3. The electrochemical performance of comprising pristine LMR-NMC, C-LMP and 

blended as active masses were measured by using Solartron cell test system consists 

of 1470E multi-channel potentiostats and multiple 1455A series frequency response 

analyzers (FRAs) (driven by Corrware and ZPlot software from Scribner Associates) 

and Arbin battery cycler (Arbin BT2000 - Battery Test Equipment, USA). The 

impedance measurements were carried out in a frequency range between 1 MHz and 

10 mHz in open circuit condition after 12 hrs assembly of cells.  

C-LMP composite electrodes comprised of 90.0% C-LMP, 2.5% carbon black 

(Timcal) and 7.5% polyvinylidene fluoride (PVdF; Kynar). LMR-NMC and blended 

composite electrodes were prepared by making the composite of 85% active material, 
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7.5% PVdF (Kynar) and 6 % carbon black (Timcal) and 1.5 % graphitic carbon nano 

fibers (outer diameter of 100–200 nm) in N-methyl pyrrolidone (Sigma Aldrich) and 

coated on to the Aluminum foil (>99.9%, Strem chemicals, Inc., USA) current 

collector by using doctor blade technique. The composite electrodes were dried under 

vacuum at 90oC followed by punching them into 1 cm2 area circular discs. All 

electrodes comprised 7-10 mg of active materials per cm2 on Al current collector. The 

cells were fabricated in a glove box (M-Braun, Germany) filled with ultrahigh purity 

argon (99.999 %). The moisture and oxygen content of the glove box were less than 

0.1 ppm. CR2032 coin type cells were assembled using lithium foil as a counter 

electrode, polyethylene-polypropylene trilayer (Celgard Inc.) as separator and LMR-

NMC or C-LMP or blended LMR-NMC composite as cathodes, 1M LiPF6 in 1:2 ratio 

of ethylene carbonate and dimethyl carbonate as electrolyte. Charge-discharge cycling 

were carried out in the potential range between 2.5 V and 4.7 V using CC-CV 

protocol. 

5.3.4. Ageing test LMR-NMC, LMP and blended materials 

The ageing of materials was carried out in an argon-filled glove box using magnetic 

stirrers at 50 °C in standard EC-DMC 1:2/LiPF6 1.0 M solutions for 2 weeks. The 

powdery materials were separated from solutions by a centrifuge, followed by 

washing several times before measuring with pure DMC solvent. The possible 

dissolution of Mn, from LMR-NMC, C-LMP and blended powder upon aging in 

solutions at 50 °C for 2 weeks was measured by inductively coupled plasma (Prodigy 

High Dispersion ICP, Teledyne Technologies, USA).  

5.4. Results and Discussion 

5.4.1. Structural, physical characterization of LMR-NMC, LMP and 

blended materials 

XRD patterns (Fig. 5.1(a)) of LMR-NMC is indexed based on α-NaFeO2 structure. It 

has composite of LiMO2 (M is a mixture of Mn, Ni, Co) belong to rhombohedral 

crystal system having the space group of R


3 m and minor diffraction peak around 22o 

belongs to LiMn2O3 monoclinic phase having the C2/m space group which is formed 

due to ordering between Li+ in the transition metal layer [2-10]. The powder XRD 
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patterns of the C–LiMnPO4 (Fig. 5.1(b)) belong to a well ordered olivine, indexed by 

orthorhombic structure, space group Pnma [35-37]. XRD pattern of blended 

electrodes are not presented here as it is difficult to analyze. 

Pristine LMR-NMC has nearly spherical ball type morphology (Fig. 5.2(a)) 

having the size ranging from 5-12 µm. Secondary particles formed by agglomeration 

of multifaceted primary particles having the particle size ranging from 20 to 80 nm 

(Fig. 5.2(b)). Pristine LiMnPO4 has needle like morphology having the diameter of 

50 nm and length could be several micrometers (Fig. 5.2(c)). Upon ball milling and 

carbon coating the needle like morphology breaks forming spherical particles about 

30 nm in size (Fig. 5.2(d)). 

 

Fig. 5.1: XRD patterns for: (a) LMR-NMC and (b) C-LiMnPO4 

C coating onto C-LMP Powder has been confirmed by Raman spectroscopy 

as shown in Fig. 5.2(e). The broad peak at 1330 cm−1 corresponds to the D-line 

associated with disordered carbon vibrations of the C-LMP powder, and band at 1600 
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cm−1 corresponds to the G-line associated with the optically allowed E2g vibration of 

the graphitic structure [38-39]. The D/G ratio is ~2, indicates mostly sp2-type carbons, 

which helps to obtain good electronic conductivity of LMP. The spectrum also shows 

a weak peak at 950 cm−1 that can be assigned to the Ag mode of the symmetric 

stretching vibration of the 
3

4PO anions. The relatively weak intensity of 
3

4PO  is due 

to masking effect of high amount of carbon coating [36]. 

 

Fig.5. 2: SEM image of: (a) pristine LMR-NMC, (b) High resolution SEM image of pristine LMR-

NMC showing primary particles, (c) pristine LiMnPO4 synthesized by polyol method, and (d) C-

coated LiMnPO4 (C-LMP) 

Figure 5.2(f) shows the SEM image of CNFs. They appear to be thread-like 

structures with an outer diameter of 100 to 200 nm. Fig. 5.2(g) presents the Raman 

spectrum of the CNFs, reflecting the strong graphitic nature of the material with a 

small peak D-band could be due to surface oxidation of CNFs during storage, 

associated with disordered carbon vibrations. The strong graphitic peak at 1590 cm-1 

followed by a weak defect (D) band at ~1350 cm-1suggest that the fibers are highly 

conducting with carbon atoms mainly having sp2 type bond geometry [39]. The 

second order peaks at 2700 and 2450 cm-1 are marked by an asterisk in the Fig. 5.2(g). 
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Figure 5.2(h-i) shows the blend of LMR-NMC and C-LMP which has uniform 

distribution of both the blended materials.  

 

Fig. 5. 2: (e) Raman spectrum of C-LMP, (f) High resolution SEM image of pristine CNFs, (g) 

Raman spectrum of CNFs, (h) blend of LMR-NMC and LiMnPO4 spot 1, and (i) blend of LMR-

NMC and C-LMP spot 2 

5.4.2. Electrochemical performance studies of LMR-NMC, LMP and 

blended materials 

The charge and discharge voltage profiles (Fig. 5.3(a) and (b)) shows different 

voltages and capacities which is very obvious due to their inherent electronic and 
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crystal environment. C-LMP shows the voltage plateau at 4.2 V during charging and 

4.0 V during discharging. LMR-NMC shows the activation of LiMn2O3 component 

above 4.4 V where oxygen is released as Li2O and forms the MnO2 [11]. LMR-NMC 

has an operating voltage of about 3.75 V. As the operating voltage of C-LMP matches 

with that of LMR-NMC, C-LMP is an ideal to blend with LMR-NMC. In the 

discharge voltage profile of blended material, the flat plateau corresponds to C-LMP 

and the later the sloppy curve is attributed to LMR-NMC. 20 wt. % of C-LMP blended 

electrode material delivers good electrochemical performance (C rate performance 

data shown in Fig. 5.5(b-c)). More than 20 wt. % of C-LMP was not chosen for 

blending as the capacity of blend LMR-NMC may drastically reduce.  

 

Fig. 5.3: (a) 1st charge voltage profiles, (b) 5th discharge voltage profiles (maximum capacity 

obtained) pristine LMR-NMC, pristine C-LMP and blend of LMR-NMC and C-LMP as 

indicated in the figure 

The 20 wt. % C-LMP blending gives a reasonable flat plateau at 4 V. Also 

literature reports 15-30 wt. % blended materials give best electrochemical 

performance [23-26]. One of the drawback of LMR-NMC is the high irreversible 

capacity in first cycle which is alleviated by the blend which shows very less 

irreversible capacity (9%) compared to pristine LMR-NMC (17%). This reduced 

irreversible capacity may be attributed to approximate 100% electrochemical 

efficiency of C-LMP and stabilization of interface of LMR-NMC by the C-LMP 

coating. This coating protects the interface from degradation due to deposition of 

electrolyte at higher voltages. Another possible reason for reduced irreversible 
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capacity is due to the retention of oxide ion vacancies during de-lithiation which is 

due to surface coating of C-LMP to LMR-NMC [33]. The other major disadvantage 

of LMR-NMC is the rapid loss of energy density during progress of cycling due to 

decay of voltage which is limiting its application in powering the hybrid EVs and 

EVs. The blend of LMR-NMC and C-LMP shows improved electrochemical 

performance in terms of energy density compared to pristine LMR-NMC which is 

evident from Fig. 5.4(a) and (b) where the energy density of pristine LMR-NMC is 

declined from 870 Wh kg-1 (5th cycle) to 681 Wh kg-1(200th cycle). The blended 

material shows the energy density of 880 Wh kg-1 (5th cycle) to 750 Wh kg-1 (200th 

cycle).  

 

 

Fig. 5.4: Discharge voltage profiles at 5th, 100th and 200th cycles of (a) LMR-NMC, and (b) blend 

of LMR-NMC-C-LMP 

The improvement in energy density of the blend is accredited to symbiotic 

effect of high voltage, stable capacity and stable crystal system of C-LMP [36-37], 

and high capacity of LMR-NMC [4-5]. Partly, the surface protection of LMR-NMC 

by C-LMP also helps in the improvement of energy density of LMR-NMC. It should 

be noted that, blended electrode has almost no voltage decay, it has about 10 % of loss 

of capacity after 200 cycles. If the capacity loss is further improved, blended electrode 

material may have still higher in energy. 
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Fig.5.5: Cycle life of: (a) LMR-NMC, blended LMR-NMC and C-LMP, (b) C-Rate performance 

of blended electrode, (c) Comparison of rate capability of LMR-NMC and blended electrode 

Cycle life of blended material, LMR-NMC and C-LMP composite materials 

are shown in Fig. 5.5(a). All the electrodes shows stable cycling behavior. At the end 

of 200 cycles, the blended and LMR-NMC composite electrodes have 10 % loss in 

capacity. The carbon nano fiber (CNFs) additives (1.5 wt. %) used here to keep the 

conductivity of the sample, thereby the cells improve cyclability along the cycles. It 

has been reported that when CNF additives are not used the cells have rapid capacity 

fade after 100 cycles [4, 12]. The CNFs make a good electronic contact along the 

particle thereby reduce electrode impedance even though the electrodes have salt 

decomposition products on the surface upon cycling to 4.7 V. There is an 

enhancement in the rate capability (at 1C and higher, of the blended electrode 

compared to pristine LMR-NMC (Fig. 5.5(b-c)) which is attributed to the superficial 

intercalation of lithium ions in the C-LMP and carbon coating on to C-LMP also 



151 
 

improves the overall conductivity of the blend. Moreover, the C-LMP on the surface 

of LMR-NMC also acts as excellent lithium ion conductor at high potentials (4.1 V 

vs. Li/Li+) which is also responsible for high rate capability of the blended material. 

 

Fig. 5.6: Impedance spectra, represented as Nyquist plots for the LMR-NMC, C-LMP and 

blended composite electrodes measured under open circuit condition after 12 h assembly of cells 

in the frequency range 1 MHz and 10 mHz 

Impedance spectra provide very useful information about various resistances 

associated with the cell. EIS data of LMR-NMC, C-LMP and blended composite 

electrodes are measured under similar conditions in open circuit condition are 

presented in Fig. 5.6. The result indicates that all the three composite electrodes show 

a small Ohmic resistances of 4.5, 7.63 and 14.7 Ohm cm2 for the C-LMP and blended 

and LMR- NMC composite electrodes, respectively. Similarly, the charge transfer 

resistances for the C-LMP, blended and LMR-NMC composite electrodes were 348, 

722 and 1585 Ohm cm2, respectively. C-LMP blending with LMR-NMC reduces 

Ohmic resistance and charge transfer resistances by 50% thereby improves the rate 

capability, cycling performance. 
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5.4.3. Mn dissolution studies of LMR-NMC, LMP and blended materials 

Dissolution of Mn is the major cause of capacity fade and structural transformation 

for the Mn rich layered and spinel oxides [5, 35]. Mn dissolution has been explained 

by the disproportionation of Mn3+ to Mn4+ and the soluble Mn2+ [40]. Besides, Mn 

dissolution depends on the temperature, state of charge, and the spinel composition, 

and presence of surface coating. Dissolution of Mn in cells can cause Mn2+ cations 

migration to the anode side, where they are reduced. The metallic clusters thus formed 

destroy the passivation of Li and Li-graphite electrodes. Hence, we measure the 

dissolution of Mn from LMR-NMC, C-LMP and blended LMR-NMC-C-LMP 

powder during aging in EC-DMC 1:2/LiPF6 1.0 M solutions under a pure argon 

atmosphere during 2 weeks at 50 °C. In general, Mn dissolves freely, >10 times at 

higher temperatures. Typical results of Mn dissolutions are presented in Fig. 5.7 and 

indicate that the amounts of dissolved Mn is drastically reduced in blended LMR-

NMC compared to pristine LMR-NMC due to C-LMP coating.  

5.4.4. Discussions 

Similar to LiFePO4, the olivine type C-LMP material shown to have excellent capacity 

retention and rate capability because of small nanoparticles, coated with carbon, and 

free from blockage of 1D lithium-ion transport channels [36-37]. Furthermore, the 

olivine compound contains much stronger P-O bonds than other oxide materials 

resulting a very safe and stable cathode [36-37, 41]. However, C-LMP has reversible 

practical capacity of 160 mAh g−1 (Theoretical capacity =170 mAh g−1) at an operative 

voltage of 4.1 V, 0.7 V higher than that of LiFePO4 and is very stable. The operating 

voltage of C-LMP matches with that of LMR-NMC. Besides, C-LMP has excellent 

structural stability makes C-LMP an ideal candidate to blend with the LMR-NMC 

materials to improve the positive electrode impedance. C-LMP blending drastically 

improves the electrode impedance, thereby improves C rate performance and capacity 

retention. Improvement in energy density of the blended material is due to high flat 

plateau voltage, stable capacity and stable crystal system of C-LMP and high capacity 

of LMR-NMC.  
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Fig. 5.7: Mn dissolution of LMR-NMC, C-LMP and blended LMR-NMC-C-LMP powders 

during aging in EC-DMC 1:2/LiPF6 1.0 M powders stirred at 50 ◦C for 2 weeks. The dissolved 

Mn content was normalized to the Mn content of the pristine untreated powders 

5.5. Conclusions 

Physical blending of LMR-NMC with C-LMP is demonstrated as a path to lower the 

interfacial instability, and impedance of LMR-NMC thereby improves the C rate 

performance of blended LMR-NMC. The carbon coated LMP acts as an internal low 

impedance pathway over Mn2+/Mn3+ active potential window, carrying the current for 

the more resistive LMR-NMC material. The high flat plateau voltage of C-LMP 

provides improvement in energy density of the blended electrode material. C-LMP 

provides high interfacial stability thereby reduces irreversible capacity loss and Mn 

dissolution, improves electrochemical performance. Optimization of the blending 

electrode approach and further improvement in capacity are underway.  
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Chapter 6 

 

Binder and Conductive Additive Free 

Silicon Electrode Architectures for 

Advanced Lithium-Ion Batteries 

 

 

6.1. Abstract 

Silicon is of great interest as anode material for LIBs since it has ten times higher 

specific capacity than traditional graphite anodes. The large volume change (~400%) 

during lithiation and de-lithiation induces large stresses, leading to pulverization of Si 

which in turn causes loss of electrical contact and eventually leads to capacity fade. 

To overcome the issues due to pulverization, this Chapter describes an attempt of 

binder and conducting additive free Silicon nanoparticles (Si-NPs) as anodes for LIBs. 

The Si-NPs are pressure embed onto copper foil current collector without using any 

organic binder or conductive carbon additive. The physical and structural studies are 

carried out by XRD, SEM, Raman, TEM, and electrochemical performance of Si-NPs 

by electrochemical impedance spectroscopy and galvanostatic charge-discharge 

cycling. Binder-free Si-NP electrodes exhibit an initial reversible capacity of 950 

mAh g-1 at C/10 rate and more than 650 mAh g-1 during 500 cycles at 1C rate. The 

electrodes shows excellent rate capability (800 mAh g-1 at 5C rate) and cycling 

stability, because of available free space for volume change during cycling of silicon 

NPs without pulverization. The binder-free anode fabrication enables Si-NPs to obtain 

the real capacity of silicon without any interference of capacity contribution from 

composite materials.  
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6.2. Background and Motivation 

Silicon is considered as one of the most attractive anode materials for advanced LIBs. 

While the commonly used graphite anodes have a specific capacity of only 372 mAh 

g-1, silicon can alloy up to 4.4 Li atoms at room temperature, delivering capacity close 

to 4200 mAh g-1 [1-4] which is the highest theoretical capacity of all known anode 

material available today. In addition to the capacity, it has a lithiation potential close 

to that of graphite (i.e., 0.4 V vs. Li/Li+) [1-4] and is non-toxic, and high abundance 

in the earth’s crust. In spite of these advantages, there are certain fundamental 

challenges to the use of silicon as a viable anode material for LIBs. These include (i) 

large volume expansion/contraction (~400%) during lithium insertion/extraction 

induces large stresses, leading to pulverization of Si which in turn causes loss of 

electrical contact and eventually leads to capacity fade [2-5], (ii) the lack of a 

mechanistic understanding of the nature of SEI formation on the silicon surface and 

its stability during the repeated expansion and contraction during cycling [2-4, 6].  

It has been shown that nanostructured silicon anodes circumvent volume 

modification as they can accommodate large strain without pulverization, provide 

good electronic contact and conduction, and display short lithium insertion distances 

[3-5, 7-25]. A variety of silicon nanostructures [3-4, 7-25] and silicon/carbon 

composites [12-22], 3D electrode architectures [3, 9, 14, 24], and core shell structures 

[9,14, 17-18] have been investigated to overcome the problems associated with 

volume expansion, capacity fade and low cycling stability. There are many reports to 

overcome the issues of pulverization due to volume change. Si nanowires deposited 

onto SS foil current collector showed a reversible capacity of approximately 2900 

mAh g-1at a C/20 rate, but capacity retention was less than 50% at 2C rate [9]. The 

nest-like Si nanospheres showed a reversible lithium storage of 3952 mAh g–1 at 100 

mA g–1) but retained only 36% of capacity after 50 cycles [10]. Amorphous silicon 

coated onto carbon nanofibers to form a core− shell structure and the resulted core− 

shell nanowires showed great, stable charge capacity over 2000 mAh g-1 by 

introducing the carbon-silicon core-shell nanowires for high power and long cycle life 

LIBs [11]. Carbon core experiences less stress during lithium insertion and de-

insertion and can act as a mechanical support for an efficient electron conducting 
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pathway. 2D amorphous silicon nanowalls which retains the advantages of 1D silicon 

nanotubes shown to have improved initial coulombic efficiency and stable capacity 

of 2100 mAh g-1 at C/5 rate due to effective release of mechanical stress to avoid 

structure pulverization [18]. 3D porous bulk Si particles by the thermal annealing and 

etching showed a reversible capacity of ~2800 mAh g-1 for 100 cycles [14]. 

Si@C@Void@C nanohybrids shows an enhanced reversible capacity of 1366 mAh 

g-1 after 50 cycles at 500 mA g-1 by developing core-shell yolk-shell structure [19]. 

Hollow core-shell structured silicon@carbon nanoparticles embedded in carbon 

nanofibers attained high reversible capacity of 1020.7 mAh g-1 after 100 cycles at a 

current density of 0.2 A g-1 [20]. Pomegranate-inspired Si-C nanoscale designs of Si 

nanoparticles showed an initial reversible capacity of 2350 mAh g-1 at C/20 rate and 

97% capacity retention after 1,000 cycles have been achieved for these electrodes 

[21]. 

However, the nano-size interface between the nanostructured active material 

and the current collector results in a high electrical contact resistance, which also 

impairs the efficiency of electron transport. In addition, the small contact area 

undergoes a high shear stress when silicon swells during lithiation, potentially causing 

separation of active material from the substrate [5]. Like this there are many ways of 

making silicon with different shape and sizes or morphologies which involves many 

complex steps to circumvent the volume change during cycling. Moreover, there is 

also a challenge of fabricating the silicon anode with free expansion of space for 

silicon, i.e., proper attaching of the different silicon morphologies with the copper 

current collector for stable electrochemical cycling.  

In this work, we present a simple method of electrode fabrication where we 

use spherical Si-NPs synthesized by magnesiothermic reduction [15] from fumed 

silica. The as-synthesized Si-NPs were manually pressed onto copper foil as the 

current collector, without the addition of any conductive carbon or organic binder. 

The goal is to ensure proper attachment of the active material onto the current collector 

by pressure-embedding the Si-NPs, in order to eliminate the interface between the two 

as far as possible. This in turn will minimize the contact resistance, facilitating 

electron transport and thus improving cycling capability. In addition, less particle 
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loading, uniform distribution of Si-NPs will ensure that all the active material which 

has been pressed onto the current collector takes part in the electrochemical reaction, 

further enhancing electrochemical performance. This is the simplest and most cost 

effective method of electrode fabrication compared to other methods. 

6.3. Experimental  

6.3.1. Synthesis of Si-NPs by magnesiothermic reduction 

Si-NPs are synthesized by magnesiothermic reduction [15] where the stoichiometric 

amounts of fumed silica and magnesium powder (1:2 mole ratio) are mixed well in a 

mortar pestle for 1 hr followed by annealing at 700 oC for 2 hrs under argon gas. The 

Si-NPs are obtained by removing the MgO and Mg2Si by treating the obtained product 

with 1N HCl solution.  

6.3.2. Structural, physical and characterization of Si-NPs 

Structural, physical, compositional analyses were conducted by using powder XRD, 

SEM, EDAX, Raman, TEM similar to the experiments explained in experimental part 

of Chapter 3. 

6.3.3. Electrode preparation 

Electrodes were prepared by embedding the as-synthesized Si-NPs by pressure (25 

psi) onto copper foil current collector, without using any additional conductive carbon 

or organic binder. The electrodes were then punched into circular discs (1 cm2 area). 

For comparison, composite electrodes were prepared using 50 wt. % active material 

(Si-NPs), high surface area carbon, ACS 2500 (40 wt. %.) (China Steel Chemical 

Corporation, Taiwan) and binder 10 wt. % polyvinylidene fluoride binder (Kynar, 

Japan), dissolved in N-methyl-2-pyrrolidone (Sigma Aldrich) were mixed in a 

planetary ball mill mixture (Gelon, China) for 1h to form slurry. This slurry was then 

coated onto copper foil using the doctor-blade technique. The as-prepared 

conventional Si composite electrode was then dried at 90 oC under vacuum for 

overnight, punched, weighed and used as anodes.  
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6.3.4. Cell assembly and electrochemical characterization  

The electrochemical performance of the as-prepared Si on Cu and composite 

electrodes was evaluated in two-electrode Swagelok type cells with pure lithium foil 

(Alfa Aesar) as the counter electrode, Si electrode sandwiched between 2 

polyethylene-polypropylene- polyethylene membrane separators (Celgard Inc.). The 

electrolyte comprised 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) 

and dimethyl carbonate (DMC) (1:1 by volume) (Merck, India). The cells were 

assembled in a glove box filled with pure argon gas (MBraun, Germany). 

Galvanostatic charge–discharge cycling was carried out using a multichannel battery 

tester (Arbin BT2000 - Battery Test Equipment, USA) within the operating voltage 

range of 1.2 to 0.05 V. The impedance measurements of these composite electrodes 

were measured by using Solartron cell test system consists of 1470E multi-channel 

potentiostats and multiple 1455A series frequency response analyzers (FRAs) (driven 

by Corrware and Z-Plot software from Scribner Associates). The impedance 

measurements were carried out in a frequency range between 1 MHz and 10 mHz 

before and after 1st cycle and 500 cycles at 1.2 V.  

6.3.5. Post-mortem TEM analyses 

Post-mortem TEM analyses were conducted on cycled Si anodes. The powdery Si-

NPs were separated from Cu current collector by sonication, followed by washing 

several times with pure DMC solvent, dried under vacuum and used for analysis. 

 

6.4. Results and Discussion 

6.4.1. Structural, physical characterization of Si-NPs  

Powder XRD pattern of the as-prepared Si-NPs is presented in Fig. 6.1(a). The 

characteristic peaks are for a crystalline silicon having a face-centred cubic lattice. No 

impurity phases were detected. Raman spectra of Si-NPs presented in Fig. 6.1(b) have 

sharp, intense peak at 510 cm-1 due to crystalline Si-Si stretching [26]. The weak band 

at 928 cm-1 corresponds to the second order Raman signal for silicon [26].  
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Fig. 6.1: (a) X-ray diffraction pattern of as-synthesized Si-NPs by magnesiothermic reduction 

from fumed silica; (b) Raman spectra of the as-synthesized Si-NPs 

Figure 6.2(a) and (b) shows the FESEM images of the as-prepared Si-NP 

powders and Si-NPs on electrode, respectively. Si-NPs have typical spherical 

morphology having particle sizes in the range of 50-100 nm as shown in Fig. 6.2 (a). 

The pure Si-NP active material on the copper (Fig. 6.2 (b)) foil are uniformly 

distributed having enough vacant space for silicon volume change during 

electrochemical cycling. 

 

 

Fig. 6.2: (a) SEM image of the as-synthesized Si-NPs indicating few particle sizes; (b) SEM image 

of the as-prepared Si- NPs on copper current collector 
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Figure 6.3 shows EDAX analysis of as-prepared electrode. It shows that Si 

and Cu are the major components of the electrode. The presence of oxygen indicates 

Si NPs and Cu foil may be slightly oxidized.  

 

 

 

Fig. 6. 3: EDAX image of the as-prepared Si-NPs on Cu electrode 

 

6.4.2. Electrochemical performance studies of Si- electrodes 

Cycling, silicon anodes at different cut-off potentials provide different capacity and 

stability. It has been reported in the literature that cycling above 50 mV of silicon 

anodes reduces the formation of crystallized phases completely and results in better 

cycling performance [6, 27]. As our Si-NPs are crystalline, galvanostatic charge-

discharge cycling was conducted in the operating voltage range between 1.2 V to 0.05 

V. Figure 6.4 shows the cyclability of pure Si-NPs on copper foil for 500 cycles and 

composite electrode on copper foil for 60 cycles. The electrodes show very high initial 

lithiation capacity, close to 2800 and 1256 mAh g-1 for the composite and pure Si-

NPs, respectively. Reversible capacity of 1500 mAh g-1 is obtained for the composite 

Si-NPs. However, composite Si-NP electrodes loses their capacity in 20 cycles, could 

be attributed to their pulverization, loss of contact of active Si-NPs with the current 

collector.  
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Fig. 6.4: Capacity vs. cycle number for the Si-NPs on composite electrode for 60 cycles and 

pressure embodied on copper foil current collector during 500 cycles at 25oC. For the composite 

electrodes charge-discharges were carried out at C/10 rate. For pressure embodied Si-NPs on 

copper foil electrode was cycled at C/10 rate (1-20 cycles), C/5 rate for cycle # 21-150 and at C/2 

rate during 151-500 cycles  

Pure Si-NPs on copper foil delivers an initial reversible capacity of 950 mAh 

g-1 (at C/10 rate), ~900 mAh g-1 (at C/5 rate). These Si-NPs cycles well over 500 cycles 

due to good electrical contact of Si-NPs with current collector.  These Si-NPs retain 

650 mAh g-1 (at C/2 rate) at the end of 500 cycles. Coulombic efficiency of > 99 % 

(after 20 cycles) observed for the Si-NPs due to absence of SiOx leads to improved 

coulombic efficiency. Significant improvement in capacity retention of the pressure 

embodied Si-NPs compared to composite anodes indicates that pressure embodied Si-

NPs are uniformly dispersed on current collector and have good electrical contact 

compared to the composite anodes where Si-NPs are not uniformly dispersed between 

carbon black and not adhered well with the current collector. Besides, it is likely that 

the conventional composite electrode fabrication approach may involve a certain 

degree of agglomeration of particles and absence of sufficient spaces between these 

particles causes them to fracture and detach from the current collector. Moreover, it 

is possible that in presence of the organic binder, a resistive layer tends to exist 
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between the current collector and the silicon active material, preventing the proper 

adhesion of the latter and consequently interfering in electron transport. In overall, Si-

NPs in composite electrode losses contact with current collector due to pulverization 

which causes capacity fade.  

 

Fig. 6.5: Galvanostatic charge-discharge voltage profile for the composite and pressure embodied 

Si-NPs on copper foil current collector electrode during first cycle at C/10 rate 

The charge-discharge voltage profiles during the first cycle for the composite 

and Pristine Si-NPs are presented in Fig. 6.5. The first lithiation voltage profile of Si-

NPs have capacity contribution at voltages between 0.2 V and 0.8 V, which could be 

attributed to the SEI on the surface of Si-NPs [24]. As expected at potentials of ≤0.2 

V the capacity contribution is derived from the alloying reaction between Li and Si 

[6, 24, 28-30]. The amount of lithium that is irreversibly (irreversible capacity) 

consumed during the formation of SEI formation for the composite electrode is about 

50% compared to that of pressure embodied Si-NPs of 25%. High irreversibility of 

Lithium in composite anodes contribute to the rapid capacity fade. On other hand, 

reduced SEI formation of pressure embodied Si-NPs can lead to higher coulombic 

efficiency of 99%.  

The various C-rate charge-discharge experiments were performed to explore 

how a charge-discharge processes degrade the cell performances. The rate capability 
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studies performed at C/20, C/10, C/5, 1 C, 5C rates and back to C/10 rate for about 80 

cycles are shown in Fig. 6.6. The Si-NPs on Cu electrode shows excellent rate 

capability. Si-NPs on Cu electrode delivers > 875 mAh g-1 capacity at 1C and about 

800 mAh g-1 capacity at 5C rates. After cycling of cells at high C rates, followed by 

cycling at slow rates of C/10, the cells retain almost 100 % capacity indicating that 

the electrode fabrication approach mitigate pulverization leading to improved capacity 

retention at the high C rates. Besides, as Si-NPs are in direct electrical contact with 

copper current collector, the active material utilization is much higher leading to 

excellent electrochemical performance at low to high C rates. 

 

Fig. 6.6: The C rate performance of Si-NPs pressure embodied on copper foil current collector 

during 80 cycles at C/20, C/10, C/5, 1C and 5C rates 

In order to evaluate excellent electrochemical performance of Si-NPs on 

copper electrode at high C rates and during long cycling, EIS were carried out before 

and after cycling, as presented in Fig. 6.7. The Ohmic resistance (RΩ) is seen to be 2.6 

Ω cm2 before cycling and after 1st cycle. RΩ in the de-lithiated state (1.2 V) after 500 

cycles shows very little change (3.8 Ohm cm2) in relation to the Si-NPs on copper 

electrode before cycling. Moreover, little change in charge transfer resistance of the 

cell is observed after 500 cycles (480 Ω cm2) compared to 290 Ω cm2 of Si-NPs 
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embodied onto copper anode before cycling. This signifies its excellent 

electrochemical performance during long cycling. 

 

Fig. 6.7: Nyquist plots for the Si-NPs on Cu electrode in the frequency range between 1 MHz and 

10 mHz during before cycling at OCV, after first cycle de-lithiation and after 500 cycles de-

lithiation 

6.4.3. Post-mortem analysis of Si-electrodes 

In order to understand the importance of the pressure embed electrode architecture of 

Si-NPs which delivers excellent electrochemical performance due to minimized 

pulverization, particle size and morphologies before and after cycling were studied by 

HR-TEM (Fig. 6.8(a-c)). The HR-TEM of pristine Si-NPs presented in Fig. 6.8(a) and 

(b) shows spherical morphology with particle sizes ranging from 50-100 nm. TEM 

image in Fig. 6.8(b) shows lattice fringes corresponding to (111) plane of pristine Si-

NPs which suggest the crystalline nature of silicon. There is not much difference in 

particle size and morphology of pristine and cycled Si-NPs (Fig. 6.8(a) and (c)) which 

strongly supports that Si-NPs embodied onto copper foil current collector, and is one 

of the best approach of electrode fabrication where all problems associated with 

silicon as anode are alleviated and excellent electrochemical performance is achieved. 
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Fig. 6.8: (a) and (b) are TEM images of pristine silicon NPs, and (c) silicon- NPs cycled for 500 

cycles 

6.4.4. Discussions 

The primary issues associated with silicon anodes is the pulverization that occurs as a 

result of volume expansion and contraction during lithiation and de-lithiation, 

respectively. This pulverization includes fracturing of individual particles and also the 

detachment of the material from the current collector due to stress induced by the 

alloying-dealloying process at the level of the entire electrode. The goal is therefore 

to design an electrode that will improve capacity retention and cycling stability by 

accommodating the issue of volume modification. In composite electrode, the 

cohesive forces between the binder and active materials play a vital role for the 

electrochemical performance. While some binders may be better suited to a specific 
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active material than others. The electrochemically inactive binder itself may 

contribute to the impedance of the cell. Further, resistive layer of micro or nano 

dimensions exist between the active material and the current collector tends to 

interfere with the electron transport, resulting poor electrochemical performance.  

The as-prepared Si-NPs pressure embodied on copper foil current collector 

overcome the issues of silicon anodes in multifaceted ways. The current electrode 

fabrication approach is free from conductive diluents and polymeric binders. 

Consequently, the entire electrode material is electrochemically active and contributes 

to the capacity of the cell. Besides, the electrode fabrication ensures excellent 

adhesion of the active material to the current collector, without leaving any space for 

a resistive layer that would else have interfered with the electron transport. Moreover, 

electrodes with less silicon content have been shown to cycle at larger capacities. In 

our electrode fabrication approach the silicon particles are dispersed uniformly on the 

copper foil with sufficient gaps between them (Fig. 6.2), thus providing enough space 

to accommodate the volume expansion and compression of the Si-NPs. This accounts 

for the reasonably high capacity and remarkably stable cycling of the electrode. 

6.5. Conclusions 

We have successfully demonstrated a binder-free, additive free Si anodes by pressure-

embedding Si-NPs onto copper foil. The low silicon content and the even distribution 

of particles on the copper foil with sufficient gaps in between provide vacant spaces 

to accommodate the volume expansion and contraction of silicon, thereby effectively 

alleviating the problem of pulverization. The application of pressure ensures excellent 

adhesion of the active material to the current collector, thus minimizing the contact 

resistance at the interface and thereby improving electron transport. The as-prepared 

electrode shows high initial discharge capacity ~1050 mAh g-1 (C/20), 950 mAh g-1 

at C/10 and good cycling stability and retains more than 650 mAh g-1 (C/2) capacity 

even after 500 cycles.  
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Chapter 7 

 

In-situ 3D Electrode Fabrication of 

High Capacity Silicon-Carbon Anodes 

for Lithium-Ion Batteries 

 

 

7.1. Abstract 

In this Chapter we make another attempt to solve the issues of pulverization, 

significantly improve irreversible capacity, capacity fade and C rate performances 

through organic binder and conducting diluent free Silicon-Carbon (Si-C) 3D 

electrodes architectures. Si-NPs are synthesized by magensiothermic reduction in 

Chapter 6 are used as active mass along with carbons derived from petroleum pitch 

(P-pitch) onto 3D carbon fiber (CF) current collector. Highly conductive CFs of 5-10 

µm in diameter have been used to replace a conventional copper foil current collector. 

We demonstrate here P-pitch which adequately coat between the CFs and Si-NPs 

above 700 °C under Argon atmosphere. P-pitch makes uniform continuous layer of 

10-15 nm thick coating along the exterior surfaces of Si-NPs. Capacities in excess of 

2200-2050 mAh g-1 (at C/10) for 100s cycles at 900 and 1000 °C, respectively have 

been achieved in half-cell configuration. Synergistic effect of carbon coating and 3D 

carbon fiber electrode architecture improves the efficiency of the Si-C composite 

during long cycling at 1000 °C. The usual organic binder and copper current collector 

can be replaced by a high temperature binder of carbonized P-pitch and CFs, 

respectively. Together these replacements increase the specific energy density and 

energy per unit area of the electrode. 
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7.2. Background and Motivation 

US Department of Energy (DOE) year 2022 goals to develop next generation lithium 

ion batteries that have high energy density (300-400 Wh kg-1) which enable a large 

market penetration of HEV’s and EV’s [1]. Besides, the LIBs should have reduced 

cost, improved safety and cycle life. So current research emphasis is given to develop 

high energy density cathodes, high voltage electrolytes coupled with high capacity 

silicon anodes for increasing energy density in LIBs [2-8]. As discussed in Chapter 3 

and 4 Li and Mn rich TM oxide (LMR-NMC) composite cathodes which has almost 

double the capacity (372 mAh g-1 for 1.2 Li transfer) of currently available cathodes 

have been investigated as a promising cathode material for LIBs [4, 9-13]. To 

enhance the performance of anodes which meet the requirement of the automotive 

industry, researchers have been investigating materials which form alloys with 

lithium to generate anodes that have specific capacities an order of magnitude higher 

than graphite [2-3, 6]. Silicon is an attractive anode material for LIBs mainly because 

of its very high theoretical charge capacity of 4200 mAh g-1 (Li4.4Si). But silicon has 

various issues of low electronic and ionic conductivity and most important one is high 

volume change of ~400% during lithiation and de-lithiation leading to structural 

degradation (pulverization) followed by capacity fade and reduced cycle life [6,14-

21] need to be addressed before it is considered a potential candidate as anodes for 

lithium-ion batteries.  

As discussed in Chapter 6, there has been an intense research to mitigate 

volume change during cycling, such as producing Si-NPs [15-21], aligned Si-

nanowires/nanotubes [14, 22-24], dispersing silicon into an active (such as carbon) 

/inactive (eg. SiO2) matrix [25-33], silicon based thin films [34-38], free standing Si-

C electrodes and different morphologies of silicon [39-49]. Taking benefit of high 

conductivity of carbon and high capacity silicon, recent reports demonstrate carbon-

silicon nanocomposites can circumvent the issues associated with silicon and 

improve the overall electrochemical performance of Si-anode for LIBs [25-33]. This 

is because Si-C nanocomposites can accommodate huge strain with reduced 

pulverization, provide good electronic contact, and exhibit short diffusion path for 

lithium ion insertion.  
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Another interesting approach of Si-C composite free standing electrodes 

(binder less and current collector less) which are flexible and are used to create thin 

and flexible LIBs. Flexible free standing graphene-silicon composite film prepared 

by in-situ filtration method shows discharge capacity of 708 mAh g−1 beyond 100 

cycles [39]. Composites of Si-NPs and graphene accommodated on 3D network of 

graphite exhibited high Li ion storage capacities of >2200 mAh g−1 after 50 cycles 

and >1500 mAh g−1 after 200 cycles [40]. Freestanding macroporous silicon film in 

combination with pyrolyzed polyacrylonitrile composite anode shows discharge 

capacity of 1260 mAh g−1 for 20 cycles [41]. Light-weight free-standing carbon 

nanotube-silicon films prepared by sputtering method shows specific charge storage 

capacity (∼2000 mAh g-1) for 50 cycles [42]. Binder and additive free 3D porous 

nickel based current collector coated conformally with layers of silicon delivers high 

capacity of 1650 mAh g-1 after 120 cycles of charge/discharge [42]. There are also 

several reports such as carbon-coated Silicon nanowires on carbon fabric [43], 3D 

free-standing carbon nanotubes [44], flexible nanoporous Si-carbon nanotube paper 

[45-48], hierarchical nano-branched C-Si/SnO2 nanowire free standing electrodes 

[49] as tested as anodes which delivers reasonable good capacity ~1000 mAh g-1 for 

100s of charge-discharge cycles. In overall, Si-C composite free standing electrodes 

prepared by various synthesis approaches shows capacity between 700-2000 mAh g-

1 for about 100 cycles. 

Here, we present a unique organic binder less, additive free 3D electrode 

architecture of Si-C NPs on CF current collector which replaces usual copper foil 

current collector [50-51]. P-pitch is used as carbon source which makes a good 

electrical contact between the CF current collector and Si- active particles at high 

temperatures >500 oC. CF mat has numerous advantages over copper current collector 

such as incorporation of large amount of active material into the 3D CF network, 

provides high interfacial contact of active material to the conductive network. Besides 

the carbon fibers are more flexible and can accommodate the volume change of silicon. 

But the silicon nanoparticles will lose the contact from CF due to absence of binder. 

So there is need of a material which supports the volume change, improves 

conductivity and binds silicon onto CF. P-pitch which is complex mixture of 



178 
 

polynuclear aromatic hydrocarbons, derived from heat treatment of coal and petroleum 

tars can be used as a high temperature binder to bind Si-NPs on to CF. Pitch undergoes 

carbonization above 500 oC to form conducting carbon through mesophase (liquid 

crystalline state) [50-52]. So annealing mixture of P-pitch and Si-NPs coated on to CF 

current collector at high temperatures ≥ 500 oC, melts the P-Pitch and allows the 

conformal coating throughout the silicon and carbon fiber which enables to have a 

conductive network and enough space for the volume expansion and contraction 

without undergoing pulverization. In addition, the binding strength of carbonized pitch 

with silicon and carbon fiber is influenced by temperature. In this work, we have 

studied effect of different annealing temperatures (700, 900, and 1000 oC) on the 

electrochemical performance of Si-C 3D electrodes. Electrodes developed by this 

method provide enough space for silicon surrounded by carbonized pitch on carbon 

fiber which support the volume expansion and contraction during cycling thus 

reducing the pulverization of the silicon. In this type of electrode, all the active material 

is exposed to electrolyte which implies the entire silicon is electrochemically active 

whereas in conventional composite electrode in which copper foil is used as current 

collector, interior part of the electrode is electrochemically inactive due to lack of 

access to electrolyte. Moreover, polyvinylidene fluoride (PVdF) binder in the 

composite electrode causes impedance rise leading to detrimental in the 

electrochemical performance. In addition, copper foil adds extra weight to the 

electrode. But 3D Si-C freestanding CF electrodes does not contain any organic binder, 

and less weight. This would further enhance energy density.  

7.3. Experimental 

7.3.1. Synthesis of Si-NPs and structural-physical characterizations  

Si-NPs are synthesized by magnesiothermic reduction [20] of fumed silica discussed 

in Chapter 6. Powder XRD patterns of Si-NPs, carbon fibers etc. were performed by 

using a Panalytical X’Pert Pro diffractometer (The Netherlands), surface 

morphologies of the composite powders were measured by scanning electron 

microscope (Carle Zeiss SUPRA™ 40, Field Emission Scanning Electron 

Microscope) coupled with Thermo Noran EDS system for surface element analysis, 

transmission electron microscopy (JEOL-JSM-700F), and the physical properties by 
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Raman spectroscopy using a micro Raman spectrometer HR800 (Jobin Yovn Horiba, 

France), similar to the experiment discussed in Chapter 3. The surface area of the Si-

C composites annealed at 700 oC, 900 oC and 1000 oC are measured by Brunauer–

Emmett–Teller (BET) experiment (Quantachrome instruments, USA).   

7.3.2. Structural-physical characterizations carbon fibers, carbonized pitch and 

electrodes 

CF mats having diameter in the range between 5-10 µm as shown in Chapter 3, Fig. 

3.8(c) are obtained from Advanced Fiber Nonwovens (AFN) (Hollingsworth & Vose 

Company, MA, USA) are mostly non-graphitic in nature (Only disordered carbons) 

as discussed in Chapter 3, Section 3.4.2.1. Structural, physical, electrochemical 

assessment of CFs (Fig. 3.8(e) and (f)). Graphitic carbon fibers are not used as they 

are very brittle. The current carbon fibers have good mechanical strength, flexible and 

have electrical conductivity of order of 104 S cm-1. 1: 1 wt. ratio of Si-NPs and P. pitch 

are thoroughly mixed with required amount of N-vinyl pyrrolidone (NVP) to make 

slurry followed by coating on CF mats. The coated mats are dried at 90 oC under 

vacuum for overnight followed by punching, calendaring and carbonized the 

electrodes at 700-900-1000 oC for 5 hrs under argon atmosphere (Hereafter the 

electrodes are call Si-C composite electrodes on 3D CF). At temperature of ≥ 700 oC, 

P-pitch forms foam like structure (Fig. 7.1(a)) and coats on to Si-NPs and along CFs 

(Fig.7.1(b)). Thereby P-pitch makes a good electronic contact between Si-NPs and 

CFs. The electrode structure of 700 oC annealed sample is shown in Fig. 7.1(b).  

 

Fig. 7.1: (a) Foam like structure of P-pitch at temperature of ≥ 700 oC, and b) Electrode structure 

of Si-NPs with P-pitch on CF current collector at 700 oC 
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The complete scheme of electrode fabrication is presented in Scheme 7.1. The loading 

of Si-C composite on CF was between 6-10 mg cm-2. 

 

Scheme 7.1: Electrode fabrication approach of Si-NPs-C composite electrode on 3D carbon fiber 

7.3.3. Electrode preparation and cell assembly 

The conventional electrodes were prepared by making the composite of 60% active 

material, 10% PVdF (Kynar) and 30% carbon black (Super C65, Timcal), in N-methyl 

pyrrolidone (Sigma Aldrich) coated on to the copper foil (>99.9%, Strem chemicals, 

Inc., USA) current collector by using doctor blade technique. All the composite 

electrodes were dried under vacuum at 90 oC followed by punching them into 1 cm2 

area circular discs. The cells were fabricated in a glove box (M-Braun, Germany) 

filled with ultrahigh purity argon (99.999 %). The moisture and oxygen content of the 

glove box were less than 0.1 ppm. CR2032 coin type cells (MTI, China) were 

assembled using lithium foil as a counter electrode, polyethylene-polypropylene 

trilayer (Celgard Inc.) as separator and conventional silicon electrode or Si-C 
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composite on CF or only CF as working electrodes, 1M LiPF6 in 1:2 ratio of ethylene 

carbonate and dimethyl carbonate as electrolyte. Full cells are assembled using Mg-F 

doped LMR-NMC composite cathodes as developed in Chapter 4 and with current Si-

C composite anodes. 

7.3.4. Electrochemical performance studies 

The electrochemical performance of the samples comprising pristine Si-NPs, on 

copper foil (conventional electrode) and only pitch coated carbon fiber and finally 

silicon-carbon composite on carbon fiber as active masses were measured by using 

Solartran Cell Test system and Arbin battery cycler as explained in Chapter 6. The 

impedance measurements were carried out in a frequency range between 1 MHz and 

10 mHz before cycling on open circuit condition (OCV) and in full charged condition 

after 100 cycles. Charge-discharge cycling were carried out in the potential range 

between 1.2 V and 50 mV using constant current. LMR-NMC cathode and Si anode 

full cells were cycled in the potential range between 2.0 V and 4.6V. 

7.4. Results and Discussion  

7.4.1. Structural-physical properties of Si-NPs, Si-C composite electrodes 

The diffraction patterns of Si-NPs are shown in Fig.7.2. As discussed in Chapter 6, 

the diffraction planes (111), (220) and (311) at Bragg positions of 28.66o, 47.57o and 

56.39o correspond to pure silicon (Face centered cubic lattice, space group: Fd3m, 

JCPDS No.895012). XRD of Si-C freestanding electrodes fabricated at different 

temperatures shows the corresponding peaks of carbon and silicon suggesting the 

successful blend of Si-C composite. The weak and broad peak between 20o-30o of 

(002) plane indicates the formation of amorphous carbon. As annealing temperature 

increases there is an increase in intensity of carbon peak, which indicates the increase 

in crystallinity. The d-spacing value of broad peak in Si-C composite formed by 

annealing at 700 oC, 900 oC and 1000 oC are 3.65 Å, 3.57 Å and 3.52 Å, respectively. 

The decrease in d-spacing 700 oC, 900 oC and 1000 oC are 3.65 Å, 3.57 Å and 3.52 

Å, respectively. The decrease in d-spacing value with increase in temperature clearly 

indicates the increase of ordering of carbon [53].  
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Fig. 7.2: X-ray diffraction patterns of: (a) as synthesized Si-NPs and 3D Si-C free-standing 

electrodes annealed at (b) 700 oC, (c) 900 oC, and (d) 1000 oC  
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Fig.7.3: FESEM images of: (a) Si-NPs synthesized by magnesiothermic reduction, (b) 3D Si-C 

freestanding electrode, and (c) High resolution image 3D Si-C free-standing electrode 

Si-NPs synthesized by magnesiothermic reduction are of typical spherical 

morphology having particle sizes in the range of 50-100 nm (Fig. 7.3 (a)). 3D Si-C 

composite free standing electrodes fabricated at temperatures of 700 oC, 900 oC and 

1000 oC are shown in Fig. 7.3(b-c). At high temperatures >700 oC, P-pitch coats onto 

the fiber and Si-NPs, makes a good electronic contact along and between the fibers 

and on to the particle. Typically, pitch forms about 6-14 nm of C-coating onto Si-NPs 

when annealed at the temperatures between 700-1000 oC (discussed later in Fig.7.4). 

The 3D electrode architecture of Si-NPs on CF electrode shows uniform distribution 

of silicon and carbon throughout the CF (Fig. 7.3(b)). The high resolution image (Fig. 

7.3(c)) indicates the good binding of Si-C composite on carbon fiber with enough 

space for free expansion and contraction of silicon during alloying and dealloying 

with lithium. Si-C composite annealed between 700 oC -1000 oC (Fig.7.4(a-c)) shows 

partial increase in particle size of Si-NPs due to agglomeration compared to pristine 
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silicon (Fig. 7.3(a)). The BET surface area of Si-C composites were found to be 105, 

46 and 15.8 m2 g-1 annealed at 700, 900 and 1000 oC. 

 

 

Fig.7.4: FESEM images of Si-C composites annealed at: (a) 700 oC, (b) 900 oC, and 1000 oC 

As expected SEM and TEM images of pure Si-NPs converge. Si-NPs have 50-

100 nm in size (Fig. 7.5(a)). Si-C composite electrodes annealed between 700-1000 

oC shows Si-NPs particles covered by a thick carbon film of 6-14 nm. The crystallites 

have a typical, well-defined face centered cubic symmetry, and the atomic layers are 

also clearly observed. The d-spacing values of about 0.315 correspond to 111 

reflections in the XRD pattern of Si. Si-C composite electrodes annealed between 900 

and 1000 oC shows about 8 nm and 6 nm of thick carbon coatings respectively onto 

Si-NPs. The thickness of carbon coating decreases with increase of temperature which 

implies with increasing temperature the carbon coatings sinters, allowing to gain more 

mechanical strength. This increase in mechanical strength helps in increasing the 
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physical binding of carbon, silicon and CFs. The carbon coatings are stronger and 

malleable on increasing the temperature, allowing the silicon volume change during 

cycling without undergoing pulverization.  

 

Fig. 7.5: TEM images of (a) Si-NPs synthesized by magnesiothermic reduction; Si-C composite 

annealed at (b) 700oC, (b) 900 oC and (c) 1000 oC indicating carbon coating, lattice fringes, and 

atomic layers (scale bar: 5 nm) 

Raman spectra (Fig.7.6) of Si-C composite fabricated at different temperatures 

corresponds to Si-Si stretching (peak at 512 cm-1) and D-band (disorder band) and G-

band (graphitic band) at 1355 cm-1 and 1597 cm-1, respectively. The presence of 

silicon and hard carbon peaks indicates the successful formation of Si-C composite. 



186 
 

The integral intensity ratio of D to G bands for the Si-C composite samples annealed 

at 700 oC - 1000 oC was estimated to be 1.4 and 0.785, which indicated the formation 

of a disordered carbons. The decrease of D/G ratio with increase of temperature in 

Fig. 7.6 suggest, the increase in graphitic nature with increase of temperature. This in 

turn increases the conductivity of the electrode material. 

 

Fig.7.6: Raman spectrum of: (a) Si-C composite formed by calcination at different temperatures 

700 oC, 900 oC and 1000 oC for 5 hrs under argon atmosphere 

7.4.2. Electrochemical performance studies 

Reversible capacity and cycle stability of silicon anodes significantly reduces upon 

cycling at deep cut-off potentials. Cycling silicon anodes above 50 mV reduces the 

formation of crystalline phases and results good electrochemical performance [14, 54-
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56]. Thus galvanostatic charge-discharge cycling of our Si-NPs were carried out in 

the potential range between 1.2 V to 0.05 V. 3D Si-C composite electrodes annealed 

at different temperatures shows higher reversible capacity (Fig. 7.7) compared to 

conventional silicon composite electrode which suggest 3D electrode architecture 

enables the complete utilization of active material coated onto the CF compared to 

conventional silicon electrode. The conventional silicon composite electrodes show 

high irreversible capacity 48% with initial lithiation capacity of 3201 mAh g-1. High 

irreversible capacity is attributed to the high intake of Li during the formation of SEI 

in the conventional Si composite electrode. The low conductivity of the composite 

electrode and pulverization lead to rapid capacity fade of Si-NPs in conventional 

composite electrode.  

 

Fig.7.7: Comparison of cycle life of 3D Si-C freestanding electrodes prepared at 700 oC, 900 oC, 

1000 oC and conventional electrode (as indicated) 

The initial lithiation capacity of 3D Si-C free standing composite electrodes 

annealed at 1000, 900, 700 oC were 2193 mAh g-1
, 2712 mAh g-1, 3201 mAh g-1 and 

3533 mAh g-1 and that for conventional electrode was 3201 mAh g-1 at 0.1C rate and 

corresponding irreversible capacities were 11%, 16%, 18%, and 48% during 1st cycle 

(Figs. 7.7 and 7.8). The improvement in irreversible capacity of 3D Si-C freestanding 

electrodes during first cycle is due to coating of carbon onto Si-NPs which reduces 
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the side reactions of silicon with electrolyte, this in turn reduces with increase in 

annealing temperature (Fig. 7.8(a-d)).  

 

 

Fig. 7.8: Voltage profiles during lithiation and de-lithiation process for the free-standing 

electrode annealed at: (a) 700 oC, (b) 900 oC and (c) 1000 oC, and (d) comparison of voltage 

profiles during lithiation process for the freestanding electrode annealed at 700 oC and 1000 oC 

 

Si-C composite annealed at 700 oC shows initial high discharge capacity than 

the Si-C composite electrodes annealed at 900 oC and 1000 oC due to high surface 

area of Si-C composite annealed at 700 oC than 900 and 1000 oC. In discharge voltage 

profile, there is a plateau below 1 V (7.8(a) and (d)) is due to the alloying of Li+ with 

silicon and the plateau from 0.25-0.5 V during charging is due to dealloying of Li+ 

with silicon. All the 3D Si-C freestanding electrodes annealed between 700-1000 oC 
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shows similar voltage profiles (Fig. 7.8(a-d)). 3D Si-C freestanding electrode shows 

enhanced electrochemical performance than conventional silicon electrode. In this 

architecture, coating of carbonized pitch onto Si-NPs efficiently prevents the direct 

exposure of Si-NPs to electrolyte which helps in maintaining the interfacial and 

structural stability. In addition to this, the 3D CF and carbonized pitch effectively 

accommodates the volume expansion and contraction thus enabling the electrical and 

structural integrity of the electrode. Figure 7.8(a) 3D Si-C electrodes at 700 oC shows 

high initial stable discharge capacity (~2600 mAh g-1) than that of 900 oC (2220 mAh 

g-1) and 1000 oC (2060 mAh g-1) due to high surface area (105 m2 g-1) of Si-C 

composite. But, Si-C composite annealed at 700 oC shows rapid capacity fade with 

progress of cycling (after 25 cycles), whereas Si-C composite electrodes annealed at 

900 oC and 1000 oC shows enhanced electrochemical performance in terms of 

capacity retention and cyclability (Fig. 7.7). The 3D Si-C free-standing electrodes 

annealed at 1000 oC shows very stable capacity of about 2000 mAh g-1 for over 200 

cycles with little loss in capacity (~5%), whereas about 20% capacity loss was 

observed for the electrodes annealed at 900 oC. High capacity retention is due to the 

high conductivity of 3D Si-C free standing electrodes annealed at 1000 oC compare 

to 900 oC.  

 

The C rate performance of Si-C free standing electrodes annealed at 1000 oC 

shows ~1000 mAh g-1 capacity at 5C rate could be achieved and these cells cycles 

very well for over 250 cycles with little loss in capacity (Fig. 7.9). We have further 

evaluated the capacity contribution from the carbon derived from pitch and CFs used 

in this study. The pitch coated carbons on CF annealed at 900 oC and 1000 oC shows 

very stable capacities between 250-280 mAh g-1 (Fig. 7.10). The pitch coated carbons 

on CF annealed at 700 oC high initial capacity of >300 mAh g-1 and capacity reduces 

to 225 mAh g-1 in 60 cycles. 
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Fig. 7.9: C rate performance for the Si-C composite free standing electrode annealed at 1000 oC 

 

Fig. 7.10: The capacity vs. cycle number for the pitch coated CFs annealed at 700, 900 and 1000 

oC (as indicated) (Capacity was calculated w.r.t total weight of the electrode) 

The EIS behavior of Si-C composite 3D electrode architectures annealed 

between 700-1000 oC before and after cycling (Fig. 7.11(a-b)) have been investigated 
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in order further understand the kinetics of electrochemical processes which influence 

the electrochemical performance. The impedance spectra of Si-C composite 3D 

electrodes were measured in equilibrium conditions using lithium reference electrode. 

The impedance of 3D Si-C composite electrode (Fig.7.11a) annealed at 1000 oC have 

low Ohmic (2.07 Ohm cm2) and charge transfer resistances (151.45 Ohm cm2) before 

cycling and that of the electrode fabricated at 700 oC shows 10.14 Ohm cm2 and 

183.46 Ohm cm2. The electrode fabricated at 900 oC shows intermediate resistances 

(6.50 Ohm cm2 and 156.67 Ohm cm2) (Fig.7.11a). The Ohmic resistance of electrode 

fabricated at 900 oC increases to 17.14 Ohm cm2 and charge transfer resistance 

increases to 158.57 Ohm cm2 after 100 cycles whereas the electrode fabricated at 700 

oC shows high ohmic resistance of 39.96 Ohm cm2 and charge transfer resistance of 

366.18 Ohm cm2 after 60 cycles (Fig.7.11(b)). The impedance analysis shows the 

contribution of both surface resistance and solid state diffusion through the bulk of 

the Si-NPs. The surface process is dominated by a SEI layer consisting of an inner, 

inorganic insoluble part and several organic compounds at the outer interface. The 

surface resistivity, which seems to be correlated with the coulombic efficiency of the 

electrode, grows at very high lithium contents due to an increase in the inorganic SEI 

thickness. EIS illustrates that on increasing annealing temperature there is an 

improvement in conductivity which in turn helps in improving electrochemical 

performance.  

 

Fig. 7.11: Nyquist plots for the Si-NPs for the 3D CF electrodes annealed at 700-1000 oC (as 

indicated) in the frequency range between 1 MHz and 10 mHz during (a) before cycling at OCV, 

(b) after 60 cycles delithiation for 700 oC and after 100 cycles for the 900 and 1000 oC 
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In order to characterize the performance Si-C composite 3D electrode as an 

anode, electrochemical performance Si-C composite anode and LMR-NMC 

composite cathodes tested in a full cell configuration. As discussed in Chapter 4, Mg-

F doped LMR-NMC cathodes deliver as high as 300 mAh g-1 capacity with an 

operating voltage of >3.7 V and cycles very well [57]. Coin cells fabricated using Si-

C composite 3D electrodes and Mg-F-LMR-NMC cathode shows high open circuit 

voltage of >4 V, (Fig. 7.12(a)) high energy density of > 500 Wh kg-1 (Calculated from 

the integration of discharge capacity) in the voltage range between 4.6 to 2.0 V as 

shown in Fig. 7.12(a). The irreversible capacity for these cells were less than 10%. 

These coin cells show stable cycling for 50 cycles with little loss in capacity (Fig. 

7.12(b)). Further improvement in electrochemical performance in full cells in pouch 

type configuration are underway. 

 

Fig. 7.12: (a) Charge-discharge voltage profile, (b) cycle life data of full cell consisting of Si-C 3D 

composite electrode as an anode with LMR-NMC cathode at C/10 rate 

7.4.3. Discussions  

3D electrode architecture of Si-NPs on CF allows the continuous conducting 

framework having excellent electronic properties, adaptable and flexible medium 

(carbon formed from the pitch and CF) which accommodates the volume change of 

silicon during lithiation and de-lithiation. Further, increasing temperature 700 to 1000 

oC, increases the structural ordering of carbon and silicon which allows coating of 

carbon layers throughout Si-NPs. The carbon coating increases the contact strength of 

carbon with silicon and CF, thereby increases in mechanical strength of 3D Si-C 

composite electrode. The integrity of the Si-C composite material is well-maintained largely 
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due to the mechanical strength of the CF and pitch. When the electrodes are fabricated with 

CFs coated with pitch and Si-NPs, the pitch improves the connectivity between fiber-fiber 

and fiber-Si active material contacts, thereby reducing total internal impedance of the cell. 

During lithiation and de-lithiation carbon strongly holds silicon and allows expansion 

and contraction without undergoing pulverization. In addition, the improvement in 

conductivity with increase of temperature also enhances the electrochemical 

performance. The 3D electrode CF architecture with pitch controls the degradation of 

Si anode. All these features offer ample opportunities for modifying towards better 

Si-anode materials for optimal cell performance.  

7.5. Conclusions 

Organic binder and conducting diluent free 3D Si-C free-standing electrodes prepared 

at 1000 oC shows excellent electrochemical performance. Reversible capacities over 

2000 mAh g-1 at C/10 rate and ~1000 mAh g-1 at 5C rate could be obtained for these 

electrodes for 100s of charge-discharge cycles. Pitch provides a very thin layer of 

coating between 6-14 nm (annealed at temperature between 700 to 1000 oC) onto Si-

NPs, improves the connectivity between fiber-fiber and fiber-Si active material 

contacts, thereby reducing total internal impedance of the cell. During insertion and 

extraction of Li, carbon strongly holds Si-NPs, allows expansion and contraction 

without undergoing pulverization. The 3D electrode CF architecture with pitch 

controls the degradation of Si anode and improves the overall electrochemical 

performance during cycling. Besides, usual copper foil current collector is replaced 

by CFs which in fact contribute about 10 % capacity of Si-C composite electrodes. 

The Si-C composite electrodes do not contain any organic binder and extra conductive 

diluents. All these factors contribute towards improved energy density of Si-C 

composite electrodes. Full cells fabricated using Si-C composite 3D electrodes and 

Mg-F-LMR-NMC cathode shows high open circuit voltage of >4 V, and almost the 

double the energy density (530 Wh kg-1) of the currently available lithium-ion cells. 

The study described here opens a new realm of possibility for the development of next 

generation cathodes and anodes for LIBs. 
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Appendix-1 

 

Techniques Employed During the Study 

 
 

The various electrochemical and physical characterization techniques employed in this 

thesis include Electrochemical Impedance Spectroscopy (EIS), Chronopotentiometry, 

Chronoamperometry, Powder X-ray Diffraction (XRD) analysis, Electron Microscopy, 

X-ray photoelectron spectroscopy (XPS) and Raman Spectroscopy. These techniques 

are briefly described below. 

A.1.1. Electrochemical impedance spectroscopy 

The EIS technique involves excitation of an electrochemical cell by a small amplitude 

alternating current (AC) signal and measuring the response over a wide frequency 

range. When an electrochemical cell is excited by a low amplitude AC signal, the output 

is generally out of phase owing to the presence of capacitive and inductive components 

of the cell. The measured total impedance of the cell could be represented by an 

equivalent circuit comprising resistors (R) and capacitors (C) in series and/or parallel. 

On applying AC voltage (e) across the cell, the corresponding current (i) passing 

through it, can be expressed as, 

i  = io Sin t                    (A.1.1) 

Where,  is the angular frequency ( = 2f, and f being the frequency) and io is the 

value of i at t=0. 

For a capacitor, capacitance (C) is the product of voltage (e) across the plates and the 

charge (q) residing on them. Accordingly, 
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q = Ce                                    (A.1.2)                                                                                             

On differentiating Eq. (A.1.2), the current (i) is expressed as, 

i = dq / dt = io Sin 2f t                                                                                             (A.1.3) 

Integrating Eq. (A.1.3) yields, 

q = (-1/2f) io Cos 2f t                                                                                            (A.1.4) 

Where, the constant of integration, representing a constant charge on the capacitor, has 

been set equal to zero.  

From Eq. (A.1.2), 

e = q/C = (-1/2f C) io Cos 2f t                    (A.1.5) 

Since the current and voltage lag each other by a phase angle () equal to 90o. The root 

mean square voltage E, i.e. the effective value of voltage, is obtained from Eq. (A.1.5) 

by squaring the voltage and taking its average. Accordingly, 

E = (1/2f C) I                  (A.1.6) 

where I is the root mean square value of the current, i. 

This can be placed in a form corresponding to Ohm’s law by writing, 

E = Xc I                   (A.1.7) 

where the quantity Xc = (1/2f C) and is called capacitive reactance, and is a measure of 

the impeding effect of capacitor on current. 

In complex notation, the magnitudes of the ordinate are multiplied by j = (-1)1/2. Thus, 

E = -jXcI                                                                                                                   (A.1.8)  

In mathematical terms, the component E and I can be represented in an Argand diagram 

with the real component on the abscissa and the imaginary component on the ordinate. 

In a circuit containing resistance and capacitance in series (Fig. A.1.1), the total voltage 

drop across the circuit, E, is given by, 

E = E1+E2                    (A.1.9) 
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Fig. A.1.1: Series combination of resistance and capacitance with respective voltage drops E1 and 

E2, across them 

The impedance (Z) of the circuit is expressed as, 

Z = E/I                                                                                                                    (A.1.10) 

The total impedance of the circuit given by, 

Z = R + (1/jC) = R - (j/C)               (A.1.11) 

It contains real and imaginary terms, namely R and (-1/ C), respectively, and is called 

the complex impedance, Z*, given by, 

Z* = Z’ – jZ”                  (A.1.12) 

where Z’ = R and Z” = 1/C. 

Impedance data is represented graphically in Cartesian coordinates or in 

complex coordinates as shown in Fig. A.1.2(a). It may be noted that the parameters – 

impedance (Z), modulus of impedance |Z|, real part (Z’), imaginary part (Z”), phase 

angle () are interrelated and are functions of frequency (f). The plot of log |Z| and  

versus log f is known as Bode diagram. In the Bode log |Z| diagram, if resistance and 

capacitance are connected in series, the impedance is contributed by both the elements 

and the magnitude of this contribution varies with the ac frequency as shown in Fig. 

A.1.2(b). If resistance and capacitance are connected in parallel (Fig. A.1.2(c)), log |Z| 

decreases linearly with log f with a slope value equal to –1.  

From Eqns. (A.1.11 and A.1.12), 

Z* = R / (1+ jCR)                                                                                                (A.1.13) 
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If R and C are in parallel as shown in Fig. A.1.2(c), the impedance of the equivalent 

circuit is given by, 

1/Z* = (1/R) + jC                                                                                                 (A.1.14)                                                                                         

1/Z* can be termed as complex admittance (A*). 

So, A* = 1/Z* = (1/R) + jC    = (1 + jCR)/R            (A.1.15)                                                                                    

The complex impedance can be evaluated as follows. 

Z* =A*-1 = R / (1+ jCR)                 (A.1.16)                                          

          R (1- jCR) 

Z* =                                             (A.1.17) 

          1+ 2 C2 R2 

               R                       jCR2 

Z* =                          -                                                   (A.1.18)      

          1+ 2 C2 R2         1+ 2 C2 R2 

 

As, Z* = Z’ – jZ”       (From Eq. A.1.13) 

       R  

Where, Z’ =                                         (A.1.19)                        

           1+ 2 C2 R2 

                        

                          CR2  

and Z” =                                                    (A.1.20)                        

           1+ 2 C2 R2 

Dividing Eq. (A.1.19) by Eq. (A.1.20), we get, 
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Z’           1 

       =                               (A.1.21) 

 Z”         CR      

 

Fig. A.1.2: (a) Argand diagram showing relationship among resistance (R), capacitive reactance 

(Xc), modulus of impedance |Z| and phase angle (), (b) Complex plane (Argand) diagram for a 

series RC circuit and (c) Complex plane diagram for a parallel RC circuit  

 or,     
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      Z” 

 =                                (A.1.22) 

         Z’CR 

Substituting  from Eq. (A.1.22) in Eq. (A.1.19), we get,          

       R 

Z’ =                                                                  (A.1.23)  

        1 + (Z”2 / Z’2) 

or Z’ {1/R [1 + (Z”2 / Z’2)]} = 1               (A.1.24) 

Eq. (A.1.24) can be rearranged as, 

Z’2 + Z”2 –Z’R = 0                    (A.1.25) 

By adding (R/2)2 to both sides of Eq. (A.1.25), we get, 

(Z’ – R/2)2 + Z”2 = (R/2)2                            (A.1.26) 

Eq. (A.1.26) represents a semicircle with R/2 as radius. Thus, a plot of Z” vs. Z’ 

(Nyquist) of the impedance data measured over a wide frequency range takes the shape 

of a semicircle as shown in Fig. A.1.2(c). The diameter of the semicircle provides the 

value of the resistor, R. The value of C is calculated from, 

C = 1 / (2f*R)                                                                                                       (A.1.27) 

Where, f* is the frequency corresponding to the maximum value of Z” on the 

semicircle.  

The electrical equivalent circuit of a battery comprises electrochemical 

processes occurring at the anode, the cathode, and in the electrolyte as shown in Fig. 

A.1.3(a). The significance of various circuit elements may be explained as follows. La 

and Lc refer to inductance values associated with the anode and cathode, respectively. 

R refers to ohmic resistance of the cell, which includes the resistances of the 

electrolyte, electrode base metal, electrode leads, terminals, etc. The charge-transfer 
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resistances (Ra and Rc), the double-layer capacitances (Ca and Cc) and the Warburg 

impedances (Wa and Wc) of the respective anode and the cathode are included in the 

circuit following Randles equivalent circuit model. 

The charge-transfer resistance (Ra or Rc) of an electrochemical process is related 

to exchange current (I0, a or I0, c) by, 

Ra = RT / na F I0, a                                                                                                   (A.1.28) 

And Warburg impedance (Wa or Wc) is defined as, 

Wa = a 
-1/2

 – j  a 
-1/2                                                                                         (A.1.29) 

Where, n is the number of electrons and  is Warburg coefficient, which is 

related to diffusion coefficient and concentrations of the species involved in the 

reaction. Subscripts a and c refer to anode and cathode, respectively. As Ra (or Rc) and 

a (or c) are related to concentrations, it follows that these parameters and hence the 

total impedance of the battery would vary with its SoC. 

A semicircle on a complex-plane diagram, i.e., imaginary part (Z”) vs. real part 

(Z’), indicates the presence of a parallel combination of a resistor and a capacitor if Z” 

is negative, or a parallel combination of a resistor and an inductor if Z” is positive. For 

an equivalent circuit of a two-terminal storage battery (Fig. A.1.3(a)), inductive, 

capacitive and linear distribution of the spectrum characterizing separately the anode 

and cathode of the battery are expected. One may observe this as an experimental 

spectrum, provided the magnitude of the parameters and time constants (RC) 

corresponding to the anode and the cathode differ appreciably. In general, the total 

resistance of a storage cell is less than an ohm, and the parameters of the anode and the 

cathode are comparable in magnitude. As a result, the impedance spectrum may not 

clearly resolve corresponding to the individual electrode parameters, but it may 

represent the cell as a whole. The equivalent circuit may, therefore, be reduced as 

shown in Fig. A.1.3(b) [1]. As the inductance offers reactance at high AC frequencies, 

and if the experiments are carried out at low frequencies, the contribution of the 
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impedance by the inductance becomes negligibly small. Under these conditions, the 

inductance (L) may be omitted from Fig. A.1.3(b) and the equivalent circuit further 

reduce to the one shown in Fig. A.1.3(c). The complex-plane diagram of the impedance 

spectrum corresponding to the simplified equivalent circuit contains a semicircle and a 

linear spike as shown in Fig. A.1.3(d). 

 

Fig. A.1.3: (a) Equivalent circuit of a two terminal energy storage cell with individual electrode 

parameters. L, C, R and W refer to inductance, double-layer capacitance, charge-transfer 

resistance and Warburg impedance, respectively. Subscripts a and c refer to the anode and the 

cathode. R is the ohmic resistance. (b) Equivalent circuit with lumped parameters of the cell. Rct, 
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Cdl and W refer to charge-transfer resistance, double-layer capacitance and Warburg impedance of 

the battery, respectively. (c) Equivalent circuit same as in (b) but without inductance, and (d) a 

schematic complex plane impedance spectrum corresponding to the equivalent circuit shown in (c) 

The semicircle provides the value of R and the low-frequency intercept gives 

the value of charge-transfer resistance, Rct. The double-layer capacitance (Cdl) can be 

obtained from the ac frequency corresponding to the maximum on the semicircle (f*) 

from Eq. (A.1.27).  

In recent years, the non-destructive evaluation of the available capacity of 

primary and secondary cells or batteries has been the subject of much interest. The ratio 

of available capacity of a cell to its maximum attainable capacity is usually referred to 

as its state-of-charge (SoC). An estimation of SoC facilitates optimum utilization of a 

battery for a given application as well as evaluation of its state-of-health (SoH). Among 

the techniques which have been employed, ac impedance measurements provide 

knowledge of several parameters, the magnitudes of which may depend on the SoC of 

the cell. The first impedance measurements of batteries appear to have been made by 

Willihnganz in 1941[2]. These involved excitation of the electrochemical cell by an ac 

voltage of small amplitude (about 5 mV) and evaluation of the resistive and capacitive 

components, or other related parameters. As the measurements encompass a wide range 

of AC signal frequencies, various characteristic parameters of the electrochemical cell 

and kinetics of the associated reactions can be evaluated. 

During the impedance experiment, when a low-frequency ac signal is impressed, 

a time-dependent diffusion layer is created. As no net current flows, a steady state is set 

up after a few cycles. The overall impedance (Z) comprising combinations from 

diffusion and charge-transfer resistance can be expressed as [3], 

Z = Rct +  / 1/2 +  / j 1/2                         (A.1.30) 

Where,  is the Warburg coefficient. In the case of planar diffusion, , is defined as, 

 = (RT / 21/2 n1/2 F2 A D1/2)(1/CO
0 + 1/CR

0)                                                          (A.1.31) 
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Where, A is the electrode area, D is the diffusion coefficient, CO
0 and CR

0 are the bulk 

concentrations of O and R, respectively. The frequency dependent reactance due to 

diffusion, which includes the last two terms in Eq. (A.1.30), is known as Warburg 

impedance (W). 

Various processes occurring in an electrochemical cell may be represented by an 

electrical equivalent circuit. The equivalent circuit comprises electrical elements such as 

resistors and capacitors. Each element represents an electrochemical process involving 

the transport of mass and charge.  

In such a case, an analytical procedure is required for evaluation of the 

impedance parameters. Using the non-linear-least-square (NLLS) fit technique due to 

Boukamp [4], all parameters in the equivalent circuit model are adjusted 

simultaneously, thus obtaining the optimum fit to the measured dispersion data. The 

‘Data Cruncher’ section of the analysis program assists in the decomposition of the 

impedance dispersion into simple sub-circuits. This decomposition leads to an 

understanding of the possible equivalent circuits and provides a reasonable set of 

starting values for the adjustable circuit parameters by the general NLLS-fit procedure. 

The program involves assignment of an appropriate equivalent circuit in the form of a 

circuit description code (CDC). In a simple case of a circuit consisting of a resistance 

and a capacitance in series, for example, the CDC is RC, i.e. the elements are written 

without parentheses. If a resistance is present in series with a parallel combination of 

another resistance and a capacitance the CDC becomes R (RC). Subsequent to assigning 

the CDC for the purpose of NLLS-fit of impedance dispersion, has to enter an 

approximate initial value of the circuit parameters and start the program. The iterations 

continue till the best fit of the parameters with the experimental impedance data is 

obtained. In the output, the value of 2 of the NLLS-fit [5] and a chart of the correlation 

coefficients [6] are displayed together with the impedance parameters. A low value of 

2 and a value of at least  0.1 for correlation coefficient of the impedance parameters 

[5] ensure confidence in the values of the impedance parameters. Additionally, the 

theoretical impedance dispersion simulated using the impedance parameters can be 
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compared with the experimental dispersion. An overlap of the dispersion further 

provides confidence in the NLLS-fit procedure. 

A.1.2. Chronopotentiometry 

Chronopotentiometry is an electrochemical technique which measures the potential 

response of a working electrode under an applied current pulse as a function of time. 

The potential response vary abruptly at the moment when the current is first applied due 

to iR loss and later changes gradually due to the development of concentration 

overpotential as the concentration of the reactant is exhausted at the electrode surface 

[7, 8]. If the current is larger than the limiting current, the required flux for the current 

cannot be provided by the diffusion process and, therefore, the electrode potential 

rapidly rises until it reaches the electrode potential of the next available reaction, and so 

on [7-9]. The chronopotentiometry techniques are of different types depending on the 

current patterns used for the analysis as shown in Fig. A.1.4.  

 

Fig. A.1.4: Different types of chronopotentiometric experiments: (a) Constant current 

chronopotentiometry, (b) Chronopotentiometry with linearly rising current, (c) Current reversal 

chronopotentiometry, and (d) Cyclic chronopotentiometry (Adopted from Ref. [9]) 

A constant anodic/cathodic current is applied in constant current 

chronopotentiometry (Fig. A.1.4(a)), however the applied current is linearly increased 

(or decreased) with time, rather than keeping constant, in chronopotentiometry with 

linearly varying current (Fig. A.1.4(b)). On the other hand, the current is reversed after 
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some time from anodic to cathodic in current reversal chronopotentiometry (Fig. 

A.1.4(c)) and the current is repeatedly reversed in cyclic chronopotentiometry (Fig. 

A.1.4(d)). When the applied current is changed suddenly from anodic to cathodic 

(current reversal), anodic reaction (i.e., anodic product) starts to be reduced. Then, the 

potential moves in the cathodic direction as the concentration of the cathodic product 

increases. Hence, the typical chronopotentiometric techniques can be readily extended 

to characterize the electrochemical properties of insertion materials. In particular, 

current reversal and cyclic chronopotentiometries are frequently used to estimate the 

specific capacity and to evaluate the cycling stability of the battery, respectively. The 

multi-step redox reactions during insertion process (in LIB/NIB) can be effectively 

characterized using the voltage profile from the current reversal or cyclic 

chronopotentiometry [9]. Moreover, the chemical diffusion coefficient of the species in 

the insertion materials can also be estimated using another most useful 

chronopotentiometry technique called galvanostatic intermittent titration technique 

(GITT) [10-12]. 

A.1.3. Chronoamperometry 

Chronoamperometry is also known as the current transient technique. In this technique, 

the electrode potential is abruptly changed from E1 (the electrode is usually in the 

equilibrium state) to E2 and the resulting current variation is recorded as a function of 

time. The interpretation of the results is typically based on a planar electrode in a 

stagnant solution and an extremely fast interfacial redox reaction as compared to mass 

transfer. The schematic of potential stepping in chronoamperometry, the resulting 

current variation with time and the expected content profile of the active species O 

(with bulk concentration Co
*, and it is electrochemically inactive at E1, but is reduced at 

E2) in the electrolyte are shown in Fig. A.1.5.  
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Fig. A.1.5: The schematic of: (a) the potential stepping in chronoamperometry, (b) the resulting 

current variation with time, and (c) the expected content profile of the active species O in the 

electrolyte (Adopted from Ref. [9]) 

The kinetic behavior of the insertion materials can be characterized using 

chronoamperometry technique based on the typical assumption that the diffusion of the 

active species governs the rate of the whole insertion process (that means by 

considering the assumption on potentiostatic and impermeable constraints) [9, 13, 14]. 

In order to determine the exact form of current-time dependence for a planar electrode, 

the current density Cottrell equation (Eq. A.1.32) is used. Which describes the observed 

current (planar electrode) at any time following a large forward potential step in a 

reversible redox reaction (or to large overpotential) as a function of t-1/2. 

1/ 2

o o

1/ 2 1/ 2
                                                                                                            (A.1.32)t

nFAC D
i

t


 

Where, n is the stoichiometric number of electrons involved in the reaction; F is 

Faraday’s constant (96,485 C/equivalent), A is electrode area (cm2), Co is the 

concentration of electroactive species (mol/cm3), and Do is the diffusion constant for 

electroactive species (cm2/s). For diffusion controlled process, it can be noticed that the 

current falls as t-1/2. This feature is frequently used as a test for this type of process and 
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from the slope of it vs. t-1/2 the diffusion coefficient Do can be calculated. However, it 

has been reported that the chemical diffusion coefficient determined from the current 

transient technique on the basis of the diffusion control process show a large 

discrepancy from those values determined by other electrochemical techniques such as 

the GITT and EIS [15, 16]. 

A.1.4. X-ray diffraction (XRD) analysis 

X-ray diffraction provides both qualitative and quantitative information regarding 

various phases present in a material. For a crystal with interplanar spacing (dhkl), 

Bragg’s Law, 

2dhkl Sin θ = nλ                                                                                                       (A.1.33) 

Eq. A133 gives the relationship between the X-ray wavelength (λ) and the angle (θ) at 

which constructive interference occurs. In Eq. (A.1.33), n is an integer indicating the 

order of the plane. 

X-ray diffraction for a crystalline material produces well-defined peaks. The key 

to interpret powder X-ray diffraction pattern is that each phase produces its own pattern 

not withstanding the presence or absence of any other phases. The identification of the 

phases present in an unknown sample using the powder diffraction technique is based 

on comparison of the diffraction pattern of the material with its powder diffraction file 

collected and maintained at the Joint Committee on Powder Diffraction Standards 

(JCPDS). 

The most popular method used for identifying the structure of an unknown 

sample is indexing which provides a cell that can be matched against the available 

Crystal Diffraction File (CDF) database. Computer analysis of diffraction data and the 

various software available for this purpose are well documented by Edmonds [17] and 

Smith [18]. Several methods are available for determining the composition of solid 

solutions and the relative amount of phases present in multi-component phase mixtures 

by X-ray diffractometer [19-21]. The XRD quantitative analysis is based on the premise 
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that each crystalline phase in a mixture has a unique diffraction pattern and the intensity 

is maintained at a constant level. The composition of a solid solution can be determined 

from the XRD pattern if the variation of lattice parameters with composition is 

calibrated independently. Quantitative and qualitative aspects of X-ray diffraction 

analysis are well documented by Synder [19] and Synder and Bish [20]. 

The factors affecting the accuracy of the experimental diffraction patterns can be 

broadly classified into those affecting the d-spacing and the intensity. In spite of several 

sources of error in the measurement of 2θ values and the subsequent conversion to d-

spacing, the derived d-values are generally sufficient for qualitative phase identification. 

The major factors influencing the d-spacing accuracy are specimen displacement, 

diffractometer misalignment, problems of finding the true peak position and errors in 

conversion of 2θ to d. 

The magnitude of the systematic error in 2θ maxima (Δ2θ) because of the 

displacement of the sample surface downward on a vertical goniometer from the center 

of the goniometer focusing circle is equal to -2s cosθ / r, where s is the sample 

displacement and r is the radius of the goniometer circle. At low angles, where cos θ is 

closer to unity, the magnitude of error in 2θ is roughly equal to -2s/r. 

Instrument misalignment due to the wrong setting of the mechanical zero and 

the 2:1 rotation axis of the goniometer can introduce systematic errors into the observed 

2θ values. The mechanical zero of the goniometer is the angle at which a single line 

bisects the center of the receiving slit, the center of the goniometer rotation axis, and the 

center of the projected source from the X-ray tube. An error in mechanical setting will 

produce an equivalent error in all observed 2θ values. Any error in the 2:1 angular 

speed relationship will introduce a cyclic error into the observed 2θ values. 

The shape of the diffracted line profile is determined by various factors like 

axial divergence of the X-ray beam, particle size, microstrain of specimen and 

monochromaticity of the source. The distortion of the peak shape from these effects 

leads to problems in finding the peak maxima. In such cases, the peak maxima is 
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obtained by differentiating the peak and taking the point corresponding to dI/dθ = 0, or 

by taking the average of inflection points. The parameters measured in diffraction 

experiments are the line intensities and the angles at which these lines occur. The effect 

of an error in 2θ on the d-spacing can be expressed as: Δd/d = θ Cotθ. Thus, fixed error 

in 2θ has greater impact on d-spacing accuracy at low angles. 

Major factors affecting the accuracy of the measured intensity in a powder 

pattern can be classified as instrument sensitive and sample sensitive factors. Instrument 

sensitive factors include effect of variable divergence slit on relative intensities, and 

non-linearity of the detector (the measured count rate from the detector is not directly 

proportional to the photon rate entering the detector). Various sample sensitive issues 

and the methods adopted in addressing them are: (a) crystal particle statistics can be a 

major source of error. Favorable statistics requires about 108 crystallites [22]. A particle 

size of about 5 m is generally recommended for a diffractometer sample. Rotating the 

sample in the diffractometer will expose more crystallites to the X-rays and hence 

provide improved intensities. (b) The preferred orientation is caused by the morphology 

of the particles constituting the sample. The X-ray intensities are known to depend 

strongly on the shape and orientation texture of phases present in the sample. Therefore, 

preferred orientation in the sample may invalidate the determination of relative amount 

of phases present in a polyphasic mixture when X-ray intensities are used for 

quantitative phase analysis. If only one peak from each phase is being used for the 

analysis, preferred orientation can give widely different results. (c) Peak broadening can 

occur if sample has particles of very small crystallite size. Micro stress, disorder and 

inhomogeneity of solid solutions can also cause broadening, resulting in errors in the 

measurement of intensity. The problem can be partially resolved by measuring the 

integrated intensity rather than that the peak height. (d) Sample preparation may affect 

the intensities of the peaks in XRD. The sample preparation technique must be the same 

for all the samples. For example, the density of the packed powder in the sample holder, 

size and shape of the sample holder and the thickness of the sample must be maintained 

uniformly. 
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A.1.5. Electron microscopy 

One of the important tools for the characterization of materials is the electron 

microscope in which a beam of electron functions in the same way as the light beam 

does in a conventional optical microscope. Moving electrons exhibit wave 

characteristics with a de-Broglie wavelength ( = h/p = h/mv) which is ~1 Å for values 

of frequencies () corresponding to acceleration voltage of 50-100 keV. As the 

resolving power of an optical microscope depends on the wavelength of the light beam 

used (~500 Å), the potential increase in resolving power is obvious. As a result of the 

development in electron optics, this limit is almost realized. The difference between an 

optical microscope and an electron microscope is schematically depicted in the Fig. 

A.1.6. Electron microscope has as electron gun as source of electrons that uses 

thermionic emission from a filament or field emission from a tip and from which a 

beam of electrons of energy 50-100 keV emerges. A series of lenses converge the beam 

into a small spot on the specimen. The transmitted beam of electron passes through the 

optical and projection lenses and forms an image on a fluorescent screen or photoplate. 

The electron lenses consist of coils with suitably shaped soft iron pole pieces. Focusing 

is accomplished by precise control of current in the magnetizing coils thus varying the 

effective focal length of the lenses. Electron microscopes have the provision for 

observation of electron diffraction pattern via suitable alterations in the electron lens 

system. 

Electron microscopy is an extremely versatile technique capable of providing 

structural information over a wide range of magnification. At one extreme, scanning 

electron microscopy (SEM) complements optical microscopy for studying the texture, 

topography and surface features of powders or solid pieces; features up to tens of 

micrometers in size can be seen and, because of the depth of focus of SEM instruments, 

the resulting pictures have a definite three-dimensional quality. At the other extreme, 

high-resolution electron microscopy (HREM) is capable, under favorable 

circumstances, of giving information on an atomic scale, by direct lattice imaging. 
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Resolution of ~2Å has been achieved, which means that it is now becoming 

increasingly possible to see individual atoms. 

 

 

Fig. A.1.6: Schematic diagrams of (a) an optical, and (b) an electron microscope 

In the scanning electron microscope, electrons from the electron gun are focused 

to a small spot, 50-100 Å in diameter, on the surface of the sample. The electron beam 

is scanned systematically over the sample, rather like a spot on a television screen. Both 

X-rays and secondary electrons are emitted by the sample; the former are used for 

chemical analysis and the latter are used to build up an image of the sample surface, 
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which is displayed on a screen. A limitation with SEM instruments is that the lower 

limit of resolution is ~100 Å.  A recent advance is the development of the scanning 

transmission electron microscope (STEM). This combines the scanning feature of the 

SEM with the intrinsically higher resolution obtainable with transmission electron 

microscope (TEM). 

The basic components of a TEM instrument are listed in Fig. A.1.7. Electrons 

emitted from a tungsten filament (electron gun) are accelerated through a high voltage 

(50-100 kV). Their wavelength () is related to accelerating voltage, V, by 

 = h (2meV)-1/2                                                                                                    (A.1.34) 

Where, m and e are the mass and charge of the electron, respectively. At high voltage, 

as the velocity of the electron approaches the velocity of light, m is increased by 

relativistic effects. The electron wavelengths are much smaller than the X-ray 

wavelengths used in diffraction experiments, e.g.  is ~ 0.04 Å at 90 kV accelerating 

voltage. Consequently, the Bragg angles for diffraction are small and the diffracted 

beams are concentrated into a narrow cone centered on the undiffracted beam [23]. 

Electron source (Gun) 

 
Condenser lenses 

 
Sample 

 
Objective lens 

 
(Diffraction plane) 

 
(Intermediate image) 

 
Projector lens 

 
Viewing plane 

(Fluorescent screen or photographic film) 

Fig. A.1.7: Basic components of a transmission electron microscope 



218 
 

Some SEM and TEM instruments have the very valuable additional feature of 

providing an elemental analysis of sample composition. There are various names for the 

technique including electron probe microanalysis (EPMA), electron microscopy with 

microanalysis (EMMA) and analytical electron microscopy (AEM). The main mode of 

operation makes use of the fact that when a sample is placed in the microscope and 

bombarded with high-energy electrons, many things can happen, including the 

generation of X-rays. These X-rays are characteristic emission spectra of the elements 

present in the sample. By scanning either the wavelength (wavelength dispersive 

analysis of X-rays (WDAX)) or the energy (energy dispersive analysis of X-rays 

(EDAX)) of the emitted X-rays, it is possible to identify the elements present. If a 

suitable calibration procedure has been adopted, a quantitative elemental analysis may 

be made. The basic operation, energy resolution, detector electronics and multichannel 

analysis regarding EDAX are well documented in the literature [24, 25]. At present, 

only elements heavier than and including sodium can be determined; lighter elements 

do not give suitable X-ray spectra. For lighter elements, however, there are alternative 

techniques such as Auger spectroscopy and electron energy loss spectroscopy (EELS). 

A.1.6. X-ray photoelectron spectroscopy  

XPS is a dedicated technique used for determining the chemical composition of 

materials based on photoelectric effect. It is also known as electron spectroscopy for 

chemical analysis (ESCA). XPS is a highly surface sensitive technique which can 

analyze a sample to a depth of 2 to 5 nanometers (nm). It can reveal the major chemical 

elements present on the surface and the nature of chemical bond existing between the 

elements. Except hydrogen and helium all other elements can be detected using XPS. 

The binding energy of an electron in a molecular orbital can be significantly influenced 

by the nature of its chemical environment. The kinetic energy distribution of emitted 

photoelectrons provides information regarding composition and electronic state of the 

sample surface [26-28]. In XPS, soft X-rays (with a photon energy of 200-2000 eV) is 

used to examine core-levels of the sample surface. XPS is usually carried out under 
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high vacuum for reducing the sample degradation. The photoemission principle forms 

the basic principle of XPS. When the material is irradiated with a beam of X-ray, the 

photon is absorbed by an atom in a molecule or solid, leading to ionization and the 

emission of a core (inner shell) electron. Thus sufficient energy is provided to break the 

photoelectron away from the nuclear attraction force of an element. A beta-ray 

spectrometer is used to determine the energy spectra of the ejected electron. A 

schematic of the photoelectron excitation process and the basic components of an XPS 

instrument along with the data formats are given in Fig. A.1.8. 

 

Fig. A.1.8: Schematic of: (a) the photoelectron excitation process, and (b) the basic components of 

an XPS instrument along with the data formats (Adopted from Ref. [28]) 

The kinetic energy of the photoelectrons are given by the Eq. A.1.35. 

. . . .                                                                                    (A.1.35)K E h B E   

 

Where, K.E. is the kinetic energy of the photoelectrons, һν is the energy of the 

incident photon, B.E. is the binding energy of electron and ϕ is the work function of 

material. The time required for photon absorption is less and takes place within 10-16 s. 

For the photoemission, һν should be higher than B.E + ϕ. K.E., and it increases with 
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decrease in the B.E. The photoemission intensity is proportional to the intensity of the 

photon. Since, the specific energy of an elemental core level transition occurs at a 

specific B.E., the element can be characterized accurately. The ejected photoelectron 

will be collected by the electron analyzer and its kinetic energy is measured. The 

presence of peaks at particular energies therefore indicates the presence of a specific 

element in the sample under study - furthermore, the intensity of the peaks is related to 

the concentration of the element within the sampled region. B.E. is a direct measure of 

strength of interaction between electrons and the nuclear charge. Hence it can provide 

information on the initial and final state of atom. The chemical state information can be 

obtained from the initial states as it accounts for the core level binding energy shifts. 

The ejected photoelectron from core level can undergo slight shift depending on the 

outer valence configuration of the sample tested [27]. Thus according to change in 

chemical surrounding, the effective charge is altered resulting in a change in B.E. value. 

Therefore, as the oxidation state of an atom changes, a chemical shift or surface core 

level shift could be observed. The increase in B.E value shows that the electron is 

tightly held by nucleus and thus for element with high atomic number possess higher 

B.E. values. Coupling of magnetic fields of spin (s) and angular momentum (l) occurs if 

the electron in the orbital possesses orbital angular momentum. If ‘j’is the total 

momentum, the level of degeneracy for spin-orbital splitting will be (2j+1). Thus s 

orbital will not undergo splitting whereas a doublet with intensity ratio at 1:2 for p1/2 

and p3/2 could be observed for p orbital [26-28]. The most commonly employed X-ray 

sources are those giving rise to Mg Kα radiation: hν = 1253.6 eV and Al Kα radiation: 

hν = 1486.6 eV. 

For the present study, the XPS measurements were carried out ESCA+, 

(Omicron nanotechnology, Oxford Instruments plc, Germany) equipped with 

monochromic AlKα (1486.6 eV) X-ray beam radiation operated at 15 kV and 20 mA, 

B.E. was calibrated vs. carbon (C1s = 284.6 eV). For these measurements, the powder 

samples were transferred to the XPS device using a hermetically sealed unit, which 

contains a sample holder attached to a magnetic manipulator, and a gate valve. A survey 
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spectrum was taken first followed by XPS of required elements, and the obtained 

spectra were deconvoluted using Gaussian functions based on Origin 8.0 software. 

A.1.7. Raman spectroscopy 

Raman scattering is one of a family of scattering processes involving interaction of a 

primary light quantum with atoms, molecules, or crystals by which a secondary light 

quantum is produced. Raman involves inelastic scattering, producing secondary light 

quanta of different energy from the primary light quanta. The energy difference is equal 

to the vibrational energy of a molecule or crystal and/or the rotational energy of a 

molecule, and thereby Raman scattering provides a means of measuring vibrational 

spectra, alternatively to infrared (IR) absorption spectroscopy. These two types of 

spectroscopy are illustrated schematically in Fig. A.1.9. If monochromatic radiation is 

used for the primary light quanta, recording the secondary quanta produces a Raman 

spectrum. Scattering from molecules or crystals in their ground rotational and/or 

vibrational states produces a Stokes, or red-shifted, Raman spectrum. Scattering from 

excited vibrational and/or rotational states produces an anti-Stokes, or blue-shifted, 

Raman spectrum [29]. 

 

Fig. A.1.9: Energy level diagram for: (a) Infrared absorption, (b) Stokes Raman scattering, and (c) 

anti-Stokes Raman scattering (Adopted from Ref. [29]) 



222 
 

The instrumentation of a typical Raman system consists of four major 

components: a) excitation source (Laser), b) sample illumination source and light 

collection optics, c) wavelength selector (filter) and d) a detector. A sample is normally 

illuminated with a laser beam in the ultraviolet (UV), visible or near infrared (NIR) 

range. The scattered light is collected with a lens and it is sent through the interference 

filter to obtain the Raman spectrum of the sample. As an example, the Raman spectra of 

different forms carbon are shown in Fig. A.1.10.  

 

 

Fig. A.1.10: Raman spectra of different forms of carbon: (a) Graphite, (b) Single layer of graphene, 

(c) Single walled carbon nanotube (SWCNT), (d) Multi-walled carbon nanotube (MWCNT), and 

(d) Diamond like carbon (DLC) (Adopted from Ref. [30]) 

Raman spectroscopy technique has been emerged as a very important analytical 

tool for the characterization of battery materials. It can be used for the analysis of 

different types of battery components such as cathode materials, anode materials and 

electrolytes [31]. Among the various advantages of Raman spectroscopy, the most 

important one for battery application is the ability to detect the molecular structure or 

local chemical environments. Moreover, the Raman spectral results can be directly 

correlated with the electrochemical performance of the materials. In the present study, a 
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micro Raman spectrometer HR800 (Jobin Yovn Horiba, France), with He-Ne laser 

(excitation line 632.8 nm) and a microscope objective (50, Olympus Mplan, 0.4 mm 

working, numerical aperture 0.75 in back scattering configuration) is used for the 

analysis. 

References 

[1] S. Sathyanarayana, S. Venugopalan, M.L. Gopikanth, Impedance parameters and the state-of 

charge. I. Nickel-cadmium battery, J. Appl. Electrochem. 9 (1979) 125–139. 

[2] E. Willihnganz, A bridge for measuring storage battery resistance, Trans. Electrochem. Soc. 

79 (1941) 253–258. 

[3] J. Robinson, R. Greef, R. Peat, L.M. Peter, D. Pletcher, Instrumental Methods in 

Electrochemistry, Ellis Horwood, Chichester, 1985. 

[4] B. A. Boukamp, Equivalent Circuit, Users Manual, University of Twente, The Netherlands, 

1989. 

[5] R. R. Bevington, Data reduction and Error Analysis for the Physical Sciences, McGraw Hill, 

New York, 1969. 

[6] Mick Alt, Exploring Hyperspace – A Non Mathematical Explanation of Multivariate 

Analysis, McGraw-Hill, UK, 1990. 

[7] A.J. Bard, L.R. Faulkner, J. Leddy, C.G. Zoski, Electrochemical methods: fundamentals and 

applications, Wiley New York, 1980. 

[8] J. Wang, Analytical electrochemistry, John Wiley & Sons, 2006. 

[9] S.-I. Pyun, H.-C. Shin, J.-W. Lee, J.-Y. Go, Electrochemistry of insertion materials for 

hydrogen and lithium, Springer Science & Business Media, 2012. 

[10] W. Weppner, R.A. Huggins, Determination of the kinetic parameters of mixed-conducting 

electrodes and application to the system Li3Sb, J. Electrochem. Soc. 124 (1977) 1569–1578. 

[11] Y.-M. Choi, S.-I. Pyun, J.-S. Bae, S.-I. Moon, Effects of lithium content on the 

electrochemical lithium intercalation reaction into LiNiO2 and LiCoO2 electrodes, J. Power 

Sources. 56 (1995) 25–30. 

[12] J.-S. Bae, S.-I. Pyun, Electrochemical lithium intercalation reaction of anodic vanadium 

oxide film, J. Alloys Compd. 217 (1995) 52–58. 



224 
 

[13] J. Crank, The mathematics of diffusion, Oxford university press, 1979. 

[14] C.J. Wen, B.A. Boukamp, R.A. Huggins, W. Weppner, Thermodynamic and mass 

transport properties of “LiAl,” J. Electrochem. Soc. 126 (1979) 2258–2266. 

[15] T. Uchida, Y. Morikawa, H. Ikuta, M. Wakihara, K. Suzuki, Chemical diffusion coefficient 

of lithium in carbon fiber, J. Electrochem. Soc. 143 (1996) 2606–2610. 

[16] D. Zhang, B.N. Popov, R.E. White, Modeling lithium intercalation of a single spinel 

particle under potentiodynamic control, J. Electrochem. Soc. 147 (2000) 831–838. 

[17] J.W. Edmonds, Generalization of the ZRD–SEARCH–MATCH program for powder 

diffraction analysis, J. Appl. Crystallogr. 13 (1980) 191–192. 

[18] D.K. Smith, Particle statistics and whole-pattern methods in quantitative X-ray powder 

diffraction analysis a, Powder Diffr. 16 (2001) 186–191. 

[19] M.A. Baker, Materials Science and Technology, Characterization of Materials, Wiley-

VCH, 1994. 

[20] D.L. Bish, J.E. Post, Modern powder diffraction, Mineralogical Society of America 

Washington, DC, 1989. 

[21] H. P. Klug and L. E. Alexander, X-ray Diffraction Procedure for Polycrystalline and 

Amorphous Materials, John Wiley & Sons, New York, 1974. 

[22] C.R. Hubbard, D.K. Smith, Experimental and calculated standards for quantitative analysis 

by powder diffraction, in: Advances in X-Ray Analysis, Springer, 1977: pp. 27–39. 

[23] A. R. West, Solid State Chemistry and its Applications, John Wiley & Sons, New York, 

1987, p. 64. 

[24] K. F. J. Heinrich and D. E. Newbury, Metals Handbook, 9th Edition, ASM, 1986, p. 516. 

[25] B. L. Gabriel, SEM: A Users Manual for Material Science, Am. Soc. Of Metals, Metals 

Park, Ohio, 1985. 

[26] Taglauer, E.; Vickerman, J. C., Surface Analysis-The Principle Techniques, In Wiley, New 

York, 1997. 

[27] D. Briggs, M.P. Seah, Practical surface analysis: by auger and x-ray photoelectron 

spectroscopy, Wiley, 2003. 

[28] P. Van der Heide, X-ray photoelectron spectroscopy: an introduction to principles and 

practices, John Wiley & Sons, 2011. 

[29] G. Gauglitz, D.S. Moore, Handbook of Spectroscopy, 4 Volume Set, John Wiley & Sons, 

2014. 



225 
 

[30] J. Hodkiewicz, Characterizing carbon materials with Raman spectroscopy, Thermo 

Scientific Application Note. 51946, 2010. 

[31] T.N. Lambert, C.C. Luhrs, C.A. Chavez, S. Wakeland, M.T. Brumbach, T.M. Alam, 

Graphite oxide as a precursor for the synthesis of disordered graphenes using the aerosol-

through-plasma method, Carbon. 48 (2010) 4081–4089. 



226 
 

List of Publications 

Publications included in the thesis 

1. S. Krishnakumar, S. Ghosh, P. Ghosal, S. K. Martha, Synergistic effect of 3D 

electrode architecture and fluorine doping of Li1.2Ni0.15Mn0.55Co0.1O2 for high energy 

density lithium-ion batteries, J. Power Sources 356 (2017) 115-123 

2. S. Krishnakumar, S. Ghosh, S.K. Martha, Synergistic effect of magnesium and 

fluorine doping on the electrochemical performance of lithium-manganese rich (LMR)-

based Ni-Mn-Co-oxide (NMC) cathodes for lithium-ion batteries, Ionics, 23 (2017) 

1655–1662. 

3. S. Krishna Kumar et al., Temperature effect on "Ragone Plots" of Lithium- Ion 

Batteries, J. Electrochem. Soc. (Accepted). 

4.  S. Krishna Kumar, S. K. Martha, Li1.2Mn0.55Ni0.15Co0.1O2 (LMR-NMC)-Carbon 

Coated-LiMnPO4 Blended Electrodes for High Performance Lithium Ion Batteries, J. 

Electrochem. Soc. 165 (3) A463-A468 (2018). 

5. S. Krishna Kumar, R. Choudhury, S. K. Martha, Binder and Conductive Additive Free 

Silicon Electrode Architectures for Advanced Lithium- Ion Batteries, J. Energy Storage 

(Under Review). 

6. S. Krishna Kumar, S. K. Malladi, J. Nanda, S. K. Martha In-situ 3D Electrode 

Fabrication of High Capacity Silicon-Carbon Anodes for Lithium-Ion Batteries 

(Submitted). 

Book Chapter/ Proceedings 

1. S. Krishna Kumar, S. Ghosh, S. K. Martha, J. Nanda, Lithium-Manganese Rich 

Li1.2Mn0.55Ni0.15Co0.1O2 (LMR NMC) Based Cathodes for High Energy Density 

Lithium-Ion Batteries (A review), Solid State Ionics: From Concept to Application, 

Narosa Publication, New Delhi, India (In Press), Expected Jan 2018. 

Publications not included in thesis 

1. P. Naresh Kumar, A. Kolay, S. Krishna Kumar, P. K. Patra, A. N Aphale, A. K. 

Srivastava, and M. Deepa, The Counter Electrode Impact on Quantum Dot Solar Cell 

Efficiencies, ACS Appl. Mater. Interfaces, 2016, 8 (41), 27688–27700. 



227 
 

2. A. Kolay, P. Naresh Kumar, S. Krishna Kumar, M. Deepa, Titanium Oxide 

Morphology Controls Charge Collection Efficiency in Quantum Dot Solar Cells, Phy. 

Chem. Chem. Phy., 19 (2017) 4607-4617.  

3. D. Damodar, S. Krishna Kumar, S. K. Martha and A. S. Deshpande, Nitrogen Doped 

Graphene-like Carbon Nanosheets from Commercial Glue: Unique Structural 

Evolution and Li-ion Battery Performance (Under review).  

Contribution to academic conferences 

1. S. Krishna Kumar, Sourav Ghosh, Surendra K. Martha, Metal Free, Binder Free 

Electrode Architectures for Advanced Lithium-Ion Batteries, 56th International Battery 

Symposium of Japan, Meieki, Nakamura-ku, Nagoya, Aichi Prefecture 450-0002, 

November 11-13, 2015. 

2. S. Krishna Kumar, Sourav Ghosh, Surendra K. Martha, Lithium Manganese rich 

based NMC oxide cathodes for advanced lithium ion batteries, Indo-US science and 

technology forum, Recent advances in multiscale, multiphysics, analysis of energy 

conversion in lithium ion batteries, VMCC auditorium, IIT Bombay, 17-19 June 2016. 

3. S. Krishna Kumar et al. Lithium –Manganese rich   Li1.2Mn0.55Ni0.15Co0.1O2 as an 

advanced cathode material for high energy density lithium-ion batteries, International 

Conference on Materials Science & Technology (ICMTech), 2016, New Delhi, India. 

4. S. Krishna Kumar et al. Lithium –Manganese rich   Li1.2Mn0.55Ni0.15Co0.1O2 as an 

advanced cathode material for high energy density lithium-ion batteries, 15th Asian 

Conference on Solid State Ionics, November 27-30, 2016, Patna, India. 

5. S. Krishna Kumar et al., Effect of Fluorine Doping on the Electrochemical 

Performance of  Lithium –Manganese Rich (LMR) Based Ni-Mn-Co- Oxide (NMC) 

Cathodes for Lithium-Ion Batteries, 1st World Conference on Solid Electrolytes for 

Advanced Applications, 6-9, Sep. 2017, Pondicherry University, India. 

6. S. Krishna Kumar et al., Synergistic Effect of Magnesium and Fluorine Doping on 

the Electro-chemical Performance of Lithium –Manganese Rich (LMR) Based Ni-Mn-

Co-Oxide (NMC) Cathodes for Lithium-Ion Batteries, 9th International Conference on 

Materials for Advanced Technologies, (D-11: Cathode Materials II), ICMAT 2017, 18-

23 June 2017, Suntec Singapore. 

 


