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ABSTRACT 

 
With the rising demand for the hybrid electric vehicles and portable electronic devices, 

clean and sustainable alternative energy solutions have become indispensable to avoid 

environment pollution and to mitigate the energy crisis. State-of-the-art 

electrochemical energy storage systems, such as batteries and supercapacitors, are 

receiving more attention since they can efficiently store energy and synchronously 

work as power sources. Lithium-sulfur batteries (LSBs) and lithium-ion capacitors 

(LICs) are considered as the most viable options due to their high energy and power 

densities compared to conventional energy storage devices such as lithium-ion batteries 

and capacitors. This thesis work aims to address the challenges in the LSBs and LICs 

by the rational selection and development of materials, followed by their 

electrochemical evaluation. The detailed investigation on the developed materials for 

LSB and LIC were carried out and the description of the obtained results were 

presented in six chapters (chapter 2-7). 

 

First chapter provides a general introduction on LSBs and LICs including its 

principle, limitations and state-of-the-art literature survey. More emphasis is given to 

aspects which are currently focused on the thesis. 

 

In the second chapter, a highly permselective lithiated poly(2-acrylamido-2-

methyl-1-propanesulfonic acid) (LPAMPS) modified Celgard (CG) separator has been 

developed to improve capacity and cycling stability of LSB. The negatively charged –

SO3 ̄ groups present on the LPAMPS impart selective diffusion of lithium ions, at the 

same time repelling polysulfide anions via coulombic interactions. Besides, the 

LPAMPS@CG separator possesses excellent electrolyte wettability, interfacial contact 

and ionic conductivity. The Li-S cell (areal sulfur loading 0.9 mg cm-2) containing 

LPAMPS@CG separator exhibited significant improvement in the electrochemical 

performance, with a high initial capacity of 1486 mAh g-1 and coulombic efficiency of 

~99%. It is noted that the LPAMPS@CG separator impedes shuttle effect by inhibiting 

PS crossover towards lithium anode, resulting a stable discharge capacity of 1060 mAh 

g-1 even after 200 cycles. Further, galvanostatic charge-discharge studies were carried 

out for Li-S cells with higher sulfur loadings of 2.5 and 4.2 mg cm-2 (This work was 

published in Electrochimica Acta, 2019).  

 

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is 

one of the most investigated and extensively used conducting polymer with wide 

applications. In the third chapter, we propose a novel approach of decorating 

commercial separator by bifunctional lithiated PEDOT:PSS (Li+- PEDOT:PSS@CG). 

Owing to strong chemical interactions of PEDOT with insoluble polysulfides and the 

electrostatic repulsion between the negatively charged –SO3 ̄ groups present in PSS and 

polysulfide anions, the Li-S cell (areal sulfur loading 3.9 mg cm-2) with Li+-

PEDOT:PSS@CG separator demonstrated a high initial discharge capacity of 1360 

mAh g-1 and coulombic efficiency of ~99%. It is notable that the Li+-PEDOT:PSS@CG 
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separator possesses excellent electrolyte wettability, interfacial properties and ionic 

conductivity, resulting in a stable discharge capacity of 1047 mAh g-1 even after 300 

cycles at 0.1 C with 77% capacity retention. 

 

In the fourth chapter, we propose a carboxyl functional lithiated polymer, 

lithiated poly(acrylic acid-co-maleic acid) (LPAM) coated onto Celgard  separator 

(LPAM@CG)for LSBs. The LPAM@CG separator effectively inhibit the shuttle effect 

of polysulfides, also promote the diffusion of lithium ions. Particularly, the –COO ̄ 

groups present in the LPAM allow the rapid transfer of positively charged lithium ions 

while preventing the diffusion of negatively charged PS anions through coulombic 

interactions. Besides, the LPAM@CG membrane possesses good interfacial properties, 

ionic conductivity, excellent electrolyte wettability and remarkable electrolyte uptake. 

The Li-S cell (areal sulfur loading 4.1 mg cm-2) with LPAM@CG separator exhibit 

significant improvement in the electrochemical performances, with a high initial 

discharge capacity of 1213 mAh g-1, an excellent rate capability of 637 mAh g-1 at 3 C, 

and a good capacity retention of 957 mAh g-1 (~79% over 300 cycles). 

 

Micro and nanocrystalline LiCoVO4 were synthesized via conventional solid-

state reaction and hydrothermal reaction followed by calcination, respectively. In 

particular, nanocrystalline LiCoVO4 demonstrated better lithium-ion intercalation 

properties benefited from its small crystallite size with highly exposed lithium-ion 

selective crystallographic pathways towards electrolyte. The nanocrystalline LiCoVO4 

electrode demonstrated high specific capacitance (929.58 F g-1 at 1 A g-1) and excellent 

cycling stability in aqueous electrolyte. On the grounds, we fabricated an asymmetric 

LIC (nanocrystalline LiCoVO4//MWCNT) using aqueous and non-aqueous electrolyte. 

The LIC cell in non-aqueous electrolyte displays a specific capacitance of 67 F g-1 at a 

current density of 1 A g-1, and good reversibility with a capacitance retention of ~93% 

after 10000 cycles. The energy performance of the hybrid LIC cell reported here 

reaches 315.7 Wh kg-1 (at a power density of 399.6 W kg-1) (A part of this work was 

published in ACS Applied Energy Materials, 2018). 

 

The nanocrystalline LiNiVO4 was prepared via a hydrothermal route followed 

by calcination and used as a high-performance pseudocapacitive material for lithium 

storage in aqueous electrolyte. The electrochemical evaluation of LiNiVO4 electrode 

in aqueous electrolyte demonstrated good capacitive performance with a specific 

capacitance of 406 F g-1 at 1 A g-1. The cycle stability test reveals exceptional 

capacitance retention of ~99% even after 1000 cycles owing to the unique structural 

feature which permit intercalation mechanism. Further, asymmetric LIC cell has been 

assembled with LiNiVO4 as negative electrode and MWCNT as positive electrode in 

non-aqueous electrolyte. The assembled hybrid cells exhibited a high energy density 

of 255 Wh kg-1 with maximum power density of 22325 W kg-1 and excellent 

capacitance retention of ~92% after 10000 cycles at 5 A g-1 (A part of this work was 

published in Journal of Solid State Electrochemistry, 2018). 
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In the seventh chapter, nanoscale LiMnVO4 was synthesized by a facile 

hydrothermal approach and subsequent calcination. The intercalation pseudocapacitive 

lithium storage behaviour of the LiMnVO4 electrode material was investigated in 

aqueous electrolyte, which demonstrated a high specific capacitance of 961 F g-1 at a 

current density of 1 A g-1 with a capacitance retention of ~99% after 1000 cycles. 

Further, an asymmetric LIC device has been fabricated with LiMnVO4 as negative 

electrode and MWCNT as positive electrode in non-aqueous electrolyte. The device 

delivers a specific capacitance of 81 F g-1 (with a wide voltage window of 3 V), and 

good rate performance of 47 F g-1 at 30 A g-1. Further, they show an energy density of 

368 Wh kg-1 and a maximum power density of 24781 W kg-1 in association with 

superior cycling stability (~97% capacitance retention after 10000 cycles at 5 A g-1). 

 

Finally, the conclusion part of this thesis presents an understanding of, how the 

logical selection of materials can meet the present energy and power demands and 

conquer the technical challenges associated with the LSBs and LICs. 
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CHAPTER 1 

INTRODUCTION 

Increasing demand of portable electronic devices and hybrid electric vehicles 

trigger the development of next-generation energy storage devices, in terms of 

energy, power, cycle life, safety, cost, and environmental compatibility. Therefore, 

it is indispensable to develop materials that can meet the present and future energy 

needs. Lithium-sulfur batteries (LSBs) and lithium-ion capacitors (LICs) are 

considered as the most viable options due to their high energy and power densities 

compared to conventional energy storage devices such as lithium-ion batteries 

(LIBs) and capacitors. This chapter comprises of the basics and challenges of 

electrochemical energy storage, particularly LSB and LIC, and a brief state-of-the-

art literature survey on various strategies adopted to improve their electrochemical 

performances. Finally, the chapter briefs about the motivation of our research 

work, research problem, objectives and the expected outcomes of the proposed 

work. In addition, the outline of the thesis and a brief introduction of each chapter 

are provided at the end of the chapter. 

 

1.1. Introduction 

 
Energy may one of the critical factors that will govern the shape of society in the 

21st century. With the rapid depletion of fossil fuels and increased environmental 

pollution resulted from the excessive human reliance on fossil fuels, there arise an 

unprecedented urgency to figure out alternate energy sources that can substitute 

fossil fuels to enable the sustainable development of our economy and society 

(Burke et al., 2018; Goodenough et al., 2014; Lopes et al., 2012). Energy storage 

can be considered as an intermediary stage to the clean, versatile and efficient use 

of energy which has acquired global concern and increasing research interest. In a 

conventional energy storage process, one form of energy is converted into another 

form that can be stored and drawn upon at a later time when needed (Sterner et al., 

2019; Dehghani-Sanij et al., 2019). Therefore, various energy storage systems are 

being developed aiming at proper utilization of different energy sources. 

Driven by the increasing demand for powering systems of portable 

electronic devices and hybrid electric vehicles (HEVs), electrochemical energy 
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storage devices, including batteries and supercapacitors play a pivotal role (Li et 

al., 2019a). On the other hand, transforming natural energy from sustainable and 

renewable resources such as the sun and wind significantly relies on 

climate/geographical conditions and is not even and continuous (Gielen et al.,2019). 

Therefore, corresponding high-performance energy storage systems are imperative 

to store the energy generated. Among the various alternate energy storage 

technologies, electrochemical energy storage is promising to serve present energy 

demand, in terms of high efficiency, versatility, and flexibility (Hou et al., 2019). 

Electrochemical energy storage/release is realized by electron and ion 

charge/discharge. Batteries and supercapacitors are two major technologies of 

electrochemical energy storage, both of which store chemical energy and convert it 

into electrical energy through electrochemical processes (Zuo et al., 2017).  

The smallest unit of an electrochemical energy storage device is the 

electrochemical cell, consisting of two electrodes (an anode and a cathode), which 

is separated by a porous membrane with both ionic conducting and electrical 

insulating properties (a separator) and an electrolyte for ion migration. During 

charging, an accumulation of positive ions occurs at cathode/electrolyte interface. 

This drives the electrons to move towards the cathode, creating a potential 

difference between the cathode and the anode. During discharge, electrons are 

released by passing current from the cathode through an external circuit and back 

to the anode. While charging, the current flows in the opposite direction (Winter 

and Brodd, 2004). There are several parameters that need to be discussed for 

monitoring the electrochemical performance and operating conditions of an 

electrochemical cell (Dell and Rand, 2001). 

Specific capacity (Q). The total amount of current available when the cell is fully 

discharged or total ampere-hours available when the cell is discharged at a certain 

discharge current normalized by the mass of active material, in mAh g-1. The 

theoretical specific capacity of a cell can be calculated by Faraday’s law: 

𝑄𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =  
𝑛 × 𝐹

3600 × 𝑀𝑤
  mAh g-1                                                               (1.1) 
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where n is the number of charge carrier, F is the Faraday constant (F = 96,485 A.s 

mol-1) and Mw is the molecular weight of the active material used in the electrode 

(g mol-1). 

In reality, the practical specific capacity of an operating cell can be different 

from the theoretical one. The practical specific capacity can be calculated by the 

voltage-time curve from the galvanostatic cycling test. 

𝑄𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 =  
𝑖 ×𝐴 ×𝑡𝑐𝑢𝑡−𝑜𝑓𝑓

3600 ×𝑀𝑤
  mAh g-1                                                            (1.2) 

where i is the current density (A m-2), A is the area (m2), tcut-off is the time required 

to reach the cut-off voltage (Vcut-off) in seconds and Mw is the molecular weight of 

the active material used in the electrode (g mol-1). 

Cut-off voltage (Vcut-off). The selected voltage at which charge or discharge is 

terminated. 

C-rate. The discharge rate or charge rate, in amperes. It is a measure of the rate at 

which a cell is discharged relative to its maximum capacity. 

Energy density. The amount of energy stored in the material per unit mass/volume 

(Wh kg-1 or Wh L-1) or the total Watt-hours available when the cell is discharged at 

a certain discharge current, normalized by the mass of active material or by the 

volume.  

Power density. The amount of energy flow per unit mass/volume per unit time (W 

kg-1 or W L-1). Power density describes how quickly the device can deliver energy. 

Coulombic efficiency. The ratio, usually expressed as a percentage, of the ampere-

hours removed from a battery during a discharge to the ampere-hours required to 

restore the initial capacity. It indicates electrochemical reversibility. 

 
1.2. First Great Leap Forward: Lithium-Ion Battery 
 
New technologies often demand more compact, higher capacity, safe, rechargeable 

batteries. Lithium-ion batteries (LIBs) emerged as a promising candidate and 

governs the battery market for portable electronics since their launch (Kharbachi et 
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al., 2020). Furthermore, it is believed to be a pertinent option for zero-emissions 

vehicles and grid energy storage due to their higher energy density compared with 

other rechargeable battery systems (Figure 1.1).  

 

Figure 1.1. Comparison diagram of rechargeable battery technologies as a function of 

volumetric and specific energy densities (Landi et al., 2009) 

 
A LIB is an advanced battery technology that uses Li-ions as a key 

component of its electrochemistry. The electrochemistry of the lithium ion results 

from its small ionic radius and low molecular weight, both are equally important 

for diffusion. Besides, Li-ion can be easily reduced (E°(Li+/Li) = -3.04 V vs. SHE) 

(Liu et al., 2016; Deng, 2015). The pioneering scientists Whittingham and 

Goodenough had been developed LIB cathode materials in 1970. The first 

commercial LIB was produced by Sony corporation in 1991 and was based on 

LiCoO2 and petroleum coke (Goodenough and Park, 2013; Kamat, 2019).  

A conventional LIB composed of four components: negative carbon 

(usually graphite) as the anode, solid layered transition metal oxide (e.g., LiCoO2, 

LiMnO2, LiFePO4 and LiNiO2) as the cathode, fine porous polymer membrane as 

the separator and lithium-salts (e.g., LiPF6) in organic solvents (e.g., ethylene 

carbonate) as the electrolyte (lithium-ion conductive medium) (Goodenough and 

Park, 2013). The LIB works based on the intercalation mechanism. While charging, 
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the lithium ions are deintercalated from the cathode (layered lithium intercalation 

host, for example, LiCoO2) and intercalated between the graphite layers (anode) 

through the electrolyte. The discharging step involves the reverse process (Deng, 

2015; Gopalakrishnan et al., 2016). 

 

Figure 1.2. Schematic diagram of LIB (Liu et al., 2016) 

 
Over the past two decades, commercial LIBs have continually improved in 

terms of energy densities, service life, cost and other metrics. Most of the LIB 

research has focussed on the lithium transition metal oxide-based cathode and a 

carbon-based anode (He et al., 2012; Roselin et al., 2019). However, LIBs based on 

Li-ion intercalation materials offer limited capacities and energy densities, 

specifically gravimetric (Choi et al., 2016). This has led many researchers to believe 

that massive market adoption of electric vehicles (EVs) will require development 

of new batteries with higher energy density and lower cost than the current LIBs, 

the so-called “beyond Li-ion” chemistries (Cano et al., 2018). Theoretically, this 

can be realised by the conversion-type cathode materials, which give more than 

three-fold energy density of the intercalation-type cathode materials (Wu et al., 

2017a). 
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1.3. Beyond Li-Ion Batteries: Lithium-Sulfur Battery 

In recent years, lithium-sulfur batteries (LSBs) have received considerable interest 

due to their high theoretical capacity (1675 mAh g-1) and energy density (2600 Wh 

kg-1). The high abundance of sulfur in conjunction with its non-toxic nature and low 

cost place LSB research on the top priorities (Kang et al., 2016; Fotouhi et al., 2017; 

Manthiram et al., 2014). Moreover, the LSB can be operated over a wide range of 

temperatures, which is crucial for the power demands of battery systems for EVs 

(Lin et al., 2016). The concept of elemental sulphur as a positive electrode material 

was first introduced by Helbert and Ulam in 1962 and the first demonstration of 

LSB was presented in the late 1960s (Manthiram et al., 2014; Singh et al., 2019). 

The operation of the LSB is based on multiple redox reactions between metallic 

lithium and elemental sulfur, which can be described by an overall equation: 

16 Li + S8 + 16 eˉ ⇌ 8 Li2S                                                                                (1.3) 

The potential lies at an average voltage of 2.15 V with respect to Li+/Li. 

 

1.4. Fundamental Chemistry of LSB 

The LSB, which is composed of lithium metal as anode, sulphur composite as 

cathode, lithium bis(trifluoromethanesulphonyl)imide (LiTFSI) in ether-based 

solvents as electrolyte and a porous polypropylene membrane as separator (Figure 

1.3). 

During discharging process, the Li-ions are stripped from the anode, moves 

towards the cathode and form lithium sulfide. While charging, the reverse reaction 

will happen. The reaction between metallic lithium and elemental sulfur is a 

multistep process. The electrochemical reduction of sulfur occurs through the 

formation of a series of intermediate lithium polysulfides (PSs) with a general 

formula Li2Sn (8 ≥ n ≥ 2) followed by the final reduction product, Li2S. However, 

the exact number of stable intermediate PSs during the discharge process has not 

yet been identified beyond doubt. During discharge, it is assumed that the cyclic 

octatomic sulfur (S8) in the solid phase is firstly dissolved in the electrolyte to form 
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solvated S8, which is then gradually reduced to lithium PS. Intermediate products 

of higher order lithium PS (Li2Sn, 4 ≤ n ≤ 8) are soluble in the commonly used 

organic electrolyte, but the lower order lithium sulfides (Li2S2 and Li2S) are 

insoluble (Akridge et al., 2004; Wild et al., 2015)  

 

Figure 1.3. Schematic of the electrochemical processes in LSB (Narayan and Moy, 2017) 

 

1.4.1. Voltage Characteristic of LSB 
 
The formation of several chemically distinct species in LSB leads to a complex 

voltage profile during discharging, which can be divided into four stages, as shown 

in Figure 1.4 (Barghamadi et al., 2014; Wild et al., 2015). 

 

Figure 1.4. Typical discharge-charge voltage profile for a LSB (Barghamadi et al., 2014) 
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Stage I: Elemental sulfur (S8) is reduced to higher order PS (Li2S8), which is highly 

soluble in the common organic liquid electrolyte. 

S8 + 2 Li+ → Li2S8                                                                                                (1.4) 

Stage II: The dissolved Li2S8 is reduced to different order PS (Li2Sn, 4 ≤ n ≤ 8), 

which are again soluble in the electrolyte. During this stage, the cell voltage linearly 

decreases. 

Li2S8 + 2Li+ → Li2S8-n +Li2Sn                                                                            (1.5) 

Stage III: The soluble PS are reduced to insoluble lithium sulphides (Li2S2 or Li2S), 

which accumulates on the cathode surface, forming an insulating passivation layer. 

This stage corresponds to the second voltage plateau and contributes to the major 

capacity of the LSB. 

2Li2Sn + (2n-4) Li+ → n Li2S2                                                                             (1.6) 

Li2Sn + (2n-2) Li+ → n Li2S                                                                                 (1.7) 

Stage IV: The last discharge step involves a solid-to-solid reduction from insoluble 

Li2S2 to insoluble Li2S. This stage shows a steep voltage drop in the discharge 

profile. 

Li2S2 + 2 Li+ → 2 Li2S                                                                                         (1.8) 

 
1.4.2. Polysulfide Shuttle Phenomena 

 
The solubility of PS in the electrolyte is proven to support the electrochemical 

utilization of insulating sulfur. However, this can root severe redox shuttle between 

the sulfur cathode and the lithium anode, which leads to low coulombic efficiency 

and fast self-discharge of LSBs (Shen et al., 2019; Lacey et al., 2016). As previously 

mentioned, in the early stages of discharging, higher order PS (Li2Sn, 4 ≤ n ≤ 8) are 

formed, which are highly soluble in the organic electrolyte. The dissolved PS anions 

(Sn
2-) can diffuse through the separator towards lithium anode and undergo 

chemical reduction with metallic lithium to form lower order PS. The formed lower 

order PS diffuse back towards the sulfur cathode and get oxidised to regenerate 

higher order PS (Figure 1.3). This phenomenon, the diffusion back and forth of PS 
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between the two electrodes is termed as the “polysulfide shuttle”, which is 

characteristic of LSBs. These parasitic reactions cause severe problems such as 

poor coulombic efficiency for charging cycle, corrosion of lithium anode and 

polarization of lithium anode once the formed Li2S2/Li2S deposit on the lithium 

surface (Mikhaylik and Akridge, 2004).  

 
1.5. Problems and Challenges in LSB 
 
The commercialization of LSB is still impeded due to the following technical 

challenges (Aurbach et al., 2009; Manthiram et al., 2013; Liu et al., 2018a; Zhao et 

al., 2019a). 

(1) The inherent insulating nature of sulfur (electrical conductivity is 5 x 10-30 S 

cm-1 at 25 °C) often leads to poor utilization of sulfur active material and limited 

rate capability, which demands intimate contact with conductors (conductive 

carbon).  

(2) The insoluble discharge products (Li2S2/Li2S) deposit on the cathode surface 

and form a passivation layer on the electrode and reduce the utilization of sulfur 

active material. 

(3) A significant volumetric change of ~79% involve in the conversion process of 

elemental sulfur to lithium sulfide during cycling (Bini et al., 2015). Due to the 

continuous dissolution and precipitation of sulfur, the cathode structure can be 

collapsed or degraded, leading to rapid capacity fading. 

(4) PS shuttle between lithium anode and sulfur cathode during cycling (described 

in section 1.4.2) leads to poor coulombic efficiency and severe self-discharge. 

(5) Corrosion of the lithium anode and dendrite morphology after lithium plating, 

associated to the parasitic reactions with dissolved PS. The reaction of lithium 

with PS and organic electrolyte form an undesirable passivation layer, which 

leads to poor cycling efficiency of the lithium electrode, increase in cell 

resistance and fast capacity fading. Furthermore, the reaction between lithium 

and PS has been identified as an important factor initializing thermal runaway 

in LSB at elevated temperatures. 
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The key challenge associated with LSB is the PS shuttle effect that is 

responsible for the progressive leakage of sulfur active material from the cathode 

resulting in low life cycle of the battery. In addition, the shuttle effect can lead to 

self-discharge and reduce coulombic efficiency, which is not roadworthy for the 

commercialization of LSBs (Balach et al, 2018). Various strategies are reported in 

the literature to overcome this detrimental phenomenon occurring in LSB on 

charge-discharge process.  

 
1.6. Effective Strategies for Suppression of Shuttle 

Effect in LSBs 

 

The PS shuttle phenomenon occurring in LSB can be summarized into three 

processes in a loop: the dissolution of PSs, the diffusion of PSs, and side reaction 

of PSs (Li et al., 2018a; Deng et al., 2019). The shuttle effect can be suppressed by 

completely blocking one of these three processes. In accordance with the analysis 

of the statistics available from reported LSB research papers, the potential solutions 

to supress PS shuttle are divided into four parts (He et al., 2018a):  

(1) Design of the cathode architectures 

(2) Modification of separators 

(3) Anode improvements 

(4) Novel electrolyte systems  

Broad in scope, the rational design of the cathode composite (i.e., internal 

modification of the cathode) and the incorporation of interlayers and coatings for 

the sulfur cathode (i.e., external modification of the cathode) can confine the PSs 

upon their generation at the cathode by physical adsorption and chemical binding, 

thereby impede the shuttling of PSs (Dong et al., 2018). The separator having ion 

selectivity for PSs can be applied to prevent the diffusion of polysulfides towards 

the lithium anode (He et al., 2018a). The effective passivation of lithium anode 

surface can restrain the side reactions between PS and lithium, which is favourable 

to suppress the shuttle effect (Xiong et al., 2019). The solubility of PSs can be 
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reduced by adjusting the electrolyte composition, which can again lower the shuttle 

of PS (Weller et al., 2019).  

The PSs formed at the sulfur cathode undergo dissolution and diffusion 

processes before reaching the lithium anode for side reactions. Even though the 

dissolution of PSs can trigger the shuttle effect, it also features some advantages for 

LSBs (Deng et al., 2019). Compared to the solid phase reaction, the dissolution of 

PSs can improve the kinetics of the electrochemical reaction (Li et al., 2014a). 

Therefore, the dissolution of PSs is inevitable in LSB chemistry. During the 

diffusion process, PSs will drift across the separator towards the lithium metal 

anode (Berger et al., 2018).  Therefore, it is indispensable to quench the diffusion 

of PSs. The diffusion of PSs can be limited by the modifications of the sulfur 

cathode and the separator. In brief, a cathode design can generally be realized via 

two ways: encapsulating sulfur in the conducting scaffolds (e.g. micro/meso-porous 

carbon, hollow nanostructures, sp2 carbon of carbon nanotubes (CNTs) and 

graphene, MXene, conductive polymers) and introducing polysulfide absorbers into 

the cathode (Wang et al., 2002; Wu et al., 2015; Hu et al., 2016; Zhao et al., 2019b; 

Díez et al, 2019). However, the cathode framework become unable to trap the PSs 

within the cathode side upon prolonged cycling, and the introduction of too much 

inactive material is difficult to achieve the advantage of the high energy density of 

LSBs. The modification of separator has been proved to efficiently suppress the 

shuttle effect by physical obstruction or chemical bonding, without influencing the 

utilization of active materials. Therefore, the functional modification of the 

separator seems to be more reliable for LSBs with a long cycle life (He et al., 2018a; 

Xiang et al., 2016). Various materials and approaches have been devoted to 

modifying commercial separators, and the modified separators with different 

functions can suppress the shuttle effect in different ways. This thesis focuses on 

the modification of separator for shuttle effect free long-cycle life LSBs. Hence, the 

literature review presents a brief overview of the recent advances in the 

development of the functional separators for LSBs to restrict the PSs in the cathodic 

region.  
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1.7. A Brief Review on Functional Separators for LSBs 

As an imperative battery component, separator functions as an electrical insulator 

for preventing internal short circuit and diffusion channels for ion transport (Arora 

and Zhang, 2004). Porous polymer separators are suitable to meet these 

requirements in routine LIBs. However, the multi-electron electrochemical reaction 

takes place in LSB generates PSs. This degrades the battery performance by 

parasitic reactions of PSs with lithium anode or by irreversible decomposition due 

to its metastability and forming ‘dead’ sulfur-containing species (Ma et al., 2015; 

Kang et al., 2016). In LSB system, separator has to permit the selective passage of 

lithium ions obstructing the transport of other ions, especially PSs. In effect, 

separator act as a complete shield between cathode and anode. Thus, separator is a 

perfect platform for modification that can introduce novel cell configuration for 

LSBs. Various functionalized barrier coatings have been applied to controllably 

modify the commercial separators (polyolefin membranes), including carbon 

materials, polymers, inorganic oxides and their composites (Deng et al., 2016; He 

et al., 2018b; Rana et al., 2019; Deng et al., 2019). 

 

Figure 1.5. Various functional modification of separator for long-cycle life LSB 

 
1.7.1. Carbon Modified Separators 

Carbon-based materials have received tremendous interest over the recent years 

owing to their extraordinary electrical conductivity, large surface area, good 
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thermal stability and chemical stability; therefore, they turn out to be the most 

widely used material for separators modification (Wen and Li, 2009). Broadly, the 

carbon coating on the cathodic side of commercial separator (Celgard) has two 

important roles: (1) acting as a barrier to obstruct the diffusion of PSs from cathode 

to anode side by physical adsorption/chemical bonding; (2) serving as an upper 

current collector to provide electrical conduction paths to accelerate the transport 

of electrons into active material and to facilitate sulfur reutilization. Thus, the 

carbon coated separator not only suppress the PS shuttling but also contribute to the 

enhanced utilization of the sulfur active material (Pei et al., 2018; Zhang et al., 

2019a). Various types of carbon material suppress the shuttle effect according to 

their unique physical and/or chemical properties. 

Among the carbon-based materials for separator modification, porous 

carbon (PC) has been extensively explored by several research groups. The main 

advantage of PC is its small pore structure and large surface area, both favours to 

capture the migrating PSs (Rana et al., 2019). An early study of PC was reported 

by Manthiram group in 2012. Their LSB with microporous carbon paper (MCP) 

interlayer between separator and cathode presented an initial capacity of 990 mAh 

g-1 with a fading rate of 0.28% after 100 cycles at 2C (Su et al., 2012). Later, a 

highly conductive activated microporous carbon nanofiber (ACNF) coated 

separator was investigated for LSB, and the cell demonstrate an overall boost in the 

electrochemical utilization (discharge capacity of 1270 mAh g-1) and polysulfide 

retention (capacity fade rate of 0.13% per cycle after 200 cycles) (Chung et al., 

2015). Since the porous carbon coated separators exhibit good performance, 

researchers investigated compositing different porous carbon materials to optimise 

the conductivity and the porosity of the coating layer. A multifunctional separator 

was prepared by introducing PC/MWCNT onto Celgard separator. The cell with 

PC/multi-walled carbon nanotube (PC/MWCNT) coated separator exhibited a 

higher initial discharge capacity of 916 mAh g-1 with a 0.14% fading rate after 200 

cycles at 0.5C (Tan et al., 2017).  

In addition to PC, electrically conductive carbon also plays an important 

role in improving the initial discharge capacity and long term cyclability of LSBs. 

The superior electrical conductivity of super P (SP) was considered to coat on a 
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glass fiber (GF) separator. The cell with SP coated separator exhibited an initial 

discharge capacity of 1200 mAh g-1 and a capacity fading rate of 0.19% after 200 

cycles at 1C (Zhu et al., 2016a). A simple insertion of acetylene black mesh between 

cathode and separator resulted in enhanced capacity, cyclability, and rate capability; 

an initial discharge capacity of 1491 mAh g-1 with 71% capacity retention after 50 

cycles (Jeong et al., 2013). A routine separator modified by a Ketjen black (KB) 

layer on the cathode side has been investigated. The cells with the KB coated 

separator exhibit a high initial discharge capacity of 1318 mAh g-1 at 0.1C with a 

reversible capacity of 815 mAh g-1 after 100 cycles at 1C and extraordinary rate 

capability (capacity of 934 mA h g−1 at 2C) (Zhao et al., 2016). A single‐walled carbon 

nanotube (SWCNT)‐modified separator was employed to directly suppress the 

polysulfide migration, owing to the presence of conductive sp2‐carbon scaffold which 

continuously reactivates and reutilizes the trapped active material. The cell employing 

SWCNT coated separator exhibits a high discharge capacity of 1132 mAh g-1 with a 

low capacity fade rate of 0.18% per cycle after 300 cycles (Chang et al., 2016). 

Manthiram group coated ultralight-weight MWCNTs on a conventional separator 

and the cell displays a high initial discharge capacity of 1324 mAh g-1, excellent 

rate performance from 0.2C to 1C rates, and superior long-term cycle stability over 

300 cycles (Chung et al., 2014). 

Graphene has several superior properties, including a high surface area and 

electrical conductivity, which is exactly why it is designated as the ‘miracle material’ 

(Novoselov et al., 2012). An effective route for large scale synthesis of graphene is the 

chemical reduction of graphene oxide, which is referred as reduced graphene oxide 

(rGO) (Singh et al., 2016). rGO can be synthesized with various negatively charged 

functional groups making it suitable to suppress PS migration through polar-polar 

interactions (Rana et al., 2019). A graphene coated separator was reported for LSB with 

a high sulfur loading of 4 mg cm-2. The cell delivered an initial capacity of 1006 mAh 

g-1 with a fading rate of 0.10% after 300 cycles at a 0.9C rate. The graphene coating 

serves as a barrier towards the migrating PSs due to its moderate binding with PSs 

through charge transfer (Zhou et al., 2014). A LSB employing rGO coated separator 

was reported with an enhanced electrochemical performance, an initial discharge 

capacity of 1067 mAh g-1 at 0.2 C (82% capacity retention after 100 cycles) with a 
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capacity decay rate of 0.18% per cycle (Lin et al., 2015). CNTs have also been 

composited with rGO to form a separator coating and the cell delivered a discharge 

capacity of 1030 mAh g-1 with a 0.13% fading rate after 200 cycles (Wu et al., 2017b). 

Even though pure carbon-based materials are noteworthy, their surface is 

inherently non-polar which limits the efficiency of PS confinement. By doping or co-

doping carbon with elements such as N, O, S, B, Fe and Co (Wang et al., 2014a; Yin et 

al., 2016; Mi et al., 2017) the non-polar carbon surface can be transformed to polar, 

thereby attract the PSs through polar-polar interactions. A variety of N-doped carbons 

have been reported for separator modification, including N-doped mesoporous carbon 

(MPC) (Balach et al., 2016), N-doped porous hollow carbon sphere (PHCS) (Zhang et 

al., 2015a) and N-doped porous carbon nanowires (PCNW) (Zhou et al., 2016). The 

LSB with N-doped MPC separator exhibit an outstanding long lifespan of 1200 cycles 

with a high reversible capacity of 566 mAh g-1 at 0.5C and a degradation rate of only 

0.037% per cycle (Balach et al, 2016a). The cells with N-doped PHCS coated separator 

exhibited an improvement in active material utilization and electrochemical 

performance, an initial discharge capacity of 1656 mAh g-1 (0.2 C) and a low fading rate 

of 0.11% per cycle within 500 cycles at 1C were achieved (Zhang et al., 2015b). With 

the N-doped PCNW modified separator, the cell exhibited a high initial discharge 

capacity of 1430 mAh g-1 at 0.2 C and good long-term cycling stability at 0.5 C 

with 0.08% capacity fading per cycle (Zhou et al., 2016). The B-doped rGO coated 

separator cell with a high sulfur content of 66% exhibited a long cycle life of 400 

cycles at 0.1C rate maintaining a specific capacity of 367 mAh g-1 (Han et al., 2017). 

The LSBs were fabricated with O-doped carbon on the surface of rGO (O-doped 

C/rGO)-coated separator and exhibited excellent rate performance and good long-

term cycling stability with 0.057% capacity decay per cycle at 1.0 C after 600 cycles 

(Zhang et al., 2018a).  N and S co-doped mesoporous carbon (N,S-doped MPC) 

coating on separator effectively reduced the PS shuttle effect and the cell exhibited 

a second discharge capacity of 1467 mAh g-1 at 1 C with a reversible capacity of 

561 mAh g-1 at 5 C after 200 cycles (Yuan et al., 2017). Later, Fe-embedded N-

doped carbon nanofibers (Fe, N-doped C) was introduced to modify separator and 

the cell assembled demonstrates a high rate capability and excellent cycling 
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stability, exhibiting a capacity of 848 mAh g-1 at 2 C and a low degradation rate of 

0.053% per cycle over 500 cycles at 0.5 C (Song et al., 2018a). 

Functionalization of carbon with sulfonate (–SO3̄ ) groups transform the 

carbon surface suitable for PS trapping. A functional sulfonated acetylene black 

(SO3̄ -AB) coated separator was designed for LSB. Firstly, the permselective –SO3 ̄ 

group block the migration of electronegative PSs without affecting the lithium ion 

conductivity and, second, the –SO3̄ group could anchor PS through the Li bond. 

This kind of a cell delivers a high initial capacity of 1262 mAh g-1 and a superior 

capacity of 955 mAh g-1 was retained after 100 cycles at 0.1C (Zeng et al., 2016). 

Later, a sulfonated rGO (SO3 ̄ -rGO) interlayer on the separator was adopted by 

Yang et al. to mitigate the PS shuttle effect. The prototype battery with SO3̄ -rGO 

modified separator exhibited a high reversible discharge capacity of more than 1300 

mAh g-1 and good capacity retention of 802 mAh g-1 after 250 cycles at 0.5 C rate 

(Lu et al., 2017a). 

 
1.7.2. Polymer Modified Separators 

Typically, polymers are used as the binder for cathode materials in LSBs, such as 

polyvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE) (Wang et al., 

2014b). Several polymer materials have been recently used as functional coating 

for Celgard separators. The presence of functional groups on polymeric coatings 

helps to effectively suppress the shuttle effect by physical separation or chemical 

bonding. Since, most polymer materials are non-conductive in nature, it cannot act 

as a secondary current collector to reactivate the trapped active materials (Rana et 

al., 2019). For this reason, polymer coating materials are often composited with 

carbonaceous materials to enhance the electronic conductivity. 

 PVDF is one of the commonly employed cathode binders in LSBs. A novel 

separator modified with a PVDF-Super P carbon layer was fabricated using a phase 

inversion process and the resultant LSB cell showed a prolonged cycling capability, 

with discharge capacities of 918 mAh g-1, 827 mAh g-1 and 669 mAh g-1 after 100, 

200, and 500 cycles, respectively, at 0.5 C (Wei et al., 2014). Later, a rGO-PVDF 

layer coated separator was reported and the cell exhibited a good initial discharge 
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capacity of 1322 mAh g-1 and maintained 646 mAh g-1 after 200 cycles with a 

fading rate of 0.25% at 0.2C (Zhu et al., 2017). 

Similarly, polar negatively charged functional groups (–SO3̄ and –COO ̄) 

containing polymer coating material is a feasible way to restrain the migration of 

soluble polysulfides via coulombic repulsion. Besides, the separator modified with 

negatively charged groups will function as cation-selective membranes providing 

transport channels for lithium through the coulombic interactions, thereby 

improving electrochemical performance of LSBs (Park et al., 2015; Deng et al., 

2019). Nafion is a sulfonated tetrafluoroethylene based fluoropolymer containing –

SO3̄  group. A multifunctional Nafion-based membrane layer was fabricated for an 

ion selective LSB configuration. The resultant cell exhibited a greatly improved 

cycling stability with a cyclic decay of 0.08% per cycle within the first 500 cycles. 

However, the cell deliver a lower initial discharge capacity of 781 mAh g-1, which 

can be attributed to the insulating nature of Nafion (Huang et al., 2014). The protons 

present in the Nafion can be exchanged with lithium ions to obtain lithiated Nafion 

(Li-Nafion) having good lithium ion conductivity. The effect of a Li-Nafion coated 

separator was investigated for LSB and achieved stable capacities than uncoated 

separator with an initial discharge capacity of 1100 mAh g-1 at low current rate of 

0.05C (Bauer et al., 2014). Several groups have coupled Nafion with carbon 

materials to improve LSB performance. With Nafion/super P-modified separator, a 

simple elemental sulfur cathode with 70% sulfur content delivered a high initial 

discharge capacity of 1087 mAh g-1 at 0.1 C and a long-term cyclability with only 

0.22% capacity fade per cycle over 250 cycles at 0.5 C (Hao et al., 2016). A ternary‐

layered separator with a macroporous polypropylene (PP) matrix layer, graphene 

oxide (GO) barrier layer, and Nafion retarding layer (PP/GO/Nafion) was designed 

as the separator for LSB with high coulombic efficiency and superior cycle stability. 

The cell with ternary separator produced a discharge capacity of 905 mAh g-1 with 

a fading rate of 0.18% per cycle over 200 cycles (Zhuang et al., 2015). Similar to 

the Nafion, sulfonated poly(ether ether ketone) (SPEEK) also contain –SO3 ̄  group. 

Nafion/SPEEK composite coated separator was designed for LSB and the cell with 

6 mg cm-2 sulfur loading showed an initial capacity of 1300 mAh g-1 and a capacity 

retention of 650 mAh g-1 over 500 cycles (Babu et al., 2018). Poly(3,4-
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ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is the another 

polymer of choice. The –SO3̄  group present in PSS act as an electrostatic shield for 

soluble PSs through coulombic repulsion, whereas PEDOT provides chemical 

interactions with insoluble lithium sulfide. The dual PS shielding effect provide 

excellent battery performance, with an initial discharge capacity of 901 mAh g-1 

and maintained 596 mAh g-1 after 500 cycles with a fading rate of 0.067% at 0.5C 

(Abbas et al., 2016). A lithium ion conductive block polymer, lithium sulfonated 

poly(styrene-ethylene-butylenestyrene (Li+-SSEBS) combined with super P was 

employed to fabricate a LSB functional separator. The resulted cell displayed a high 

initial discharge capacity of 1066 mAh g-1 with a capacity retention of 72% after 

350 cycles at 0.5C and anti-self-discharge capability (Yang et al., 2018a). 

There are a wide range of polymers containing other functional groups like 

–OH, –CN, –COOH, –NH2, etc., that can physically/chemically confine PSs (Hencz 

et al., 2019). Polyethylene glycol (PEG) is a polyether compound with –OH 

functional groups. A functional separator was fabricated for LSB employing 

MWCNT/PEG coating and the cell (S loading: 3.9 mg cm-2) delivered a maximum 

discharge capacity of 1216 mAh g-1 at 0.2C with a low fading rate of 0.17% after 

200 cycles (Rana et al., 2019). The commercial Celgard separator modified with 

poly(allylamine hydrochloride) (PAH) and polyacrylic acid (PAA) was designed 

for LSB. The PAH and PAA contains amine and hydroxyl groups, respectively. The 

cell assembled with PAH/PAA-modified separator exhibited a high initial 

discharge capacity of 1418 mAh g-1, but with very high fading of 1.4% after 50 

cycles at 0.05C (Gu et al., 2014). The polypropylene (PP) grafted with PAA (PP-

gPAA) separator was designed to physically confine PSs through electrostatic 

repulsion towards PSs, the resultant cell showed an improved cycling stability with 

a decay rate of 0.074% per cycle over first 600 cycles at 0.5 C (Song et al., 2018b). 

The LSB with ultrathin PAA composited with SWCNT (PAA-SWNT) coated 

separator maintained higher capacity retention over 200 cycles and achieved better 

retention rate (Kim et al., 2016a). Polydopamine (PDA) provides hydroxyl and 

amine groups and the cell with the PDA coated separator exhibited a capacity of 

752 mAh g-1 for the initial cycle, and a high reversible capacity of 603 mAh g-1 

retained after 100 cycles with 80% capacity retention (Zhang et al., 2015). The 
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separators modified with polypyrrole (PPy) nanotubes were designed for LSBs and 

the fabricated cells with 2.5-3 mg cm-2 sulfur loading displayed an initial discharge 

capacity of 1110 mAh g-1, and a retained capacity of 801 mAh g-1 after 300 cycles 

at 0.5C (Ma et al., 2016). In-situ vapor-phase polymerization of PPy on Celgard 

separator was reported for LSB to delivere stable cycling for 250 cycles at 0.5 C 

with a low capacity decay rate of 0.083% per cycle (Li et al., 2019b). A prototype 

LSB with carboxyl functional polyamide acid nanofiber separator was developed. 

The resultant cell displayed a high initial discharge capacity of 1031 mAh g-1, an 

excellent rate capability of 408 mAh g-1 at 5 C, and a good capacity retention of 

76% after 200 cycles at 0.2 C (Luo et al., 2018). A polyacrylonitrile/GO (PAN/GO) 

nanofiber membrane separator was developed for LSB to simultaneously enable an 

initial discharge capacity of 985 mAh g-1 with a fading rate of 0.42% after 100 

cycles and excellent anti-self-discharge capability (Zhu et al., 2016b). The LSB 

with an ultra-lightweight polyaniline nanofiber/MWCNT (PANiNF/MWCNT) 

coated separator was investigated to deliver an initial discharge capacity of 1020 

mAh g-1 and a high capacity retention rate of 70% after 100 cycles (Chang et al., 

2015). A functional rich amine porous organic polymer/acetylene black-

polypropylene (RAPOP/AB-PP) separator was designed. The large number of 

imine groups present in RAPOP could strongly anchor PSs and the cell with 

RAPOP/AB-PP separator deliver high capacity of 1322 and 897 mAh g-1 after the 

first and 800th cycle at the current density of 0.2 mA cm-2 (Wang et al., 2019a). 

 
1.7.3. Inorganic Materials Modified Separators 

The class of inorganic materials including metal oxides, metal chalcogenides, etc. 

presents a possible barrier coating for PSs. These materials can arrest the PS 

migration chemically (through strong binding effects on PSs) and/or physically 

(through the fine porous structure which can trap PSs) (Balach et al., 2018). 

Additionally, the inorganic materials offer an opportunity to use Lewis acid-base 

interactions to restrain PSs (Deng et al., 2019). 

Oxygen rich inorganic metal oxides or their composites modified separator 

were reported as an effective strategy to confine PSs because of their ability to 
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chemically adsorb and/or physically obstruct the diffusing PSs (He et al., 2018b). 

Al2O3 is a widely explored functional coating on the separator for LIBs owing to 

its thermal stability (reduce thermal shrinkage of the separator) and hydrophilicity 

(improve the electrolyte wettability of the separator). Because of the aforesaid 

advantages, Al2O3 has also been applied as separator coating in LSBs. The LSB 

with Al2O3 coated separator was reported with an initial discharge capacity of 967 

mAh g-1 but with a high fading rate of 0.77% after 50 cycles at 0.2C (Zhang et al., 

2014). A trilayer graphene/PP/Al2O3 separator was designed with dual functions. 

The graphene layer acts as a conductive layer and an electrolyte reservoir, and 

Al2O3 coating enhances the thermal stability and safety. The cell with trilayer 

coated separator delivered a maximum initial discharge capacity of 1067 mAh g-1 

and a capacity fading rate of 0.24% after 100 cycles at 0.2C (Song et al., 2016a). A 

PP separator modified with an Al2O3 layer followed by a CNT layer was designed 

and the resultant LSB produced an initial capacity of 1287 mAh g-1 with a retained 

capacity of 807 mAh g-1 after 100 cycles at 0.2C (Xu et al., 2015). 

Apart from Al2O3 other metal oxides has also been investigated as separator 

coatings in LSB. A micrometer thick V2O5 barrier layer was designed to hinder the 

diffusion of dissolved PSs permitting the transport of lithium ions. A pouch cell (2 

x 2 cm) fabricated with V2O5 layer was cycled >300 times over 1 year without 

noticeable performance degradation at a capacity of 5 mAh (800 mAh g-1 of sulfur) 

(Li et al., 2014b). The routine LSB separator modified with hollow carbon 

nanofiber@mesoporous δ-MnO2 nanosheets (HCNF@pδ-MnO2) delivered a 

capacity of 856 mAh g-1 after 200 cycles at a rate of 0.5 C with enhanced rate 

capacity and anti-self-discharge feature (Lai et al., 2017). A self-sssembled close-

packed MnO2 nanoparticles anchored polyethylene separator was designed for LSB 

to suppress the PS shuttling, which greatly improved the capacity and cycling 

stability of the cells (Song et al., 2018c). The LSB with KB-MnO composite 

separator displayed an initial capacity of 1059 mAh g-1, and a capacity retention of 

85% after 200 cycles at 1C (Qian et al., 2016). A LSB was fabricated with SiO2 

nanoparticle decorated PP separator and the capacity of the configured cell was 937 

mAh g-1 at the first cycle and 603 mAh g-1 at 200 cycles at 0.2C (Li et al., 2017a). 

A biomass carbon fiber@SiO2 modified separator was developed for LSB and the 
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resultant cell delivered a high reversible capacity of 1352 mAh g-1 at 0.1C and 

enhanced capacity of 618 mAh g-1 after 500 cycles at 1C (Liu et al., 2019a). Nano-

TiO2 decorated carbon coated separator was designed for LSB to physically and 

chemically suppress the PS shuttle and resultant cell exhibited a retained specific 

capacity of 883 mAh g-1 after 180 cycles at 0.1 C and 762 mAh g-1 after 200 cycles 

at 0.5C (Shao et al., 2018a). LSB cells fabricated with carbonized bacterial 

cellulose/TiO2 modified separator showed an initial discharge capacity of 1314 

mAh g-1 at 0.2 C and a discharge capacity of 475 mAh g-1 obtained after 250 cycles 

at 2 C (Li et al., 2017b). A polar TiO/MWCNT coating on LSB separator produced 

a relatively high initial discharge capacity of 1527 mAh g-1 and excellent cycling 

stability up to 1000 cycles at 0.5 C with a negligible fading rate of 0.057% per cycle 

(Li et al., 2019c). Some other inorganic metal oxide-based barrier coating have also 

been reported for LSB separator to mitigate the diffusion of PSs, such as ZnO (Sun 

et al., 2019a), MgO (Sun et al., 2019b), SnO2 (Xiang et al., 2018), Cr2O3 (Guan et 

al., 2019a), Ta2O5 (Li et al., 2019d), Fe3O4 (Sun et al., 2019c, Cheng et al., 2019), 

MoO3 (Kaisar et al., 2019), In2O3 (Yang et al., 2018b), RuO2 (Balach et al, 2016b), 

CoFe2O4 (Feng et al., 2019), LaLiO2 (Bizuneh et al., 2019) and BaTiO3 (Yim et al., 

2016). 

Metal chalcogenides have also been evaluated as LSB separator coatings 

due to their intrinsic network polarity where the surface metal or chalcogen ions 

synergistically interact with PSs and lithium (Knoop and Ahn, 2020). MoS2 is one 

of the promising candidates to anchor PSs in LSB because its interaction energy 

with PSs is ~3-5 eV. Besides Li-S interaction, metal (Mo) facets interact with PSs. 

Moreover, MoS2 can catalyze the conversion of higher order PSs to lower order PSs 

and act as a lithium ion conductor. The as-prepared MoS2 coated separators were 

designed for LSB to deliver a specific capacity of 796 mAh g-1 after 500 cycles with 

the capacity retention of 93%. The excellent electrolyte wettability of MoS2 coating 

favours fast lithium ion diffusion (Liu et al., 2019b). The LSB with N and S-

codoped CNTs intertwined with flower-like MoS2 coated separator exhibited a high 

reversible capacity of 814 mAh g-1 at 1.0 C and long-lasting cycling durability with 

an ultralow capacity decay of 0.02% per cycle over 1000 cycles (Xiang et al., 2019). 
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Similar studies were reported with other metal chalcogenides like CoS (Yang et al., 

2019), CuS (Li et al., 2019e), SnS2 (Moorthy et al., 2019) and WS2 (Ali et al., 2018).  

Other inorganic materials like selenides, nitrides, borides and phosphides 

have also been explored as separator coatings in LSB (Carenco et al., 2013). A 

rGO@CoSe2 separator coating was proposed for LSB to block the PS shuttling with 

the help of graphene with physical absorption and CoSe2 particles with strong 

chemical binding. The resultant LSB assembled with rGO@CoSe2 separator 

presents a high initial discharge capacity of 1180 mAh g-1 at 0.2 C and long cycle 

stability at 0.5 C with a low capacity decrease rate of 0.0856% per cycle (Zhou et 

al., 2019). Incorporation of functionalized BN nanosheets with negative charged 

groups on to LSB separator produced an excellent long-term cycling stability up to 

1000 cycles and a high capacity of 718 mAh g-1 at a very high current of 7C (Fan 

et al., 2019). PS confinement via porous VN-modified separator was reported to 

deliver an average capacity fading of 0.077% per cycle at 1C for 800 cycles (Song 

et al., 2019). A potent functional separator was developed to restrain the PS by 

coating Co2B@CNT layer. The co-adsorption effect of Co sites and B sites in Co2B 

enable efficient polysulfides blocking and the LSB showed prolonged cycle life 

with a capacity degradation of 0.0072% per cycle up to 3000 cycles and a capacity 

of 1172 mAh g-1 preserved at 5C (Guan et al., 2019b). A MoP/rGO coating layer 

introduced on the separator, which not only impedes the diffusion of PSs to the 

anode but also improves the sulfur utilization. The resultant cell (sulfur loading of 

3.88 mg cm-2) displayed high areal capacity (~3 mAh cm-2) and good rate 

performance with a capacity decay rate as low as 0.045% per cycle over 300 cycles 

(Li et al., 2018b). 

 
1.7.4. Other Novel Separator Modifications 

Recently, metal-organic frameworks (MOFs) were proposed, comprising an infinite 

network of metal clusters bridged by simple organic linkers through metal-ligand 

coordination bonds. MOFs possess rich porosity, nanometer cavity sizes, and high 

surface areas which allows the MOF to acts as an ionic sieve in LSBs-selectively 

sieves lithium ions while efficiently blocking PSs migrating towards the anode 



23 
 

(Shrivastav et al., 2019; Rana et al., 2019). In addition, the MOF containing organic 

functional groups on its surface promotes ionic conductivity. The microporous 

Cu3(BTC)2 (BTC: benzene-1,3,5-Tricarboxylate) (HKUST-1) MOF structure has a 

pore size of ~9 A°, which is large enough to pass lithium ions but smaller than the 

size of PSs. The LSB with GO and HKUST-1 MOF composite coated separator 

produced an initial specific capacity of 1207 mA h g-1 and a capacity fading rate of 

0.02% after 1500 cycles at 0.5C (Bai et al., 2016a). The same design with Zn(II)-

MOF based separator exhibited an initial discharge capacity of 1118 mAh g-1 and 

capacity decay of 0.041% per cycle at 1C over 1000 cycles (Bai et al., 2016b). 

Recently, the separator coated with Mn(II)-BTC was reported and the cells 

exhibited an initial discharge capacity of 1450 mAh g-1 with excellent rate 

capabilities (Suriyakumar et al., 2019). Li et al. performed a comparison study for 

the LSBs using the separators coated with different types of MOFs including Y-

FTZB ([Y6(μ3-OH)8]
10+ clusters with FTZB2− 2-fluoro-4-(tetrazol-5-yl)benzoate) 

ligands), ZIF-7 (zeolitic imidazolate frameworks), ZIF-8, and HKUST-1 having 

various pore sizes and chemical structures. The authors observed that the densely 

packed structure of Y-FTZB played a crucial role to produce an initial discharge 

capacity of 1127 mAh g-1 with a retention capacity of 597 mAh g-1 after 300 cycles 

at 0.25C (Li et al., 2017c). The amine decorated UiO-66-NH2 MOF with SiO2 

coated separator was developed for LSBs to produce an initial discharge capacity 

of 1319 mAh g-1 and a retained capacity of 571 mAh g-1 (fading rate of 0.56%) after 

100 cycles at 0.1C (Rana et al., 2019). Covalent triazine-based frameworks (CTFs) 

are another class of materials with ordered porous structures, large specific surface 

area, and good thermal/chemical stabilities. The 2D CTFs consisting of benzene 

derivatives and triazine rings can effectively trap PSs through chemical absorption 

and lithiophilic interaction of the heteroatoms in their porous structures. The CTFs 

coated separator exhibited enhanced battery performance- high reversible specific 

capacity (1249 mAh g-1 at 0.5 C), an ideal rate performance (802 mAh g-1 at 2 C), 

good cycling stability with a low capacity fade-rate of 0.052% per cycle over 800 

cycles at 1 C and good anti-self-discharge behaviour (Shi et al., 2019). 

 MXenes are a family of semiconducting or metallic 2D inorganic 

compounds of early transition-metal carbides, nitrides or carbonitrides obtained 
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through selective etching of the A element from the MAX phases, where M is an 

early transition metal, A represents group IIIA or IVA element, X stands for C or 

N (Naguib et al., 2014). These materials possess a highly active 2D surfaces to 

chemically anchor PSs through strong metal-sulfur bond (Rana et al., 2019). A 

functional separator for trapping soluble PSs was designed for LSB by coating 

Ti3C2Tx MXene (T stands for the surface termination, such as -O, -OH, and/or -F) 

nanosheets on Celgard separator and the resultant cell delivered high discharge 

capacity of 550 mAh g-1 after 500 cycles with a capacity decay of 0.062% per cycle 

at 0.5 C (Song et al., 2016b). CNT incorporated delaminated titanium based MXene 

nanosheets (Ti2C, Ti3C2, and Ti3CN) were reported to modify LSB separator. The 

cell delivered an initial discharge capacity of 1240 (CNT-Ti2C), 1216 (CNT-Ti3C2), 

and 1263 mAh g-1 (CNT-Ti3CN) at 0.05C and long-term cycling at a 0.5C (Liang 

et al., 2016). Orthorhombic black phosphorous (BP) is a 2D layered crystal structure 

composed of phosphorene layers linked through weak interlayer van der Waals 

attractions. The P atoms present in the phosphorene layers chemically interact with 

the PS anions (P-S binding energy 285~442 kJ mol-1) to suppress the undesired PS 

shuttle in LSBs. In addition, BP possesses high electrical conductivity (~300 S m-

1) and fast lithium ion diffusivity. The BP-modified separator was designed for LSB 

to entrap PSs and the assembled cell showed an initial discharge capacity of 947 

mAh g-1 (S loading of 2 mg cm-2) with a fading rate of 0.17% after 100 cycles at 

0.25C (Sun et al., 2016). Introduction of montmorillonite (MMT) ceramic protective film 

to form an ion selective separator was another approach to minimize diffusion of dissolved 

PS to the anode side by repulsive electrostatic force between PSs and MMT. The LSB 

fabricated with MMT-coated separator maintained a discharge capacity of 924 mAh g-1 at 

200 cycles from the initial capacity of 1380 mAh g-1 (Ahn et al., 2015). The light-weight 

and scalable organic macromolecule, graphitic carbon nitride (g-C3N4) with 

enriched PSs adsorption sites of pyridinic-N was introduced to achieve the effective 

functionalization of LSB separator. The g-C3N4 coated separator cell delivered an 

initial discharge capacity of 1196 mAh g-1 (S loading of 5 mg cm-2) at 1C with a 

fading rate of 0.07% after 400 cycles (Fan et al., 2016). 
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1.8. Electrochemical Supercapacitors 

Among the various energy-storage devices, batteries and supercapacitors are 

considered as the two major technologies of choice for practical applications as 

illustrated in the Ragone plot (Figure 1.6) (Gür, 2018). Because of their high energy 

density, LIBs are widely used in consumer electronics. However, due to several 

resistive losses from sluggish electron and ion transport, batteries lead to heat 

generation and dendrite formation when operated at high power which can give rise 

to severe safety issues (Dend et al., 2015). On the other side, supercapacitors, also 

known as electrochemical capacitors (ECs) or ultracpacitors can safely provide high 

power and rapid charging with extremely long cycle life (>100000 cycles). Hence, 

they found potential applications in heavy-duty vehicles, hybrid platforms for 

trucks and buses, load-leveling systems for intermittent renewable energy sources, 

and storing the regenerative braking energy of EVs and light rail (Hannan et al., 

2017; Khaligh and Li, 2010). 

 

Figure 1.6. Ragone plot showing the performances of specific power vs. specific energy 

for electrochemical energy-storage devices. Times shown in the plot are the discharge 

time (Aravindan et al., 2014a) 

 

1.8.1. Brief Historic Overview of Supercapacitors 

The historical development of supercapacitors is the tale of discovering various 

charge-storage mechanisms (Shao et al., 2018b). The demonstration of the first 
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capacitor dates back to the middle of the 18th century. The first capacitor, named a 

“Leyden jar”, was invented separately by a German cleric Ewald Georg von Kleist 

in 1745 and a Dutch scientist Pieter van Musschenbroek in 1746. It was a simple 

design consisted of two pieces of metal foils, water, and a conductive chain inside 

a glass jar (Figure 1.7), and static electricity could be generated by rotating the glass 

jar (Huggins, 2016; Shao et al., 2018b; Xin et al., 2019).  

 

Figure 1.7. Historic timeline for the development of supercapacitors (upper panel) and 

schematics of various models proposed for the charge-storage mechanism inside a 

capacitor (lower panel) (Shao et al., 2018b) 

 
After the invention of the Leyden jar, people realized the concept of storing 

static electricity at the interface between a solid electrode and a liquid electrolyte, 

and this knowledge aided to establish the initial concept of an electric double layer 

in 1880s. von Helmholz first studied the electrical charge-storage mechanism in 

capacitors and built the first electric double-layer model in 1853 (Balakrishnan and 

Subramanian, 2014). Thereafter, some pioneering interfacial electrochemists, 

including Gouy, Chapman, Stern, and Grahame, developed the modern theory of 

electric double-layer capacitance. In 1954, H. I. Becker at General Electric patented 

the first EC, which employed porous carbon electrodes immersed in an aqueous 

electrolyte (which functions as dielectric) and stored electric energy at the 

interfacial electric double layer. The first nonaqueous-electrolyte-based EC was 

patented by Robert A. Rightmire at the Standard Oil Co. of Ohio and later 

commercialized by Nippon Electric Company (NEC) in 1978 (Shao et al., 2018b).  
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A new class of EC termed as pseudocapacitor, which involves Faradaic 

processes, was discovered based on RuO2 in 1971. Based on this discovery, the 

Pinnacle Research Institute (PRI) started a project in the 1980s to develop a high-

performance supercapacitor based on ruthenium/tantalum oxide and named it as 

PRI Ultracapacitor. However, due to the high price of the noble metal, ruthenium, 

the PRI Ultracapacitor was only used for military applications, such as laser 

weapons and missile launch systems (Conway, 1991). Later in 1989, the U.S. 

Department of Energy (DOE) initiated a long-term study on supercapacitor aiming 

high energy density supercapacitors for applications like electric drivelines as a part 

of their Electric and Hybrid Vehicle Program (Burke, 2000). Ever since then a 

variety of supercapacitors have emerged, which includes electric double-layer 

capacitors (EDLCs), pseudocapacitors, and asymmetric supercapacitors. Each type 

of supercapacitor has its own significant features and target applications, such as 

backup energy for portable electronics or uninterrupted power supplies (UPS) and 

high-power energy sources for heavy loading trucks or cranes. From 2000 onwards 

there is a continuous and significant increase in the research related to 

supercapacitors with the increased demand for high-power, and safe energy-storage 

devices (Shao et al., 2018b). 

 
1.8.2. Charge Storage Mechanisms of Supercapacitors 

EC consists of an anode, cathode, and separator in between the anode and cathode 

to prevent the short circuit, with the electrolyte. On the basis of the energy storage 

mechanism, ECs can be generally classified into two main types: (i) EDLC and (ii) 

pseudocapacitors, irrespective of the electrolyte medium employed (aqueous or 

nonaqueous) (Salinas-Torres et al., 2019). 

When an electronically conductive electrode is dipped in an ion-conductive 

electrolyte solution, a double layer forms spontaneously at the electrode-electrolyte 

interface due to the organization of charges. In an EDLC, the charge is physically 

stored by electrostatic adsorption of cations and anions at the interface between 

electrode and electrolyte (Figure 1.8). 
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Figure 1.8. Schematics of charge-storage mechanisms for an EDLC (Shao et al., 2018b) 

 
One of the salient characteristics of EDLCs is that no charge transfer 

reaction between the electrode-electrolyte interfaces, i.e., no Faradaic processes 

occur (Frackowiak and Béguin, 2001; Su and Schlögl, 2010). Generally, the 

carbonaceous materials with high specific surface areas are utilized as the electrode 

material of EDLCs, and the capacitance of an EDLC electrode is calculated 

according to the following equation (Zhang and Zhao, 2009): 

𝐶 =  
𝐴 (Ɛ𝑟 Ɛ0)

𝑑
  F                                                                                               (1.9) 

where A is the effective specific surface area of the electrode materials which are 

accessible to the electrolyte ions, Ɛr is the permittivity of electrolyte solution, Ɛ0 is 

the permittivity of vacuum, and d is the effective charge separation distance 

between the electrical double layers. Carbon-based materials like commercial 

activated carbons, carbon aerogels, templated carbon, carbon nanomaterials such as 

carbon nanotubes and graphene, are the extensively studied active electrode 

materials for EDLCs owing to their high specific surface areas, desirable 

electrochemical stabilities, and open porosity accessible to the electrolyte ions 

(Gu and Yushin, 2013; Borenstein et al., 2017). Moreover, carbon-based materials 

with high surface area undergoes the formation of electric double layer ensuring a 

long-term cyclability over 106 cycles in aqueous electrolyte (Wu et al., 2017c). In 

the case of organic electrolytes, EDLC exhibits poor cycle life due to the higher 
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equivalent series resistance (ESR); hence fewer studies have been conducted in 

non-aqueous electrolyte (Zhong et al., 2015; Pal et al., 2019). 

 In the 1990s, Conway and co-workers proposed the concept of 

pseudocapacitance (Brousse et al., 2015). Pseudocapacitive electrode materials 

store charge through Faradaic processes that involve fast, reversible redox reactions 

at the surface or near surface of the active electrode materials. This mechanism 

involves a valence state change of the active electrode material because of electron 

transfer (Conway et al., 1997; Augustyn et al., 2014). Transition metal oxides and 

conducting polymers are common pseudocapacitive electrode materials (Wang et 

al., 2016a). Amongst them, conducting polymers (polyaniline, polypyrrole, etc.) 

possess a relatively high specific capacitance and electronic conductivity with 

relatively low ESR values and cost-effectiveness in comparison with carbon-based 

electrodes (Ramya et al., 2013). Despite that, poor cycling stability of conducting 

polymers is a major concern. Similar to conducting polymers, transition metal 

oxides (RuO2, MnO2, etc.) also exhibited higher capacitance with lower ESR 

values, but higher cost and poor cycling stability remain the serious problem that 

hinder its commercialization (Augustyn et al., 2014). Energy storage mechanism in 

pseudocapacitors demonstrate an intermediate electrochemical characteristic 

between pure electrostatic EDLC-type materials and solid-state diffusion controlled 

by Faradaic reactions in bulk battery-type electrode materials (Jiang and Liu, 2019).  

Pseudocapacitance can be accomplished through several faradaic 

mechanisms: (i) under potential deposition (UPD), (ii) redox pseudocapacitance 

and (iii) intercalation pseudocapacitance. These processes are demonstrated in 

Figure 1.9 (Shao et al., 2018b). UPD involves the faradaic absorption/desorption of 

metal ions on the surface of a different metal to form an adsorbed monolayer above 

their redox potential (e.g., H+ on Pt or Pd2+ on Au) (Sudha and Sangaranarayanan, 

2002). Redox pseudocapacitance occurs when ions electrochemically adsorb on the 

surface/near surface of electrode material along with faradaic charge transfer 

process (e.g., RuO2 or MnO2, as well as some conducting polymers) (Augustyn et 

al., 2014). Intercalation pseudocapacitance arises when ions intercalate into the 

tunnel/layer structure of a redox active material accompanied by a faradaic charge-

transfer without any crystallographic phase change and in a time scale close to that 
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of an EDLC. Transition metal oxides with layered or tunnel crystalline structures 

are interesting electrode materials because of their capability to intercalate/de-

intercalate ions in the lattice sites. The ion intercalation occurs along with a change 

of metal valence to preserve electric neutrality. The ion intercalation 

pseudocapacitance received significant attention considering its ability to overcome 

the slow intrinsic solid-state diffusion limited battery kinetics with surface process 

(Augustyn et al., 2013; Augustyn et al., 2014; Jiang and Liu, 2019). 

 

Figure 1.9. Schematics of charge-storage mechanisms for different types of 

pseudocapacitors (b) underpotential deposition, (c) redox pseudocapacitor, and (d) 

intercalation pseudocapacitor (Shao et al., 2018b) 

 
From the application perspective, especially to power the zero emission 

vehicles such as EV and HEV, both EDLC and pseudocapacitive materials suffer 

inadequate energy density (Lin et al., 2018). Hybrid electrochemical capacitors 

serves as an interesting alternative to conventional EDLCs or pseudocapacitors by 

partnering a battery-like electrode (energy source) and a capacitor-like electrode 

(power source) within the same cell (Cericola and Kötz, 2012). A suitable 

combination of electrodes can expand the cell’s working voltage range, which 

further contribute to the enhanced energy and power densities. Presently, two types 

of electrode combination approaches exist for the development of hybrid systems: 

(i) pseudocapacitive metal oxides with a capacitive carbon electrode, and (ii) 
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lithium-insertion electrodes with a capacitive carbon electrode (Zuo et al., 2017; An 

et al., 2019). 

 
1.8.3. Lithium-Ion Capacitors 

Since the beginning of the 1990s, many renowned research institutions and large 

corporations shifted their research focus from EDLC-type to new types of capacitor. 

In 1995, D.A. Evans suggested a fundamental concept of hybrid electrochemical 

capacitor by combining an ideal polarized electrode and a Faraday electrode (Shao 

et al., 2018b; Najib and Erdem, 2019). A Russian company named ESMA, in 1997, 

published a new hybrid capacitor design (NiOOH/activated carbon (AC)) 

integrating battery and capacitor chemistries (Burke, 2000). In 2000, Amatucci and 

co-workers reported a non-aqueous hybrid capacitor employing LIB material 

(nanostructured Li4Ti5O12) as negative electrode and AC as positive electrode, 

which is considered as one the ground-breaking work in the area of hybrid 

electrochemical capacitor (Amatucci et al., 2001). Following Amatucci’s work, 

considerable research has been focused on multiple combinations of a lithium-

insertion electrode with a capacitive carbon electrode. In 2005, Fuji Heavy 

Industries (FHI) published a novel hybrid electrochemical capacitor named the 

lithium-ion capacitor (LIC), using a pre-lithiated high surface area carbon 

(polyacene) anode together with an AC cathode. The pre-doped lithium-ions 

improved energy density of the anode by more than 30 times compared to the AC. 

Moreover, the lithiation can significantly lower the anode potential, which leads to 

an increment in the cell voltage, thereby improving the energy density (Aida et al., 

2007; Jeżowski et al., 2016). In the 21st century, LIC research received considerable 

attention. At present, carbon-based materials (such as AC, graphene, and graphite), 

transition metal oxides, and transition metal sulfides have been extensively studied 

as active electrode materials (Li et al., 2018c). 

 A LIC, fundamentally, is a hybrid electrochemical capacitor, which can be 

constructed by substituting the active material in one of the electrodes of a 

supercapacitor with LIB material and operated in an electrolyte (aqueous and non-

aqueous) containing lithium ions (Cericola and Kötz, 2012).  The energy storage 
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mechanism of LICs is hybrid in nature, which includes not only redox reaction of 

LIBs, such as lithium intercalation/conversion, alloying, etc. but also EDLC-type 

and Faradaic pseudocapacitance (Liu et al., 2018b). The difference between EDLC 

and LIC is illustrated in Figure 1.10. The configuration of LICs can be divided into 

two categories, symmetric and asymmetric capacitors, based on the combination of 

capacitor-type materials and LIB-type materials (Aravindan et al., 2014a). 

 

Figure 1.10. Schematic diagram of EDLC, LIC, and lithium-ion based hybrid 

electrochemical capacitor (which is same as a LIC) (Aravindan et al., 2014a) 

 
Typically, EDLCs utilize high surface area carbon as both cathode and 

anode materials. LICs utilize high surface area carbon as the anode and an 

intercalation-type compound supporting the fast reversible intercalation of lithium-

ions as the cathode material. The typical intercalation-type compound used in LIC 

can be classified into four types: (i) lithium-ion containing metal oxides (LiMOx, 

M = Mn, Co, Ni, etc.), (ii) polyanionic compounds (LixMy(XO4), M is transition 

metal, X = P, S, Si, V, Mo, W, etc.), (iii) graphite, and (iv) transition metal oxides 

(Jagadale et al., 2019). Generally, lithium-ion containing metal oxides and 

polyanionic compounds function as cathode materials; on the other hand, graphite 

and transition metal oxides serve as anode materials (Huang and Niederberger, 

2019). Irrespective of the electrode, active material is mixed together with the 

binder and conductive materials to form a slurry. The obtained slurry is then coated 
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on the Al foil, Cu foil, Ti foil, Ni foil or stainless steel substrate. A membrane 

(separator) is used to separate the positive and negative electrodes and to prevent 

electron conduction and short circuits. The commonly employed separator 

materials are polypropylene and cellulose (Simon and Gogotsi, 2008). A LIC can 

work in aqueous and non-aqueous electrolyte mediums. Aqueous electrolytes hold 

low viscosity and high ionic conductivity. But, the working potential window of 

electrode materials was limited to 1 V, which lower energy density. Li2SO4, LiOH, 

and LiNO3 are the frequently used aqueous electrolytes. On the contrary, the non-

aqueous electrolyte can widen the potential window up to 3 V, or even 4 V, which 

can dramatically enhance the energy density of LIC (Pal et al., 2019). The 

commonly used non-aqueous system is LiPF6 dissolved in ethylene carbonate and 

dimethyl carbonate. However, the high viscosity and low ionic conductivity of non-

aqueous electrolyte affects the power density (Laheäär et al., 2009). 

Energy and power densities are the most important characteristics of LIC 

application, which can be calculated according to the following equations (Gupta 

et al., 2015): 

𝐸 =  
𝐶𝑐𝑒𝑙𝑙 𝑉

2

2 ×3.6
   Wh kg-1                                                                                       (1.10) 

𝑃 =  
3600 ×𝐸

∆𝑡
  W kg-1                                                                                        (1.11) 

where E is the energy density of LIC, Ccell is the specific capacitance of the LIC (F 

g-1), V is the potential window (V), P is the power density of LIC, and Δt is the 

discharging time (s). 

 Generally, the specific capacitance can be measured from 

chronopotentiometry, an electrochemical technique where the electrode is charged 

and discharged under a constant current to obtain a potential-time curve (Zhang et 

al., 2018b). In a three-electrode system, the specific capacitance of the electrode 

can be calculated according to the following equation: 

𝐶1 =  
𝐼 × ∆𝑡

𝑚 × ∆𝑉
  F g-1                                                                                            (1.12) 
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In a two-electrode system, the specific capacitance of the electrode can be 

calculated according to the following equation: 

𝐶2 =  
4 × 𝐼 × ∆𝑡

𝑚 × ∆𝑉
  F g-1                                                                                       (1.13) 

The specific capacitance of capacitor can be calculated according to the following 

equation: 

𝐶𝑐𝑒𝑙𝑙 =  
1

4
 𝐶2  F g-1                                                                                          (1.14) 

where C1 and C2 are the specific capacitances of the electrode material in the three-

electrode and two-electrode system, respectively, Ccell is the specific capacitance of 

the LIC, m is the total active material mass of electrodes (g), I is the constant 

charging or discharging current (A), ∆t is the discharging time (s), ∆V is the 

potential window (V). 

 
1.9. A Brief Review on Electrode Materials for LICs 

 

1.9.1. Anode 

The fundamental prerequisite for selecting anode material is its electrode potential 

(Zhang et al., 2018b). Lithium titanate and graphitic electrodes are the most 

investigated materials in the LICs. Lithium titanate possesses relatively higher 

lithiation potential (1.55 V vs. Li/Li+) than graphite (close to 0 V vs. Li/Li+). The 

lower potential of the anode materials offer high upper potential window of the LIC 

cell (Aravindan et al., 2014a; Han et al., 2018a). Therefore, selection of negative 

electrode materials with low potential are preferred.  

 Currently, graphite is the most commonly used anode material for LICs 

owing to its low lithiation potential offering the LIC a high operating potential 

window in the range of 3.8-4.0 V, which in turn improve energy and power density 

(Béguin et al., 2014). A LIC based on graphite anode and AC cathode was reported 

to deliver a gravimetric and volumetric energy densities of 103.8 Wh kg-1 and 111.8 

Wh L-1, respectively (Khomenko et al., 2008). However, the sluggish nature of 
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lithium-ion intercalation into graphite structure makes it unsuitable to the charge-

discharge studies at high current densities. Hence, graphite mixed with other 

carbonaceous materials were reported. LIC composed of a pre-lithiated 

MWCNT/graphite composite anode and an AC cathode hold a specific capacitance 

of 58.2 F g-1 at the current density of 100 mA g-1 with a power density up to 10.1 

kW kg-1 at 8000 mA g-1, and retained a capacitance of 86% after 3000 cycles (Cai 

et al., 2018).  

 Another promising alternative to graphite anode is amorphous carbon 

(AMC) with wide interlayer spacing (~0.47 nm), which considerably reduce the 

lithium-ion insertion barrier (Han et al., 2018a). A variety of amorphous carbon 

materials have been obtained through pyrolysis and carbonization of polymers and 

biomass materials. An AMC anode derived from glucose, together with a 

disordered carbon cathode constitute a high energy efficient LIC with a maximum 

energy density of 133 Wh kg-1 at low power density of 210 W kg-1 (Lee et al., 

2018a). A LIC assembled by coupling pre-lithiated nitrogen-doped carbonized 

polyimide microsphere anode and an AC cathode delivered energy densities of 28.5 

and 13.1 Wh kg-1 at power densities of 348 and 6940 W kg-1, respectively, with a 

capacity retention of 97.1% even after 5000 cycles (Han et al., 2016). A LIC 

performance based on recycled olive pit bio-waste derived carbon anode and AC 

cathode surpasses their EDLC counterpart in terms of energy density throughout 

the whole range of power density (Ajuria et al., 2017). 

 Low-dimensional carbon allotropes such as carbon nanofibers (CNFs), 

CNTs, and graphene were also investigated as anode materials for LIC due to their 

unique characteristics like high electrical conductivity, good mechanical integrity, 

and nanostructures with large surface area (Wang et al., 2019b). A 4.5 V symmetric 

LIC device was constructed using B and N dual-doped carbon nanofibers to deliver 

a large energy density of 220 Wh kg-1 and a power density of 22.5 kW kg-1 (at 104 

Wh kg-1) with a capacitance retention of ~81% after 5000 cycles (Xia et al., 2017). 

LIC assembled with pre-lithiated MWCNT anode and AC cathode achieved a 

specific capacitance of 59.3 F g-1 at the current density of 100 mA g-1 with a 

maximum energy density and power density of 96 Wh kg-1 and 4035 W kg-1, 

respectively (Cai et al., 2017). A LIC cell fabricated using the N-doped defective 
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graphene aerogel (N-DGA) anode and DGA/AC cathode exhibited a maximum 

energy and power densities of 39 Wh kg-1 and 1.2 kW kg-1 with a capacitance 

retention of 71% at 0.05 A g-1 after 2000 cycles (Wang et al., 2017a). 

 Graphdiyne (GDY) is a new two-dimensional (2D) carbon allotrope, which 

exist as a lattice of benzene rings connected by acetylene bonds comprising both 

sp- and sp2-hybridized carbon atoms. GDY possesses high electrical conductivity 

and excellent chemical stability. Furthermore, GDY consists of a large number of 

triangle-like pores creating a unique triangular occupation pattern for lithium, 

leading to a high lithium storage capacity and excellent lithium mobility 

(Ivanovskii, 2013). A hybrid LIC featuring a bulk GDY anode and an AC cathode 

delivered energy densities of 112.2 and 95.1 Wh kg-1 at power densities of 400.1 

and 1000.4 W kg-1, respectively, in an operating voltage window of 2~4 V (Du et 

al., 2016). Hierarchical porous GDY nanowall based anode material delivered a 

capacitance more than 189 F g-1 over 10000 cycles at 1 A g-1 for LIC (Wang et al., 

2017b). 

 Generally, transition metal oxide (TMO)-based anodes offer more capacity 

than that of graphite and other carbonaceous materials, which gained them much 

attention as potential anode candidate for LICs (Mohd Abdah et al., 2020). The 

electrochemical reaction of TMOs with lithium follows three different mechanisms: 

lithium intercalation/de-intercalation reaction, redox (conversion) reaction, and 

alloying/de-alloying reaction (Cui et al., 2018). Typical intercalation-type TMOs 

are compounds with a three-dimensional (3D) network structure that can reversibly 

intercalate/de-intercalate lithium ions in/out of the lattice sites without any 

crystallographic phase change (Tomaszewska et al., 2019). A LIC assembled with 

Li4Ti5O12/graphene anode and AC cathode delivered energy densities of 44.0 and 

11.4 Wh kg-1 at power densities of 45 and 7200 W kg-1, respectively. The cell also 

exhibited a capacitance retention of 80% at 3.2 A g-1 after 10000 cycles with nearly 

100% coulombic efficiency (Zhang et al., 2017a). A high energy and power LIC 

based on a TiO2 nanobelt array anode and a graphene hydrogel cathode was 

designed to deliver an energy density of 82 Wh kg-1 at a power density of 570 W 

kg-1 with an operating voltage range of 0.0-3.8 V (Wang et al., 2015a). The 

utilization of TiNb2O7 as an anode along with an AC cathode in LIC results in good 
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cyclability over 3000 cycles and the cell delivered high energy and power densities 

of 43 Wh kg-1 and 3 kW kg-1, respectively (Aravindan et al., 2014b). A flexible LIC 

was designed with an in‐plane assembled orthorhombic Nb2O5 nanorod film anode 

and AC cathode to deliver high gravimetric and volumetric energy/power densities 

(~95.55 Wh kg-1/5350.9 W kg-1; 6.7 mWh cm-3/374.63 mW cm-3) (Deng et al., 

2018). A maximum energy density of 136.4 Wh kg-1 at a power density of 532 W 

kg-1 was obtained from a LIC device based on Li3VO4/N-doped carbon nanowire 

anode and AC cathode (Shen et al., 2017). An asymmetric supercapacitor with a 

maximum energy and power density of 90 Wh kg-1 and 11000 W kg-1 was 

developed using H2Ti6O13‐nanowires as a negative electrode and ordered 

mesoporous carbon (CMK‐3) as a positive electrode (Wang et al., 2012a). A hybrid 

LIC was fabricated with LiMnBO3 nanobead anode and polyaniline nanofiber 

cathode exhibited an excellent electrochemical performance; discharge capacitance 

of 125 F g-1 at 1 A g-1 in a potential range of 0-3 V with maximum energy and 

power densities of 42 Wh kg-1 and 5350 W kg-1, respectively (Kaliyappan et al., 

2014).  

Conversion-type anodes usually deliver a high theoretical specific capacity 

than intercalation-type anodes because the reduction reaction of TMOs to their 

metallic state involves multiple electron transfer (Ulaganathan et al., 2016). One of 

the major issues observed for conversion-type TMOs are drastic volume changes 

during lithiation process leading to pulverization of electrode upon extended cycles 

(Yu et al., 2018a). The high voltage (4 V) LIC cell with mesocrystal MnO cubes as 

anode and AC as cathode demonstrated excellent cycling performance with the 

degradation rate of 0.002% per cycle and the maximum achieved energy density 

reached 227 Wh kg-1 (Liu et al., 2016b). Graphene decorated MoO2 nanoparticles-

based anode materials were developed for LIC to provide a high specific energy 

density of 33.2 W h kg-1 at a power density of 3000 W kg-1 with a capacitance 

retention of 91% over 500 cycles (Han et al., 2013). A LIC composed of Fe3O4-

graphene anode and AC cathode delivered a high energy density of 120.0 Wh kg-1, 

a power density of 45.4 kW kg-1 at 60.5 Wh kg-1, and an excellent capacity retention 

of up to 81.4% after 10000 cycles (Zhang et al., 2017b). A high-performance LIC 

fabricated using ZnMn2O4-graphene hybrid nanosheets anode and N-doped carbon 
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nanosheets cathode presented specific energy values of 202.8 and 98 Wh kg-1 at 

specific power values of 180 and 21000 W kg-1, respectively (Li et al., 2017d). A 4 

V LIC assembled with MnFe2O4/carbon as negative electrode and 3D AMC as 

positive electrode exhibited a capacity retention of 86.5% after 6000 cycles at 2 A 

g-1, while achieving high energy density of 157 Wh kg-1 at power density of 200 W 

kg-1 (Lee et al., 2016). 

The electrochemical alloying reaction of lithium with metals like Sn, In, Cd, 

etc., or semimetals like Si, Sb, Ge, etc., offer a high theoretical capacity for lithium 

storage (Han et al., 2018a). Since MOs are cheaper and easier to fabricate, their 

corresponding oxides are also investigated as potential candidates for LIC anode. 

A LIC designed with Si/C anode material and rice husk derived AC (RAC) cathode 

material offered a high energy density of 227 Wh kg-1 at a power density of 1146 

W kg-1, and 181 Wh kg-1 at a power density of 32595 W kg-1. Moreover, the 

Si/C//RAC LIC exhibited a long-term cyclability over 16000 cycles at 16800 W kg-

1 (Li et al., 2017e). A rationally designed Sn/C anode with a biomass-derived AC 

cathode constitute a LIC system and the assembled cell delivers high energy 

densities of 195.7 and 84.6 Wh kg-1 at power densities of 731.25 and 24375 W kg-

1, respectively (Sun et al., 2017a). A LIC developed by coupling B-doped Si/SiO2/C 

anode with porous spherical carbon displayed an operating voltage window 

between 2.0-4.5 V with energy densities of 128 and 89 Wh kg-1 at 1229 and 9704 

W kg-1. Furthermore, the hybrid LIC exhibited good capacity retention of 70% after 

6000 cycles at 1.6 A g-1 (Yi et al., 2014). A SnO2-C hybrid anode was coupled with 

tubular mesoporous carbon cathode to obtain a LIC configuration, which achieved 

a maximum energy density of 110 Wh kg-1 and a maximum power density of 2960 

W kg-1 (Qu et al., 2014). 

Another family of 2D material called MXenes has also found application as 

anode material in LICs. A LIC fabricated with lithiated Nb2CTx-CNT anode and 

LiFePO4 cathode provide a potential window between 0.3-3.3 V with maximum 

gravimetric energy density of 43 Wh kg-1 (Byeon et al., 2016). Another LIC 

assembled using the Ti3C2Tx/CNTs film as anode and AC as cathode exhibited a 

high energy density of 67 Wh kg-1 and a good capacity retention of 81.3% after 

5000 cycles (Yu et al., 2018b). Recently, transitional metal sulfides have received 
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increasing interest as electrode materials in LIC research. A novel hybrid LIC was 

fabricated employing MoS2/rGO composite as the anode and AC as the cathode, 

which exhibited specific energy densities of 188 and 45.3 Wh kg-1 at 200 and 40000 

W kg-1, respectively, as well as long cycle life (Wang et al., 2017c). A 

CNF@CoNi2S4 nanoparticle-based anode material and AC cathode material 

constitute a LIC to deliver an energy density of 85.4 Wh kg-1 at a power density of 

150 W kg-1. Also, even at the high power density of 15 kW kg-1, the LIC provided 

the energy density of 35 Wh kg-1 (Jagadale et al., 2018). Similarly, transition metal 

nitrides also proved suitable for LIC applications. Employing 3D VN-rGO 

composite and porous carbon nanorods with a high surface area of 3343 m2 g-1 as 

the anode and cathode, respectively, a LIC was fabricated with a maximum energy 

density of 162 Wh kg-1 and a maximum power density of 10 kW kg-1 (Wang et al., 

2015b). A novel LIC device was assembled using porous NbN as the anode and AC 

as the cathode. The fabricated device exhibited a wide potential window of 4.0 V 

with a high energy density of 149 Wh kg-1 and a high power density of 45 kW kg-1 

as well as a superior capacity retention of 95% after 15000 cycles at 1.0 A g-1 (Wang 

et al., 2016b). 

 
1.9.2. Cathode 

To attain a high energy and a high power LIC, it is essential to have a cathode 

material with high operating potential and good electrical conductivity (Guangchao 

Li et al., 2019). The commonly used cathode materials for LICs can be classified 

into carbon materials, lithium-intercalated compounds, and composite materials.  

 Presently, PC is mainly used as the cathode material in LICs. The 

preponderance of PC usage in ECs mainly arises from its porous structure with large 

surface area (> 1000 m2 g-1), which can house large number of charged species and 

provide fast charge transfer. Other advantages of PC that contribute to its 

widespread application in ECs include low cost, easy electrolyte accessibility, and 

chemical inertness (Niu et al., 2018). The common carbon materials used as cathode 

materials in LIC research includes AC, graphene, and CNTs (Wang et al., 2019b). 
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The best known and only commercialized cathode material in LICs is AC 

which is also the extensively studied electrode material in traditional EDLCs. A 

LIC fabricated based on AC cathode and pre-lithiated graphite anode deliver a 

discharge energy density of 55 Wh kg-1 over the potential range of 3.1-4.1V and 

100 Wh kg-1 in the extended cut-off potential of 2.0-4.1 V (Sivakkumar et al., 2012). 

However, AC face problems such as low specific capacitance and low electrical 

conductivity. As a solution to the above problems, researchers came up with the 

idea of graphitization and combination of AC with other materials having a high 

conductivity. The partially graphitic AC cathode coupled with microspherical 

porous Li4Ti5O12 anode form a LIC, which delivered a specific capacitances up to 

77 F g-1 and 62 F cm-3 (Cho et al., 2014). Recently, many researchers have shifted 

their interest towards various biomass-derived AC due to the abundance and 

renewability of raw materials. Besides, biomass-derived AC other possess 

favourable properties like good chemical stability, tunable microstructures, and 

surface functional groups, which makes it suitable for electrode materials (Bi et al., 

2019). The hybrid LIC assembled using the egg white-derived AC as the cathode 

and Si/C nanocomposites as the anode delivered energy densities of 257-147 Wh 

kg-1 at power density from 867 to 29893 W kg-1 with a capacity retention 79.2% 

after 15000 cycles (Li et al., 2016). A porous AC derived from chinese-chive based 

cathode coupled with Si/flake graphite/C nanocomposite anode form a hybrid LIC 

with high energy density (159 Wh kg-1 at 945 W kg-1) and outstanding cycle 

stability (80% capacity retention after 8000 cycles at 1 A g-1) (Lu et al., 2018). 

Graphene and rGO have been reported as cathode materials for LICs 

because of its interesting properties such as excellent electrical conductivity, high 

surface area and high mechanical strength (Zhang et al., 2019b). A LIC composed 

of graphene@hierarchical meso-/microporous carbon cathode and pre-lithiated 

graphite anode demonstrated high energy densities of 233.3-143.8 Wh kg-1 at power 

densities from 450.4 to 15686 W kg-1 (Li et al., 2018d). A flexible quasi-solid-LIC 

was developed based on holey rGO film cathode and rGO@Fe3O4 film anode to 

deliver a maximum energy density of 148 Wh kg-1, a maximum power density of 

25 kW kg-1, and an excellent capacity retention of 82% after 2000 cycles (Liang et 

al., 2018). CNTs are considered as another suitable cathode material for LICs due 
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to their unique hollow structure, excellent electrical conductivity, appropriate pore 

size, and ability to form nanoscale network structures.  A flexible nanostructured 

hybrid LIC based on thin film MWCNT cathode and α-Fe2O3/MWNT composite 

anode provided a specific energy density of 50 Wh kg-1 at a specific power density 

of 1000 W kg-1 over the potential range of 0-2.8 V (Zhao et al., 2009). 

In addition to graphene and CNT-based cathode materials, some other forms 

of carbon materials were also investigated. A novel “core-shell” porous graphitic 

carbon (PGC) was prepared from mesocarbon microbead to replace conventional 

AC cathode. The LIC assembled with PGC cathode and Li4Ti5O12 anode delivered 

a high energy density of 55 Wh kg-1 and a high power density of 6474.7 W kg-1 (Lei 

et al., 2013). A N-rich nanotube (NRT) with internal compartments and open 

mesopores on the surface was prepared from Melamine-Formaldehyde resin. The 

LIC with NRT cathode and Sn@NRT anode was assembled and tested in a wide 

potential window of 1.75-4.35 V to deliver high energy densities of 274 and 127 

Wh kg-1 in the power density range of 153 and 22800 W kg-1 (Won et al., 2017). 

On the other hand, lithium metal oxides (LMOs) show relatively higher 

operating potentials. Most of the known LMOs were investigated as cathode 

materials for LIBs, which undergo intercalation/de-intercalation reactions. Unlike 

the non-Faradaic carbon-based electrodes, intercalation-type cathodes hold 

relatively constant working potentials, despite the state of charge of a cell 

(Desilvestro and Haas, 1990; An et al., 2019). Proper mass balance between the 

insertion-type cathodes and carbon-based anodes can be considered as an effective 

strategy to achieve high energy LICs (Madabattula et al., 2020). LiCoO2 was the 

first explored cathode material in commercial LIBs. It was the same group who 

introduced a LIC configuration with LiCoO2 as the cathode and nanostructured 

Li4Ti5O12 as the anode in 2003. The assembled LIC delivered maximum energy 

densities of 47 Wh kg-1 and 64.5 Wh L-1 (Pasquier et al., 2003). An aqueous LIC 

was fabricated using LiMn2O4 and sonochemically reduced graphene as the cathode 

and anode, respectively, and the fabricated device delivered a high specific 

capacitance of 59.45 F g-1 at 0.4 A g-1, a high specific energy of 39.96 Wh kg-1 at a 

power of 440 W kg-1 with better capacitance retention of 90.24 % even after 1000 

cycles (Pazhamalai et al., 2017). A LiFePO4-AC cathode and a pre-lithiated hard 
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carbon anode form an internal hybrid LIC and the cell exhibited an excellent 

capacity retention of 92% over 100,000 cycles at 60C (Shellikeri et al., 2018). The 

LIC cell including Li2MoO3 cathode and hard carbon anode exhibited much higher 

capacitance than that of the conventional LIC, without significant capacity 

degradation (Park et al., 2011). A LIC coupled with Li2MnSiO4 cathode and AC 

anode exhibited a high discharge capacitance and energy density of 43.2 Fg-1 and 

54 Wh kg-1, respectively, at 1.0 mA cm-2 with excellent cycling stability over 1000 

cycles and coulombic efficiency over > 99% (Karthikeyan et al., 2012). A hybrid 

asymmetric LIC with lithium-ion intercalated compound LiNi0.5Mn1.5O4 as cathode 

and AC as anode exhibited a sloping voltage profile from 1.0-3.0 V, a specific 

energy of 56 Wh kg-1 and excellent cyclability with less than 5% capacity loss over 

1000 cycles (Wu et al., 2009). 

Conducting polymers have been considered as a promising candidate for 

pseudocapacitive applications. Pseudocapacitor electrodes based on conducting 

polymers possess certain advantages, like good conductivity, reasonable flexibility, 

and low cost (Bryan et al., 2016). However, their practical application is still 

impeded in pure form due to some obstacles. To enhance the electrochemical 

performance, pure conducting polymers are often mixed with metal oxides and 

carbon (Fu et al., 2019). A flexible all-solid state asymmetric LIC was fabricated 

employing NiMoO4/PANi and commercial AC as the positive and negative 

electrodes, respectively, and the cell delivered a maximum specific energy of 99.26 

Wh kg-1 and a maximum specific power of 10667 W kg-1 (Chen et al., 2015a). 

LiNi1/3Mn1/3Fe1/3O2-PANi composite cathode together with AC anode based LIC 

delivered maximum energy and power densities of 49 Wh kg-1 and 3 kW kg-1, 

respectively (Karthikeyan et al., 2013). Other conducting polymer based binary 

composite electrode materials investigated in the literature include PANi-MnO2 

(Prathap et al., 2013), PANi-CuO (Ates et al., 2015), PPy-V2O5 (Sun et al., 2015a), 

PANi-rGO (Sun et al., 2015b), etc. Recently, many research groups have focused 

their attention on conducting polymer/metal oxide/carbon ternary composites, such 

as CNT/PPy/MnO2 (Zhou et al., 2015), Ni/PPy/MnO2 (Chen et al., 2015b), etc. 
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1.10.    Scope and Objectives 

Electrochemical energy storage is a swiftly progressing domain building on a 

continuous flow of inventive ideas. Driven by rapid development of portable 

electronic devices, EVs and large-scale energy storage, the need for high-energy 

and high-power electrochemical devices with long service life is imperative. LIBs 

and ECs are considered as two of the most promising energy storage devices, owing 

to their advantages such as excellent electrochemical performance, environmental 

friendliness, and low cost. Current LIB technology can deliver a gravimetric energy 

density of 200~250 Wh kg-1 based on the Faradic redox reaction with lithium, but 

are confined by their low power density (<1000 W kg-1) due to sluggish lithium ion 

diffusion within the electrode. Furthermore, the repeated lithium intercalation /de-

intercalation causes structural damage to the electrode material and thus leads to 

limited cycle life (<1000 cycles). In brief, the power density (>10 kW kg-1) and 

cycle life (>10000 cycles) of EDLCs far exceeds that of LIB, but with insufficient 

energy density (~10 Wh kg-1) due to physical adsorption/desorption ions. 

In this scenario, LSBs emerged as one of the most promising candidates to 

satisfy emerging market demands due to its remarkably high theoretical capacity of 

1675 mAh g-1 and energy density of 2600 Wh kg-1. However, its commercialization 

is still at bottleneck due to the several technical challenges such as insulating nature 

of sulfur, irreversible loss of active material due to polysulfide shuttle effect and 

degradation of lithium-metal anode. Current researches are primarily targeted on 

resolving the above-mentioned issues, of which polysulfide shuttling is crucial. 

LICs came out as another promising energy storage technology overcoming the 

pitfalls of EDLCs, constructed with battery-type anode and capacitor-type cathode, 

which enables the direct integration of the high energy from LIBs and high power 

from ECs. Many researchers have put their effort in the search of suitable battery-

type anode materials with enhanced Faradaic reaction kinetics matching with the 

fast non-Faradaic reaction rate of the capacitor-type cathode materials. This 

doctoral research has been focused on the design and 

development of materials for the LSB and LIC systems, addressing few of the 
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above-mentioned challenges. The following are the main objectives of the research 

work: 

• To develop ion selective separators coated with conducting polymers for high-

performance LSBs  

➢ To alleviate the polysulfide shuttle effect via an “electrostatic repulsion” 

approach 

➢ To investigate the impact of hydrophilic polar functional groups on the 

electrochemical performance of LSB 

➢ To evaluate the interfacial properties and Li+ transporting capability of 

permselective separator coating  

➢ To evaluate the self-discharge behaviour of LSB cells with permselective 

separator 

• To develop asymmetric LIC with ultrahigh energy density and long-term 

cycling 

➢ To synthesize and characterize phase-pure lithium metal vanadates 

➢ Electrochemical evaluation of lithium metal vanadate-based electrode in 

aqueous electrolyte 

➢ Fabrication and electrochemical evaluation of asymmetric LIC with lithium 

metal vanadate-based anode and MWCNT based cathode in non-aqueous 

electrolyte 

 
1.11.    Organization of the Thesis 

This thesis describes the research work on the development of various materials for 

lithium storage in LSBs and LICs, material characterization, electrode fabrication 

and electrochemical evaluation. The focus of our research is on 

identifying/selecting suitable materials with excellent lithium storage properties. 

The first part of the thesis explores the ion selective separators coated with various 

lithiated polymers for high-performance LSBs. The next part of the thesis deals 

with various intercalation pseudocapacitive lithium metal vanadate-based anode 

material for LICs. The thesis is organized in eight chapters and a brief description 

of each chapter is outlined as follows: 
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Chapter 1 provides a general introduction to the basics and fundamental 

concepts of various energy storage technologies, and explains the background and 

basics of LSB and LIC systems. It provides a state-of-the-art literature survey on 

functional separators for LSBs and electrode materials for LICs. Further, it 

describes objectives and outline of the thesis. 

Chapter 2 presents a permselective lithiated polyelectrolyte coated 

separator as potential PS cross-over barrier layer for LSB. The chapter focuses on 

the “electrostatic repulsion” approach imparted by –SO3 ̄ groups present in the 

coating layer to alleviate the PS shuttle effect. 

Chapter 3 discusses a novel approach of decorating commercial separator 

by bifunctional lithiated PEDOT:PSS. The dual PS shielding effect through 

electrostatic shielding (–SO3 ̄ groups in PSS) and chemical interactions (O and S in 

PEDOT) are investigated in this chapter. 

Chapter 4 focuses on inhibiting the PS shuttle effect in LSBs using a 

carboxylate anchored permselective separator. The effect –COO ̄ group on 

confinement of PS and electrochemical performances of LSB is evaluated in detail. 

In Chapter 5, micro and nanocrystalline inverse spinel LiCoVO4 is 

introduced as a new lithium ion intercalation pseudocapacitive electrode material, 

and the effect of crystallite size on the fundamental lithium storage properties are 

investigated. In addition to that, the electrochemical performance of asymmetric 

LIC assembled with nanocrystalline LiCoVO4 anode is evaluated. 

Chapter 6 investigates the intercalation pseudocapacitive lithium storage 

properties of nanocrystalline inverse spinel LiNiVO4 electrode. Further, 

electrochemical performance evaluation of asymmetric LIC cell assembled with 

LiNiVO4 anode is discussed. 

Chapter 7 presents nanoscale LiMnVO4-based electrode materials for 

intercalation pseudocapacitive lithium storage with ultrahigh energy density and 

long-term cycling. The electrochemical performance of asymmetric LIC fabricated 

with LiMnVO4 anode is investigated. 
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Chapter 8 summarizes the highlights of the output of the research work and 

the future perspectives based on this doctoral work. 
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CHAPTER 2 

PERMSELECTIVE LITHIATED 

POLYELECTROLYTE DECORATED 

SEPARATOR AS POTENTIAL POLYSULFIDE 

CROSS-OVER BARRIER LAYER FOR LITHIUM-

SULFUR BATTERY 

Lithiation of poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) was 

carried out by a simple ion-exchange method and the obtained lithiated PAMPS 

(LPAMPS) has been utilized as a functional coating on commercial Celgard 

separator (CG). Lithiation leads to proton exchange in sulfonic acid group of 

PAMPS, and the resulted LPAMPS possesses lithium ion transporting capability 

and functions as a single-ion conductor. The negatively charged sulfonic acid 

groups present on the LPAMPS coated Celgard (LPAMPS@CG) impart selective 

diffusion of lithium ions, at the same time repelling polysulfide anions via 

coulombic interactions. Besides, the LPAMPS@CG separator possesses excellent 

electrolyte wettability, interfacial contact and ionic conductivity. The Li-S cell 

containing LPAMPS@CG separator exhibited significant improvement in the 

battery performance, with a high initial capacity of 1486 mAh g-1 and coulombic 

efficiency of ~99%. It is noted that the LPAMPS@CG separator impedes shuttle 

effect by inhibiting polysulfide crossover towards lithium anode, resulting a stable 

discharge capacity of 1060 mAh g-1 even after 200 cycles. To further evaluate the 

role of LPAMPS@CG separator in suppressing the polysulfide shuttle mechanism, 

post-mortem analysis on cycled cells were carried out using SEM (EDS) and XPS 

analysis. 

 
2.1. Introduction 

LSB with high theoretical specific capacity and high energy density are considered 

as one of the potential candidates for next-generation rechargeable batteries. The 

intrinsic characteristics of the active material sulfur, such as low cost, low toxicity 

and natural abundance are added benefits for realizing LSB technology (Li et al., 

2018e; Liu et al., 2017). Despite these advantages, commercialization of LSBs is 

still impeded due to several technical challenges discussed in the introduction 
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chapter.  Broad in scope, PS shuttling effect is one of the crucial problems leading 

to low charging efficiency, poor cyclability and high self-discharge rate. Therefore, 

it is indispensable to quench the shuttling of PSs (Berger et al., 2018; Li et al., 

2018a). 

Hitherto, various strategies have been dedicated to alleviate the shuttle 

effect by modifying the sulphur cathode, separator, electrolyte or lithium metal 

anode (Eftekhari and Kim, 2017; He et al., 2018a; Gupta et al., 2019). Much recent 

reports focus on confining PSs within the cathode compartment by inserting a 

chemical/physical barrier between cathode and separator. As an imperative battery 

component, separator functions as an electrical insulator for preventing internal 

short circuit and diffusion channels for ion transport. In Li-S system, separator 

permits the selective passage of lithium ions obstructing the transport of other ions, 

especially PSs. The transport selectivity of lithium ions and PS anions are crucial 

for mitigating PS shuttle (Fan et al., 2018; Jeong et al., 2018). Thus, modifying the 

commercial separator (polyolefin membranes) with functionalized barrier coatings 

(carbon materials, metal oxides, metal-organic frameworks, conducting polymers, 

2D nanomaterials) attract much attention (Deng et al., 2016; Abbas et al., 2016; He 

et al., 2018a; He et al., 2018b; Rana et al., 2019). Among the various barrier layers, 

conducting polymers are smart as they can concurrently increase the electrolyte 

uptake and interfacial conductivity together with alleviating the PS crossover owing 

to the presence of polar functional groups. The polymers which possess polar 

negatively charged groups like –SO3̄ and –COO ̄ can effectively restrain the 

migration of soluble PSs via coulombic repulsion (Freitag et al., 2017; Huang et al., 

2018; Zhu et al., 2019a). Besides, the separator modified with negatively charged 

groups will function as cation-selective membranes providing transport channels 

for lithium ions through the coulombic interactions, thereby improving 

electrochemical performance of LSBs. The polymers containing negatively charged 

groups like Nafion (Bauer et al., 2014), sulfonated polystyrene (Guo et al., 2018), 

polyacrylic acid (Song et al., 2018b), PEDOT:PSS (Abbas et al., 2016), sulfonated 

poly(styrene-ethylene-butylene-styrene) (Yang et al., 2018a), polyamide acid (Luo 

et al., 2018), sulfonated poly(ether ether  ketone) (Babu et al., 2018), carboxylate 

anchored polyvinyl alcohol (Jiang et al., 2018), etc., have been explored to modify 
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the polyolefin separator. It has been reported that the presence of negatively charged 

groups selectively permits the ion hopping of positively charged lithium ions and 

subsides the passage of negatively charged ions (PS anion) (Yang et al., 2018a; Luo 

et al., 2018; Babu et al., 2018).  

As an anionic polyelectrolyte with high molecular weight, poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) has been utilized as an ion 

conductive binder in lithium ion batteries (Kim et al., 2015), mixed ionic-electronic 

conductive cathode matrix in LSB (Fu and Manthiram, 2012) and proton 

conducting membranes in fuel cells (Qiao et al., 2005). PAMPS was reported to 

show higher proton conductivity due to the sulfonic acid groups in its chemical 

structure (Randin, 1982). In this chapter, we propose an “electrostatic repulsion” 

approach using a functional separator composed of lithiated PAMPS (LPAMPS) to 

effectively alleviate the shuttling of PS anions. Lithiation leads to proton exchange 

in sulfonic acid group of PAMPS, and the resulted LPAMPS possesses lithium ion 

transporting capability and functions as a single-ion conductor. The LPAMPS 

coating on commercial Celgard separator (LPAMPS@CG) effectively reduces 

interfacial resistance and the –SO3̄ groups inhibits the migration of PSs by 

“electrostatic repulsion” effect. Subsequently, the Li-S cell employing 

LPAMPS@CG exhibits excellent electrochemical performance and anti-self-

discharge characteristics compared to the uncoated Celgard separator. 

 

2.2. Materials and Methods 

 
2.2.1. Materials 

Poly(2-acrylamido-2-methyl-1-propanesulfonate) solution (PAMPS, average Mw 

2000000, 15 wt. % in water, Sigma Aldrich), lithium hydroxide (LiOH, 99.995% 

purity, Sigma Aldrich), lithium sulfide (Li2S, 99.98%, Sigma Aldrich), sulfur (S, 

99.998%, Sigma Aldrich), MWCNT (95% purity, Sigma Aldrich), super P carbon 

(Alfa Aesar), 1,3-dioxolane (DOL, 99.8% purity, Sigma Aldrich), 1,2-

dimethoxyethane (DME, 99.5% purity, Sigma Aldrich), polyvinylidene difluoride 

(PVDF, Mw ~534000, Sigma-Aldrich), N-methyl pyrrolidone (NMP, 99.5% purity, 

Sigma-Aldrich), lithium metal foil (99.9% purity, 0.6 mm thickness, Sigma 
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Aldrich), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95% purity, 

Sigma Aldrich), Aluminium foil (15 µm thickness, MTI Corporation), 2032 type 

coin cell case, polypropylene membrane (25µm thickness, Celgard 2400). 

 

2.2.2. Synthesis of Lithiated PAMPS (LPAMPS) 

Lithiation of PAMPS was carried out by a simple ion-exchange method. 1 mmol 

LiOH was dissolved in 10 mL distilled water and added to 1 g PAMPS solution. 

The solution was stirred for 2 h at room temperature followed by vacuum drying at 

80 °C for 24 h to obtain LPAMPS. The chemical formula and synthetic scheme of 

LPAMPS was given in Figure 2.1. 

 

Figure 2.1. Synthesis scheme of LPAMPS 

 

2.2.3. Preparation of LPAMPS Modified Celgard Separator 

(LPAMPS@CG) 

The LPAMPS modified Celgard separator was prepared by doctor blade coating 

technique. Briefly, 0.033 g of PVDF as binder was dissolved in 2 mL NMP. To this 

solution, 0.033 g of LPAMPS and 0.033 g of super P carbon was added and the 

mixture was stirred for 5 h to obtain uniform slurry. The slurry obtained was coated 

onto one side of commercial Celgard 2320 separator (CG) and dried in vacuum 

oven at 60 °C for 12 h. The coated membranes were then punched into circular discs 

with a diameter of 19 mm. The presence of super P carbon can enhance electronic 

conductivity and adsorb the intermediate PSs suppressing its shuttling mechanism. 

The overall thickness of PAMPS@CG separator was about 38 µm. Membranes  
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2.2.4. Preparation of Lithium Polysulfide Solution (Li2S6) 

1 M Li2S6 solution for visual PS diffusion test was prepared by mixing Li2S and 

elemental sulfur (molar ratio of 4:3) in a solvent of DOL:DME (v/v= 1:1) in an 

Argon (Ar)-filled glove box. The mixture was stirred at 50 °C for 12 h giving rise 

to brownish red solution, corresponds to the average composition of Li2S6. 

 

2.2.5. Fabrication of MWCNT@S Composite Cathode 

MWCNT@S composite was prepared via melt-diffusion of sulfur on the MWCNT 

matrix. Typically, elemental sulfur powder and MWCNT were taken in a weight 

ratio of 7:3 and homogeneously mixed by ball mixer. The mixture was then 

transferred into a sealed vessel and heated at 155 ℃ in N2 atmosphere for 12 h. In 

the course of this process, sulfur melts and diffuses into the 3D conductive network 

of MWCNT to obtain the MWCNT@S composite. The composite cathode was 

fabricated by doctor blade coating method. A slurry consisting of 70 wt.% 

MWCNT@S composite (containing 66 wt.% of sulfur), 20 wt.% super P and 10 

wt.% PVDF dispersed in NMP solvent on an aluminium foil, and dried in air oven 

at 80 °C for 12 h. Finally, the MWCNT@S cathode was roll-pressed and punched 

into circular disks with a diameter of 16 mm.  

 

2.2.6. Coin Cell Assembly 

A standard 2032 type coin cell was assembled in an Ar-filled glove box (M Braun, 

Germany) employing MWCNT@S electrode with an areal sulfur loading of 0.9 mg 

cm-2, LPAMPS@CG separator, and lithium metal as the counter electrode. The 

electrolyte employed was 1M LiTFSI in a mixture of DOL:DME (v/v = 1:1). To 

standardize the measurement procedure, the quantity of electrolyte added to each 

cell was fixed to 25 µL. After assembly, coin cell should be kept within glove box 

for 24 h prior to electrochemical studies to make sure that the separator was  soaked 

well in the electrolyte. The control cell was assembled by the same way employing 

CG membrane as separator. In order to increase the sulfur loading level, we 

increased the coating gap between the doctor blade and aluminium foil and obtained 

higher areal sulfur loadings of 2.5 and 4.2 mg cm-2. Further, coin cells were 
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assembled with higher sulfur loading cathodes using LPAMPS@CG separator. All 

capacity values were calculated based on the mass of sulfur loaded. 

 

2.2.7. Material and Electrochemical Characterization 

The Fourier transform infrared spectra (FT-IR; PerkinElmer Spectrum 100) were 

recorded over a range of 2000-800 cm-1 to confirm the lithiation of PAMPS. The 

surface morphology of the CG and LPAMPS@CG was observed by field emission 

scanning electron microscopy (FE-SEM; FEI Quanta FEG 200) equipped with 

energy dispersive X-ray spectroscopy (EDS) and elemental mapping. The 

wettability of the separators in non-aqueous liquid electrolyte used for cycling 

studies was estimated by the contact angle measurement using a goniometer (ramé-

hart Model 210 Goniometer, USA) at room temperature. The thermal stability and 

decomposition profile of the membranes were examined using thermogravimetric 

analysis (TGA; Hitachi STA7300 thermal analysis system) under inert atmosphere 

up to 800 °C with a heating rate of 10 °C min-1.  

The ionic conductivities of CG and LPAMPS@CG membranes at different 

temperatures (0, 10, 20, 30, 40, 50, 60 and 70 °C) were evaluated by assembling 

blocking cells comprised of stainless steel (SS)/membrane/SS using 

electrochemical impedance spectroscopy (EIS, Metrohm Autolab, Netherlands) in 

the frequency range of 1 MHz to 50 mHz with a perturbation amplitude of 10 mV. 

The symmetric cells (Li/uncoated and coated Celgard/Li) were assembled 

and lithium ion transference number, 𝑡𝐿𝑖+ was calculated by the method originally 

proposed by Vincent and Bruce using an electrochemical workstation 

(PGSTAT302N, Metrohm Autolab, Netherlands). The symmetric cells were first 

polarized by a DC pulse of 10 mV (ΔV) at 25 °C. The current values were recorded 

before DC polarization (𝐼𝑜) and in steady state (𝐼𝑠𝑠). The resistances were also 

measured before (𝑅𝑜) and after polarization (𝑅𝑠𝑠) from EIS measurements. 𝑡𝐿𝑖+  

was calculated according to the following equation (Evans et al., 1987; Bruce et al., 

1992):   

𝑡𝐿𝑖+ =  
𝐼𝑠𝑠 (∆𝑉− 𝐼𝑜𝑅𝑜)

𝐼𝑜 (∆𝑉−𝐼𝑠𝑠𝑅𝑠𝑠)
                                                                                                            (2.1) 
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To determine the interfacial stability of membranes with lithium electrodes, 

a symmetric cell consisted of Li/CG and LPAMPS@CG/Li was assembled and 

impedance response was monitored as a function of time at 25 °C under open circuit 

condition. The lithium ion diffusion coefficient, 𝐷𝐿𝑖+  was calculated from cyclic 

voltammogram according to the Randles-Sevcik equation (Wang et al., 2019c; Kim 

et al., 2019). 

𝐼𝑝 = 2.69 × 105 𝑛1.5 𝐴 𝐷𝐿𝑖+
0.5 𝐶𝐿𝑖 𝜗

0.5                                                                               (2.2)  

Here, 𝐼𝑝, 𝑛, 𝐴, 𝐶𝐿𝑖 and 𝜗 represents the peak current, the number of electrons 

transferred, area of the electrodes, concentration of lithium ions in the electrolyte 

and sweep rate, respectively. In order to verify the interaction between LPAMPS 

and PSs, the zeta potential (Zetasizer Nano ZS, Malvern ZEN3600) of LPAMPS 

was measured in non-aqueous liquid electrolyte used for electrochemical 

evaluation.   

 The cyclic voltammetric (CV) and electrochemical impedance 

spectroscopic (EIS) studies were performed with PGSTAT302N electrochemical 

workstation (Metrohm Autolab, Netherlands). The CV curves were recorded at a 

sweep rate of 0.1 mV s-1 in the potential range of 1.6 to 3.0 V. The galvanostatic 

charge-discharge studies (BTS-4000, Newarelab) were performed between 1.6 to 

3.0V at various currents. The EIS measurements were conducted before and after 

cycling studies at the open circuit voltage (OCV) with a perturbation potential of 

10 mV in a frequency range of 0.1 to 105 Hz. PS shuttle current was measured for 

LSB cells with uncoated and LPAMPS coated Celgard at 2.3 V as described by 

Moy et al. (Moy et al., 2015). After charge-discharge cycling tests, the LSB cells 

with CG and LPAMPS@CG were carefully disassembled in a dry Ar-filled glove 

box for the post-mortem analysis of the separator and lithium anode. The 

morphology and composition of separator and lithium anode from the cycled cells 

were analyzed by performing FE-SEM (EDS) and X-ray photoelectron 

spectroscopy (XPS, Physical Electronics, USA, with a monochromatic Al-Kα-X-

ray source) anlaysis. 
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2.3. Results and Discussion 

 

2.3.1. Material Characterization 

  
Figure 2.2. FT-IR spectra of PAMPS and LPAMPS 

 
The FT-IR spectra can be used to verify the lithiation of PAMPS i.e., conversion 

from –SO3H to –SO3Li form. Figure 2.2 shows the FT-IR spectra of PAMPS (in 

protonated form) and LPAMPS (in lithiated form). The absorption band at 1026 

cm-1 is ascribed to the symmetric stretching vibrations of S-O bond (from –SO3H 

group). After lithiation, the vibration mode of -SO3H shifts to 1043 cm-1 indicating 

the formation of -SO3Li (Jin et al., 2012). 

 

Figure 2.3. SEM micrographs of (a) CG and (b) LPAMPS@CG, (c) cross-section of 

LPAMPS@CG separator, (d) elemental mapping of the LPAMPS@CG 
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The surface morphology (SEM micrographs) of the Celgard and 

LPAMPS@CG membranes are depicted in Figure 2.3a-b. The cross-sectional 

morphology of LPAMPS@CG reveals a dense structure and the measured 

thickness was ~38 µm (Figure 2.3c). Elemental mapping of the LPAMPS@CG 

(Figure 2.3d) shows uniform distribution of carbon, fluorine, sulfur, nitrogen and 

oxygen, which verifies fine dispersion of LPAMPS with super P and PVDF on the 

surface of CG.  

The electrolyte wettability of membranes plays a key role in determining 

the performance of LSB (Suriyakumar et al., 2019). As depicted in Fig. 2.4a-b, the 

contact angle of pristine CG and LPAMPS@CG membranes were found to be 52.6 

and 15.7°, respectively. The increased wettability of LPAMPS@CG is attributed to 

the –SO3 ̄ group present on LPAMPS polymer. The hydrophilic –SO3 ̄ group 

immediately takes up the polar electrolyte droplet to form large clusters in the 

polymer domain, therefore enhances the wettability of the separator and gives lesser 

value of contact angle (Blake et al., 2005). The good wetting of the LPAMPS@CG 

with the non-aqueous electrolyte is likely to reduce the internal resistance and 

consequently improves the rate capability (Zhang et al., 2018c). 

 

Figure 2.4. Contact angle shots of (a) CG and (b) LPAMPS@CG 

 

For authenticating the “electrostatic repulsion” mechanism rendered by 

LPAMPS@CG separator towards the PS anions, zeta potential was measured for 

LPAMPS using non-aqueous electrolyte used in the cycling studies (Suriyakumar 

et al., 2019). The zeta potential of LPAMPS was found to be -47.4 mV as shown in 

the Figure 2.5, confirming the driving force between LPAMPS and PSs. Since the 

PSs remain anionic in the electrolyte and LPAMPS exists as negatively charged, a 

repulsive force arises between LPAMPS coating on CG and PS anions.  
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Figure 2.5. Zeta potential distribution of LPAMPS in non-aqueous electrolyte 

 

2.3.2. Electrochemical Evaluation 

To verify the effect of –SO3 ̄ groups on the lithium ion transport properties, both the 

ionic conductivity and lithium ion transference number were measured. The lithium 

ion conductivities of CG and LPAMPS@CG were evaluated at different 

temperatures using EIS measurements and shown in Figure 2.6. Irrespective of the 

membrane analysed, the ionic conductivity increases with increasing temperature. 

The increased ionic conductivity of LPAMPS@CG is credited to the higher 

electrolyte uptake by LPAMPS coating. 

 

Figure 2.6. Ionic conductivity of CG and LPAMPS@CG separator 

 
The lithium ion transference number (𝑡𝐿𝑖+) is calculated using equation (2.1) 

and the calculated values are found to be 0.38 and 0.70 for CG and LPAMPS@CG, 

respectively according to the chronoamperometric profiles and EIS (Figure 2.7). 
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Figure 2.7. Chronoamperometric curves of (a) CG and (b) LPAMPS@CG membranes. 

Inset: EIS Nyquist plots of symmetric Li/membrane/Li cells before and after perturbation 

 
It is remarkable that 𝑡𝐿𝑖+ of LPAMPS@CG is almost twofold the CG. In the 

ether-based electrolytes, lithium ions usually exist as solvated Li+-ether molecules 

which are much larger than TFSI ̅ anions, this suppress the lithium ion transport 

thereby relatively lower 𝑡𝐿𝑖+value (Zhou et al., 2018; Callsen et al., 2017). On 

contrary, the high 𝑡𝐿𝑖+  for cells with LPAMPS@CG membrane is possibly due to 

the presence of sulfonate groups along the LPAMPS chain, which could 

simultaneously speed up the de-solvation of Li+-ether molecules supplying lithium 

ion coordination sites (–SO3̄ ) and facilitate the transport of lithium ions (Jiang et 

al., 2018). 

 

Figure 2.8. Interfacial resistance vs. time measurements of (a) CG and (b) LPAMPS@CG 

separator 
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To assess the stability of separator/lithium interface, a symmetrical 

Li/membrane/Li cell was assembled and its interfacial resistance, Ri was measured 

as a function of time at 25 °C (Suriyakumar et al., 2019). Figure 2.8 displays the 

variation of Ri with time for Li/CG or LPAMPS@CG/Li cells and the symmetric 

cell with LPAMPS@CG exhibit lowest Ri. This result further substantiates the 

observations described previously for the ionic conductivity studies. 

 
2.3.3. Cell Performance Evaluation 

In order to investigate the electrochemical performance of Li-S cells (areal sulfur 

loading 0.9 mg cm-2) with CG and LPAMPS@CG membranes, CV, charge-

discharge and EIS measurements has been carried out. CV curves of the Li-S cells 

with CG and LPAMPS@CG membranes are shown in Figure 2.9. Both Li-S cells 

display two cathodic peaks and one anodic peak regardless of the membrane 

employed. The two remarkable cathodic peaks are observed around 2.3 V (peak 1) 

and 2.0 V (peak 2) correspond to the stepwise reduction of sulfur.  Peak 1 stands 

for the conversion of cyclo-S8 into soluble higher order PSs (Li2Sx, where 4 ≤ x ≤ 

8). On the other hand, peak 2 arise from the reduction of higher order PSs formed 

at high voltage into lower order lithium sulphides, i.e, the end products (Li2S2/Li2S) 

(Song et al., 2018b; Yang et al., 2018a). This peak is the main peak in cathodic 

sweep which can deliver significant part of cell’s capacity. During anodic scan a 

single oxidation peak is observed around 2.4 V (Peak 3) and is due to the combined 

transformation of lithium sulfide to PSs and ultimately to elemental sulfur (Wild et 

al., 2015). The cell with the CG separator exhibited two broad cathodic peaks and 

an anodic peak because of the sluggish kinetic process (Elgrishi et al., 2018). In 

comparison, the incorporation of PMAMPS@CG separator resulted in well-defined 

redox peaks with an increase in the current density, suggesting the improved redox 

reaction kinetics and utilization of the active materials in the cells (Lee et al., 

2018b). From the second cycle onwards, the Li-S cell with LPAMPS@CG 

separator exhibit negligible current or potential shifts and the CV curves are found 

to be almost overlapped. Meanwhile, the Li-S cells with CG separator present a 

slight shift in peak position. This observation reveals the enhancement in 
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electrochemical reversibility of Li-S cell with LPAMPS@CG membrane (Lee et 

al., 2018b).  

 

Figure 2.9. CV curves of Li-S cells containing (a) CG and (b) LPAMPS@CG separators 

 
Further, diffusion coefficient of lithium ions was calculated from CV data 

using Randles-Sevcik equation. In the CV curve of Li-S cell, the two cathodic and 

the anodic stages were sited. The calculated values of chemical diffusion coefficient 

of lithium ions are respectively 1.09 x 10-7, 4.71 x 10-7, 4.84 x 10-7 cm2 s-1 for CG 

and 1.33 x 10-6, 3.00 x 10-6, 8.16 x 10-6 cm2 s-1 for LPAMPS@CG membrane. It is 

obvious from the calculated values that diffusion coefficients for LPAMPS@CG 

separator are at least an order of magnitude larger than CG.  It is inferred from 

above result that the LPAMPS@CG separator offer an enhanced lithium 

ion mobility compared to CG, thereby expecting significant improvement in the 

specific capacity and rate capability. 

Figure 2.10a represents the initial galvanostatic charge-discharge profiles of 

Li-S cells with CG and LPAMPS@CG separators at 0.1C rate and the plateaus of 

charge-discharge processes closely match with the peak positions in CV curves. 

The first plateau in the discharge profile (2.30-2.36 V) corresponds to the reduction 

of S8 to higher order Li2Sx (4 ≤ x ≤ 8), while the second plateau (2.0-2.08 V) results 

from the transformation of higher order PSs to lower order Li2S2/Li2S. Noticeably, 

the Li-S cell with LPAMPS@CG exhibits a lesser voltage hysteresis (ΔE) than CG 

membrane (ΔELPAMPS@CG = 164 mV; ΔECG = 332 mV). The lower value of ΔE for 

Li-S cells with LPAMPS@CG is ascribed to low electrochemical polarization 
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originated from the good electronic and ionic conductivity of separator coating. 

These high ionic conducting channels were rendered by the presence of sulfonate 

group in LPAMPS polymer (Moorthy et al., 2019). The absence of such ion 

conducting functional groups in CG leads to higher polarization, which in turn 

results in lower discharge capacity. The cell with LPAMPS@CG separators 

delivers an initial discharge capacity of 1486 mAh g-1 with 88.8% sulfur utilization. 

At the same time, the cell with CG separator delivers a discharge capacity of 873 

mAh g-1 corresponding to 52.2% utilization of sulfur. The high initial discharge 

capacity of the cells with LPAMPS@CG is attributed to good ionic conductivity of 

LPAMPS coating, which provide a larger conductive surface for the transformation 

of PS to solid Li2Sn (n ≤ 2) (Yao et al., 2014).  

 

Figure 2.10. (a) Initial charge-discharge profiles of Li-S cell with CG and LPAMPS@CG 

at 0.1C (b) cycling performance (c) cycling profile of Li-S cell with LPAMPS@CG up to 

200 cycles and (d) rate capability studies of Li-S cell with CG and LPAMPS@CG 

 
Figure 2.10b depicts the cycling performances and coulombic efficiencies 

at 0.1C rate for the cells with CG and LPAMPS@CG separators. It is obvious from 
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Fig. 2.9b that the Li-S cells with LPAMPS@CG deliver higher discharge capacity 

and coulombic efficiency than the cells with CG separator. The cell assembled with 

CG exhibits rapid capacity decay (55.5% capacity retained after 100 cycles) as a 

consequence of PS shuttling mechanism, which arises from the easy migration of 

higher order PSs (size range: 1-1.8 nm) through the CG membrane towards lithium 

metal anode (Xiong et al., 2019). Whereas the cell with LPAMPS@CG exhibits a 

capacity retention of 79.2% calculated with respect to the initial cycle. However, 

by 10th cycle the capacity degrades from 1486 to 1311 mAh g-1 and after that point 

capacity degradation dropped to certain degree. Even after 200 continuous charge-

discharge cycles, the cell with LPAMPS@CG retained 71.3% capacity with respect 

to the initial cycle (Figure 2.10c). The improved capacity retention observed in the 

case of LPAMPS@CG is credited to the presence of sulfonic acid groups which 

render better PS repulsion coupled with high ionic conductivity (Babu et al., 2018). 

Besides, the coulombic efficiency of the Li-S cells with LPAMPS@CG is ~99% 

which is superior to the cell with CG membrane (~93%). Therefore, LPAMPS 

coating on CG function as a good lithium ion conducting channel as well as efficient 

shield towards PS diffusion. 

The rate capability of the Li-S cells with CG and LPAMPS@CG separators 

were evaluated at different current densities from 0.1 to 2C. As illustrated in Figure 

2.10d, the cell with LPAMPS@CG demonstrates excellent rate performance. With 

LPAMPS@CG, the cells exhibit discharge capacities of 1495, 1357, 1150, 897 and 

704 mAh g-1 at the current rates of 0.1, 0.2, 0.5, 1 and 2C, respectively. When the 

C-rate was taken back from 2 C to 0.2C, a reversible capacity of 1340 mAh g-1 was 

retrieved, attesting an excellent rate performance.  

Further, glavanostatic charge-discharge studies were carried out for Li-S 

cells with higher sulfur loadings of 2.5 and 4.2 mg cm-2 at 0.1C rate and their initial 

profiles were displayed in Figure 2.11a. The initial discharge capacities of the Li-S 

cells with mass loadings of 2.5 and 4.2 mg cm-2 were calculated to be 1274 and 

1115 mAh g-1, respectively, approaching a sulfur utilization of 76.0 and 66.5%. 

After 50 continuous charge/discharge cycles, the three cells exhibit reversible 

discharge capacities of 1189 and 1068 mAh g-1, respectively, indicating high 

capacity retention of 93.3 and 95.7%, respectively (Figure 2.11b). In the case of 
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cells with higher sulfur mass loading, especially 4.2 mg cm-2, the discharge capacity 

slightly increased during the charge-discharge cycles; possibly due to the longer 

activation process of the larger amount of sulfur used (He et al., 2016). In this sense, 

it can be concluded that the electrochemical performance of the Li-S cell was found 

to be improved after increasing the mass loading. Therefore 

Li/LPAMPS@CG/MWCNT@S cell configuration can be considered for realizing 

a long cycle life LSB. 

 

Figure 2.11. (a) Initial charge-discharge profiles and (b) cycling performance of Li-S cell 

with LPAMPS@CG separator with higher sulfur loading of 0.9, 2.5 and 4.2 mg cm-2 

 
In order to further investigate the influence of LPAMPS coating on cell 

performance, EIS measurements of Li-S cells were performed with CG and 

LPAMPS@CG separator before cycling and after 100 cycles (Figure 2.12). As 

shown in Figure 2.12, the Nyquist plots presented one or two semicircles in the 

high-medium frequency region and an inclined line in the low frequency region. 

The starting point of Nyquist plot represents bulk or solution resistance (Re), which 

arises from the resistance for ion transport in the electrolyte and cell components. 

The Li-S cell with CG membrane (Figure 2.12a) exhibits a single semicircle in the 

high-to-medium frequency region corresponding to the charge-transfer resistance 

(Rct). On the other hand, the cell with LPAMPS@CG (Figure 2.12b) presented two 

discrete semicircles; first semicircle in the high frequency region is associated with 

the interface contact resistance (Rint) offered by the coating layer and electrode bulk, 

while the second semicircle in the medium frequency region is related to the charge-

transfer resistance (Lai et al., 2016). Based on the above discussion, we proposed 
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an equivalent circuit model using ZSimpWin software as shown in the inset of 

Figure 2.12a-b. In the proposed circuit model, Re is the resistance of electrolyte. 

Rint//CPEint is the interphase contact resistance and its related capacitance (Y1 and 

n1 are CPEint elements). Rct//CPEdl is the charge-transfer resistance and its related 

capacitance (Y2 and n2 are CPEdl elements), which reflects the charge-transfer 

process at the interface between the conductive coating and the electrolyte. CPEdif 

is the diffusion impedance (Y3 and n3 are CPEdif elements), which represents lithium 

ion diffusion process (Deng et al., 2013).  

 

Figure 2.12. Electrochemical impedance spectra of Li-S cells with (a) CG and (b) 

LPAMPS@CG separators before and after cycling 

 
Table 2.1. Fitted values for the equivalent circuit elements by simulation of impedance 

spectra in Figure 2.12a-b 

 

 

 

 

Re 

(Ω) 

CPEint  

Rint 

(Ω) 

CPEdl  

Rct 

(Ω) 

CPEdif 

Y1 

(Ω-1 sn) 

n1 

 

Y2 

(Ω-1 sn) 

n2 

 

Y3 

(Ω-1 s5) 

n3 

 
CG 

before cycling 

9.53 - - - 9.09E-5 0.85 120.3 3.64E-2 0.61 

CG  

after cycling 

4.39 - - - 2.68E-5 0.80 72.14 3.45E-2 0.56 

LPAMPS@CG 

before cycling 

8.47 3.65E-5 0.84 58.8 8.21E-4 0.84 21.97 3.01E-2 0.56 

LPAMPS@CG 

after cycling 

4.20 6.15E-6 0.8 7.67 1.84E-4 0.8 7.36 1.72E-2 0.40 

 
Table 2.1 lists the fitted values for all of the equivalent circuit elements. The 

Rct value provides an insight into electrode reaction kinetics. It can be clearly seen 

from table 2.1 that the Li-S cell with LPAMPS@CG separator presented lower Rct 

values than the cells with CG separator. The significantly reduced Rct value of the 
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cell with LPAMPS@CG is associated with the improved electrolyte retention 

capacity and lithium ion conductivity, which originates from the negatively charged 

–SO3̄ groups present in LPAMPS (Zhang et al., 2018c). Moreover, the lower Rct 

value contributed to the improved electrode reaction kinetics (Yang et al., 2018a). 

Further, a considerable reduction is observed in Rint and CPEdif elements of the 

cycled cells with LPAMPS@CG separator, which indicates better lithium ion 

diffusion ability. This is due to the reason that the LPAMPS coated separator can 

hold much more electrolyte within the separator facilitating fast ion transport 

(Zhang et al., 2018c). The above EIS results can be considered as an additional 

support for the better cycling and rate performance offered by the cell with 

LPAMPS@CG separator. 

 

Figure 2.13. (a) Self discharge behaviour of Li-S cells with CG and LPAMPS@CG 

separators and (b) cycling performance of the cells idled at 2.15 V at the 10th discharging 

cycle 

 
Identifying the cell’s self-discharge characteristics is important for both 

laboratory scale testing and practical applications (Wang et al., 2016c). For 

practical applications, shelf life of fresh cell is noteworthy. A fully charged cell at 

rest always causes rapid capacity decay mainly due to the PS shuttling phenomena. 

Therefore, alleviating self-discharge of a fully charged cell is a challenge for a 

practical LSB. To evaluate the self-discharge behaviour of CG and LPAMPS@CG 

separators, the OCV of the cells were measured as a function of time and shown in 

Figure 2.13a. The OCV of Li-S cell with CG quickly degrades to 2.14 V within 45 

h (capacity retention of 78.3%), which indicates the reduction from higher to lower-
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order PSs during self-discharge (Suriyakumar et al., 2019). At the same time, the 

self-discharge is considerably prevented in the cell with LPAMPS@CG membrane, 

and an OCV of 2.47 V is maintained with 90.4% capacity retention.  

To further understand the influence of self-discharge on cell performance, 

the galvanostatic charge-discharge studies were carried out. After continuous 10 

charge-discharge cycles, the cells were rested for 72 h, and then cycled further 

(Yang et al., 2018a). During the first discharge after rest (11th cycle), the capacity 

decreases drastically for the cell with CG separator (Figure 2.13b), indicating 

obvious self-discharge. On the second discharge after rest (12th cycle), the cells 

restore partial capacity. Even on further cycles, the capacity lost during rest could 

not be recovered completely. On the other hand, the cell with LPAMPS@CG 

membrane exhibits no apparent loss of discharge capacity even after rest time, 

indicating weak self-discharge (Wang et al., 2016c).  

 

Figure 2.14. Shuttle current measurements of cells containing CG and LPAMPS@CG 

membranes 

 
The rate of the redox shuttle process can be estimated by quantifying the 

current passing through the cell under potentiostatic control, as proposed by Moy 

et al. (Moy et al., 2015). Normally, the potential of a cell decreased steadily at rest 

because of the PS shuttling process. To retain a constant cell potential, a Faradaic 

current was supplied in order to balance the PS flow, which is measured as the 

“shuttle current”. As shown in Figure 2.14, the variation of shuttle current for Li-S 
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cells with CG and LPAMPS@CG separator was measured at 2.3 V as a function of 

time. The current-time profile exhibited an initial transient arising from a small 

disagreement between the OCV and hold voltage, and then immediately approached 

a steady-state that was directly related to the shuttle current (Hu et al., 2017). The 

rate of decrease of shuttle current was obtained by linearly fitting the region of 

steady state current using the equation (Moy et al., 2015): 

𝑦 = 𝑚𝑥 + 𝐶                                                                                                        (2.3)                              

where y, x, C and m represents current, time, y-intercept and slope, respectively. 

Usually, a linear decay of shuttle current is observed for Li-S cells and the value of 

slope (m) denotes the fade in shuttle current. It is evident from Figure 2.14 that the 

cell with PAMPS@CG separator presented the minimal current decay with time 

compared to the cell with CG separator. The magnitude of the shuttle current also 

follows the similar trend. The Li-S cell with LPAMPS@CG exhibits significantly 

smaller shuttle current than the cell with the CG, which implies significant 

elimination PS shuttling. The reduction in the rate of shuttle current decay as well 

as the magnitude of shuttle current directly reflects in the Li-S cell performance, as 

observed in charge-discharge behaviour and self-discharges. 

 

Figure 2.15. Digital photographs of PS crossover across the CG and LPAMPS@CG 

membranes 
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In order to assess the PS rejection ability of LPAMPS@CG over CG 

separator, we conducted a simple visible test. As shown in Figure 2.15, the large 

outer vial contains 1:1 v% DME:DOL blank electrolyte solution and the small inner 

vial contains 0.5M Li2S6 in blank electrolyte (Yang et al., 2018a). The separators 

were kept as a septum beneath the small vial’s cap and PS crossover was recorded 

with time using a digital camera. As time passes, Li2S6 in the small vial diffuses 

across the separator into the large vial containing blank electrolyte. As expected, 

the pristine CG could not block the PS within the small vial due to its porous nature, 

as a consequence colourless electrolyte in the large vial turned to yellow within 10 

h. Interestingly, LPAMPS@CG separator effectively hinder the PS diffusion, as we 

spot only slight yellow coloration in blank electrolyte even after 50 h. The excellent 

PS rejection capacity of LPAMPS@CG could be attributed to the coulombic 

repulsion offered by negatively charged sulfonic acid group in LPAMPS polymer. 

 
2.3.4. Post-Mortem Analysis of Cycled Cells 

To further evaluate the role of LPAMPS@CG separator in suppressing the 

PS shuttle mechanism, the Li-S cells were disassembled after 100 cycles. The CG 

and LPAMPS@CG separators obtained from the disassembled cells were utilized 

directly without any washing process. 

The surface morphology of the LPAMPS@CG and CG separator facing 

cathode and anode were observed from SEM micrographs, and corresponding EDS 

spectra were also recorded. Compared to the fresh separators (Figure 2.3a-b), the 

cycled one exhibits a denser structure with surface deposits which arises from the 

accumulation of PSs and electrolyte salts (Figure 2.16a-b). The EDS spectrum 

(Figure 2.16e-f) further confirms the distribution of sulfur species and the 

electrolyte on the separator. The PSs deposited on the separator will hardly take part 

in the redox reactions, which eventually leads to rapid capacity fading of Li-S cell. 

Moreover, this ‘dead sulfur’ got trapped in the pores and the surface of CG and 

ultimately blocks lithium ion diffusion pathways (Kong et al., 2017). Figure 2.16c-

d presented SEM micrographs of CG and LPAMPS@CG separators in anodic side, 

respectively. The effective blocking of PSs in cathodic compartment by LPAMPS 
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assured a comparatively clean surface of separator in contact with lithium anode 

(Figure 2.16g-h). 

 

Figure 2.16. Morphology and composition of cycled separators after 100 cycles. 

SEM images of (a) CG (b) LPAMPS@CG separators on cathode sides and (c) CG (d) 

LPAMPS@CG separators on anode sides and (e, f, g, h) are the corresponding EDS 

spectra 

 
Figure 2.17 shows the deconvoluted spectrum of S2p for lithium anodes in the 

discharged state separated from the cells with CG (Figure 2.17a) and LPAMPS@CG 
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(Figure 2.17b) membranes after 100 cycles. A broad peak around 168 eV is 

common for both cells, which could be attributed to the aerobic oxidation of sulfur 

species upon decrimping the cell (Lang et al., 2015). The relatively small intensity 

of peaks around 163.5 and 164.1 eV for LPAMPS@CG indicate lower abundance 

of PSs and Li2S, respectively (Suriyakumar et al., 2019). This observation clearly 

supports the proposed mechanism of PS retention within cathode compartment for 

the cell containing LPAMPS@CG separator. 

 

Figure 2.17. Deconvoluted S2p spectra for lithium anodes in the discharged state separated 

from the cells with (a) CG and (b) LPAMPS@CG membranes 

 

2.4. Conclusion 

In summary, a highly permselective LPAMPS modified separator (LPAMPS@CG) 

was prepared to improve capacity and cycling stability of Li-S cell. The negatively 

charged sulfonic acid groups present on the LPAMPS impart selective diffusion of 

lithium ions, at the same time repelling PS anions via coulombic interactions. 

Besides, the LPAMPS@CG separator possesses excellent electrolyte wettability, 

interfacial contact and ionic conductivity. The Li-S cell (areal sulfur loading of 0.9 

mg cm-2) containing LPAMPS@CG separator exhibited significant improvement 

in the battery performance, with a high initial capacity of 1486 mAh g-1 and 

coulombic efficiency of ~99%. It is noted that the LPAMPS@CG separator 

impedes shuttle effect by inhibiting PS crossover towards lithium anode, resulting 

a stable discharge capacity of 1060 mAh g-1 even after 200 cycles. In general, the 
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LPAMPS coating on commercial separator serves as a facile and effective strategy 

for future LSB technology, mitigating self-discharge behaviour. 
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CHAPTER 3 

SUPPRESSING SHUTTLE EFFECT USING 

LITHIATED PEDOT:PSS DECORATED 

SEPARATOR FOR HIGH-PERFORMANCE 

LITHIUM-SULFUR BATTERY 

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is one of 

the most investigated and extensively used conducting polymers with wide 

applications. In this chapter, we present lithiated PEDOT:PSS coated Celgard 

(Li+-PEDOT:PSS@CG) separator with dual role to concurrently inhibit 

polysulfide shuttling and promote Li+ selective diffusion. The proton of the sulfonic 

acid group in PEDOT:PSS is exchanged with Li+ during lithiation and the resulted 

lithiated PEDOT:PSS possesses Li+ transporting capability and functions as a 

single-ion conductor. The negatively charged sulfonic acid groups present in PSS 

act as an electrostatic shield for soluble lithium polysulfides through coulombic 

repulsion, whereas PEDOT provides chemical interactions and form a chelated 

coordination structure with insoluble polysulfides (Li2S/Li2S2) due to the presence 

of strong electronegative atoms (O and S). The dual shielding effect can effectively 

suppress the polysulfide shuttling process by confining lithium polysulfides within 

the cathode compartment of the cell. Moreover, the Li+-PEDOT:PSS@CG 

membrane possesses excellent electrolyte wettability, interfacial properties and 

ionic conductivity. The Li-S cell containing Li+-PEDOT:PSS@CG separator 

exhibited significant improvement in the electrochemical performance and anti-

self-discharge characteristics.  The cell shows initial capacity of 1360 mAh g-1 and 

capacity retention of 1049 mAh g-1 over 300 cycles with 3.9 mg cm-2 sulfur loading. 

 

3.1. Introduction 

Recently, researchers adopted various strategies to hinder the so-called “shuttle 

effect” in LSB. The major strategies can be categorized into two aspects: cathode 

functionalization and separator modification (He et al., 2018a; Zhang et al., 2018c). 

Currently, modification of separator attained greater attention because of its ability 

to restrain the Sx
2- within the cathode compartment either by physical hindrance 

and/or chemical bonding without affecting the utilization of active material (Yu et 

al., 2015). Therefore, modification of separator (polyolefin membranes like 
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Celgard) with functionalized coatings (carbon, inorganic oxides and polymers) can 

be considered as a reliable approach to achieve “shuttle-free” high energy LSBs 

(Kim et al., 2016b; He et al., 2019).  Among various functional coatings on 

separator, conducting polymers with functional groups are beneficial to reduce the 

interfacial resistance along with alleviating the polysulfide diffusion towards anode 

compartment (Rana et al., 2019). Moreover, the commercial Celgard separators 

have a hydrophobic surface, which severely affects their electrolyte retention 

ability. Polymer coating on separator makes its surface hydrophilic, thereby 

improve the electrolyte uptake (Li et al., 2015a).  The presence of polar negative 

groups like –SO3
¯ and –COO¯ in the polymer chains not only suppresses Sx

2- 

crossover by Coulombic repulsion, but also renders lithium ion permselectivity via 

coulombic attraction. In addition, the presence of polar heteroatoms in the polymer 

shells imparts strong interactions with Sx
2- to build chemical bonds, thereby subdue 

the polysulfide dissolution (Fang et al., 2017). The separators modified with the 

polymers containing polar functional groups like Nafion (Bauer et al., 2014), PDA 

(Zhang et al., 2015b), PEG (Luo et al., 2016), PEO (Rana et al., 2019), PAA (Song 

et al., 2018b), PANi (Chang et al., 2015b), PAN (Zhu et al., 2016b), sulfonated 

polystyrene (Guo et al., 2018), SSEBS (Yang et al., 2018a), polyamide acid (Luo 

et al., 2018), PEDOT:PSS (Lee et al., 2018b), SPEEK (Babu et al., 2018) and 

carboxylate anchored polyvinyl alcohol (Jiang et al., 2018) have proven efficient in 

improving electrochemical performance of LSB. The separator coated with lithiated 

polymer act as a single ion conductor providing transport channels for lithium ions, 

which further contribute to the performance of LSB. The lithiated polymers like 

lithiated nafion (Jin et al., 2012), lithiated perfluorinated sulfonic acid (Shi et al., 

2017), lithiated SSEBS (Yang et al., 2018a) and lithiated SPEEK (Babu et al., 2018) 

have been explored to modify the polyolefin separator. It has been reported that the 

lithiated polymers with polar negatively charged groups selectively permits the ion 

hopping of positively charged lithium ions and subsides the passage of negatively 

charged ions (Sx
2-) (Lu et al., 2017b). 

PEDOT:PSS is one of the most investigated and extensively used 

conducting polymers with wide applications, especially as electrode material in 

various energy conversion and storage devices such as solar cells, supercapacitors, 
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fuel cells, batteries and thermoelectric devices because it possesses a number of 

unique properties, such as solution-processability, high electrical conductivity (up 

to 4600 S cm-1) and good chemical stability (Sun et al., 2015c; Ghosh et al., 2016). 

PEDOT: PSS has been reported as conducting coating on sulfur cathode, functional 

separator coating and conductive binder to obtain improved electrochemical 

properties in LSB (Lee et al., 2015; Pan et al., 2016; Lee et al., 2018b).  In this 

chapter, we present lithiated PEDOT:PSS (Li+-PEDOT:PSS) coated Celgard 

separator with dual role to concurrently inhibit polysulfide shuttling and promote 

lithium ion selective diffusion. The proton of the sulfonic acid group in 

PEDOT:PSS is exchanged with lithium ions during lithiation and the resulted 

lithiated PEDOT:PSS possesses lithium ion transporting capability and functions 

as a single-ion conductor. The Li+-PEDOT:PSS coating on commercial Celgard 

separator (Li+-PEDOT:PSS@CG) effectively reduces interfacial resistance and the 

–SO3̄ groups inhibits the migration of polysulfides by “electrostatic repulsion” 

effect. Consequently, the Li-S cell employing Li+-PEDOT:PSS@CG exhibits 

excellent electrochemical performance and anti-self-discharge characteristics 

compared to the uncoated Celgard separator (CG). 

 
3.2. Materials and Methods 

 
3.2.1. Materials 

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) solution (PEDOT:PSS, 

3.0-4.0% in water, high-conductivity grade, Sigma Aldrich), all other chemicals are 

as mentioned in section 2.2.1. 

3.2.2. Synthesis of Lithiated PEDOT:PSS (Li+-PEDOT:PSS) 

Lithiation of PEDOT:PSS was carried out using a simple ion-exchange process.  1 

g of PEDOT:PSS solution was added to a solution of 0.1M LiOH in distilled water. 

The resulted solution was stirred for 2 h at room temperature followed by vacuum 

drying at 80 °C for 24 h to obtain Li+-PEDOT:PSS. The chemical formula and 

synthetic scheme of Li+-PEDOT:PSS was given in Figure 3.1. 
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Figure 3.1. Synthetic scheme of Li+-PEDOT:PSS 

 

3.2.3. Preparation of Li+-PEDOT:PSS Coated Celgard Separator 

(Li+-PEDOT:PSS@CG) 

The Li+-PEDOT:PSS coated Celgard separator was prepared by doctor blade 

coating technique. Briefly, 33 mg of poly(vinylidene fluoride) (PVDF) as binder 

was dissolved in 2 mL of N-methyl-2-pyrrolidone (NMP). 33 mg of Li+-

PEDOT:PSS and 33 mg of super P carbon was added to this solution and the 

mixture was stirred at room temperature for 5 h to obtain uniform slurry. The 

obtained slurry was coated onto one side of commercial Celgard 2320 separator 

(CG) and dried in vacuum oven at 60 °C for 12 h. The presence of super P carbon 

helps to enhance electronic conductivity and favour the adsorption of intermediate 

polysulfides, thereby hamper the serious shuttling mechanism in Li-S cell. The 

overall thickness of Li+-PEDOT:PSS@CG separator was around 34 µm. 

 

3.2.4. Coin Cell Assembly 

A standard 2032 type coin cell was assembled by the procedure described in the 

section 2.2.6, employing MWCNT@S electrode with an areal sulfur loading of 3.9 

mg cm-2, Li+-PEDOT:PSS@CG separator, and Li metal as the counter electrode. 

 

3.2.5. Material and Electrochemical Characterization 

All characterizations were done by the techniques described in section 2.2.7 
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3.2.6. PS Diffusion Studies 

Li2S6 solution was prepared as described in the section 2.2.4. The schematic 

representation of experimental setup used for visual PS diffusion test is presented 

in Figure 3.2. As illustrated in the Figure 3.2, the large outer vial contains 1:1 v% 

DME:DOL blank electrolyte solution and the small inner vial contains 1 M Li2S6 

in DME:DOL (1:1 v%). The separators were kept as a septum beneath the small 

vial’s cap. The diffusion of the yellowish-brown Li2S6 through the separators was 

visually examined by comparing the colour change of the transparent blank 

electrolyte and recorded using a digital camera. 

 

Figure 3.2. Schematic representation of experimental setup used for visual PS diffusion 

test 

 
3.3. Results and Discussion 
 

3.3.1. Material Characterization 

 

Figure 3.3. FT-IR spectra of PEDOT:PSS and Li+-PEDOT:PSS 
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To impart the property of lithium ion selectivity to PEDOT:PSS, the -SO3H (from 

PSS) are lithiated using a simple ion-exchange procedure. FT-IR spectra was 

recorded to confirm the lithiation of PEDOT:PSS. Figure 3.3 presents the FT-IR 

spectra of pristine PEDOT:PSS and Li+-PEDOT:PSS. Li+-PEDOT:PSS exhibits 

similar FT-IR bands to those of the pristine PEDOT:PSS. However, lithiation of 

PEDOT:PSS results in a shift of the absorption band corresponding to the -SO3H 

group of PSS towards the higher wavenumber (from 1241 cm-1 for PEDOT:PSS to 

1287 cm-1 for Li+-PEDOT:PSS). Such a shift in the absorption band mostly 

originate from the disruption of the -SO3H bond, resulting in the formation of -

SO3Li (Jin et al., 2012). 

 

Figure 3.4. Digital photographs of Li+-PEDOT:PSS@CG membrane (a) coated side (b) 

uncoated side (c-d) folding test. SEM micrographs of (e) CG (f) Li+-PEDOT:PSS@CG. 

(g) Cross-section SEM micrograph of Li+-PEDOT:PSS@CG. (h) Elemental mapping of 

the Li+-PEDOT:PSS@CG 
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The digital photographs of Li+-PEDOT:PSS-coated commercial CG 

membrane is given in Figure 3.4a-b. The excellent adhesion property of Li+-

PEDOT:PSS onto the CG membrane is illustrated by the folding test, as shown in 

the Figure 3.4c-d. The surface morphology of CG and Li+-PEDOT:PSS@CG 

membranes was observed by SEM micrographs (Figure 3.4 e-f). As depicted in 

Figure 3.4f, a dense coating of Li+-PEDOT:PSS was wrapping the nanopores on 

the surface of CG. The conducting Li+-PEDOT:PSS coating on the cathodic surface 

of the CG could physically obstruct the migration of polysulfide anions towards the 

anodic compartment and simultaneously augment the transport of lithium ions 

(Zeng et al., 2016; Lee et al., 2018b). Elemental mapping of the Li+-

PEDOT:PSS@CG (Figure 3.4h) shows the uniform distribution of carbon, oxygen, 

fluorine and sulfur, which further confirms the fine dispersion of Li+-PEDOT:PSS 

with super P and PVDF binder on the surface of CG. The cross-section SEM 

micrograph of Li+-PEDOT:PSS@CG further expose a dense structure with a 

thickness of ~36 µm (Figure 3.4g). 

 

Figure 3.5. Contact angle shots of (a) CG and (b) Li+-PEDOT:PSS@CG 

 
The wettability of membranes with the electrolyte generally plays a vital 

role in determining the electrochemical performance of the Li-S cell such as 

interface resistance, lithium ion transportability, etc. Figure 3.5 shows the static 

contact angle measurements with the sessile drop method. The CG membrane 

exhibits a contact angle of 52.6° whereas the Li+-PEDOT:PSS@CG membrane 

exhibits a contact angle close to zero indicating high wettability of the membrane 

with non-aqueous liquid electrolyte. The increased wettability of the Li+-

PEDOT:PSS@CG results from the presence of hydrophilic -SO3ˉ group on Li+-

PEDOT:PSS. The polar electrolyte droplet is immediately absorbed by the 

hydrophilic group (-SO3ˉ) to form large clusters in the polymer domain, thereby 

increases the wettability of the separator (Blake et al., 2005; Long et al., 2016). The 
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wettability study affirms that the Li+-PEDOT:PSS coating can tune the surface 

characteristics of CG and can lend hydrophilic nature. 

For authenticating the “electrostatic repulsion” mechanism rendered by Li+-

PEDOT:PSS@CG separator towards the polysulfide anions, zeta potential was 

measured for Li+-PEDOT:PSS using non-aqueous electrolyte used in the cycling 

studies. The zeta potential of Li+-PEDOT:PSS was found to be -43.5 mV as shown 

in the Figure 3.6, confirming the driving force between Li+-PEDOT:PSS and 

polysulfides. Since the polysulfides remain anionic in the electrolyte and Li+-

PEDOT:PSS exists as negatively charged, a repulsive force arises between Li+-

PEDOT:PSS coating on CG and polysulfide anions (Lei et al., 2018). 

 

Figure 3.6. Zeta potential distribution of Li+-PEDOT:PSS in non-aqueous electrolyte 

 

 

Figure 3.7. XPS spectra of the Li1s peak in (a) pristine Li2S and (b) Li2S-PEDOT:PSS, 

together with their respective fitted peaks. 
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The PEDOT:PSS with abundant -SO3ˉ groups (from PSS) can effectively 

restrain the soluble lithium PSs (Li2Sn, 4 ≤ n ≤ 8) through mutual coulombic 

repulsion. On the contrary, the strong electronegative atoms (S and O) present in 

the PEDOT can bind strongly with insoluble lithium PSs (Li2S2 and Li2S) through 

coordination-like interactions between the lone pairs on electronegative atoms and 

the lithium in Li2S2/Li2S (Abbas et al., 2016). The presence of such Li-O and Li-S 

interactions are confirmed by using XPS measurements, which is known to be very 

sensitive to the chemical environment (Seh et al., 2014). We see that the Li1s XPS 

spectrum of pristine Li2S can be fitted with a single peak with a binding energy of 

55.2 eV (Figure 3.7a), which corresponds to Li in the Li-S bond. In contrast, the 

Li1s spectrum of the Li2S-PEDOT:PSS shows asymmetric broadening towards a 

higher binding energy (Figure 3.7b), which indicates a change in the chemical 

environment experienced by Li. This spectrum can be fitted using two peaks: the 

peak at 55.3 eV corresponds to Li in the Li-S bond, while the additional peak at 

56.5 eV can be attributed to Li-O interaction in the Li2S-PEDOT:PSS (Liu et al., 

2020a).  

 

Figure 3.8. Digital photographs of polysulfide crossover across the CG and Li+-

PEDOT:PSS @CG membranes 
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To visually confirm the PS rejection ability of CG and Li+-

PEDOT:PSS@CG membranes, PS diffusion tests were conducted (Figure 3.8). As 

time passes, Li2S6 in the small vial diffuses across the membrane into the large vial 

containing blank electrolyte (Yang et al., 2018a). As expected, the pristine CG 

could not block the polysulfide within the small vial due to its porous nature, as a 

consequence colourless electrolyte in the large vial turned to yellow within 10 h. 

On the other hand, Li+-PEDOT:PSS@CG separator effectively hinder the 

polysulfide diffusion, as we spot only slight yellow coloration in blank electrolyte 

even after 50 h. The excellent polysulfide rejection capacity of Li+-

PEDOT:PSS@CG could be attributed to the coulombic repulsion offered by the 

negatively charged –SO3 ̄ group in Li+-PEDOT:PSS (Ahn et al., 2019). 

 

3.3.2. Electrochemical Evaluation 

The lithium ion conductivity as a function of inverse temperature for CG 

and Li+-PEDOT:PSS@CG were measured and shown in Figure 3.9.  Irrespective 

of the membrane used, the ionic conductivity increases with increasing temperature. 

The increase in ionic conductivity of Li+-PEDOT:PSS@CG membrane was 

credited to the higher uptake of electrolyte by the hydrophilic -SO3ˉ group present 

in the Li+-PEDOT:PSS coating (Hencz et al., 2019). 

 

Figure 3.9. Ionic conductivity of CG and Li+-PEDOT:PSS@CG separator 
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The lithium ion transference number (𝑡𝐿𝑖+) was calculated from 

chronoamperometry and EIS analysis, employing equation (2.1). The 

chronoamperometric curves of Li/membrane/Li symmetric cells were recorded till 

it reached steady state and presented in Figure 3.10. Inset: EIS spectra of the cells 

before and after DC polarization with a bias voltage of 10 mV (Zhao et al., 2008; 

Karuppasamy et al., 2017). 

For Li+-PEDOT:PSS@CG separator, the obtained 𝑡𝐿𝑖+ value is 0.72, which 

is almost twofold higher than the CG separator (0.38). Lithium ions usually exists 

as solvated Li+-ether molecules in the ether-based electrolytes, which is much larger 

than TFSIˉ ions. These larger solvated molecules suppress the transport of lithium 

ions, thereby relatively lower 𝑡𝐿𝑖+  values (Zhou et al., 2018; Callsen et al., 2017). 

Meanwhile, the high 𝑡𝐿𝑖+ for the cells with Li+-PEDOT:PSS@CG can be attributed 

to the -SO3ˉ group present along the Li+-PEDOT:PSS chain, which is well-known 

for its ether coordination sites to promote the dissociation of Li+-ether molecules 

facilitating the transport of lithium ions (Yamada et al., 2013; Wang et al., 2016d; 

Jiang et al., 2018). 

 

Figure 3.10. Chronoamperometric curves of (a) CG and (b) Li+-PEDOT:PSS@CG 

membranes. Inset: EIS Nyquist plots of symmetric Li/membrane/Li cells before and after 

perturbation 

 
In order to determine the interfacial stability of CG and Li+-

PEDOT:PSS@CG membranes with lithium metal, a symmetrical cell consisting of 

Li/membrane/Li was assembled and its interfacial resistance, Ri was measured as a 

function of time at 25 °C and illustrated in Figure 3.11. The symmetric cell 
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assembled with PEDOT:PSS@CG membrane demonstrated lowest Ri. This 

observation further supports the earlier observations for ionic conductivity studies 

and 𝑡𝐿𝑖+ calculations (Raja and Stephan, 2014). 

 

Figure 3.11. Interfacial resistance vs time measurements of (a) CG and (b) Li+-

PEDOT:PSS@CG separator 

 

3.3.3. Cell Performance Evaluation 

The electrochemical performance of Li-S cells with CG and Li+-PEDOT:PSS@CG 

separators was investigated by CV, galvanostatic charge-discharge and EIS 

measurements. Cyclic voltammograms of Li-S cells with CG and Li+-

PEDOT:PSS@CG are shown in the Figure 3.12. The cathodic sweep presents two 

peaks, one around 2.3 V (peak 1) and another around 2 V (peak 2). Peak 1 arises 

from the conversion of cyclo-S8 to soluble higher order PSs (Li2Sn, 4 ≤ n ≤ 8). Peak-

2 is the main peak in the cathodic sweep corresponding to the reduction of higher 

order PSs into lower order lithium sulphides (Li2S2/Li2S), which will deliver 

significant part of cell’s capacity. During anodic sweep, a splitted oxidation peak is 

observed around 2.4V (peak 3), the first peak is due to conversion of Li2S2/Li2S to 

Li2Sn (where 4 ≤ n ≤ 8) and the next peak is due to further oxidation of Li2Sn (where 

4 ≤ n ≤ 8) to elemental sulfur (S8) (Song et al., 2018b; Yang et al., 2018a; Wild et 

al., 2015). The cell with CG membrane exhibited broad cathodic and anodic peaks 

due to the sluggish nature of the conversion kinetics (Elgrishi et al., 2018). In 

contrast, the cells with Li+-PEDOT:PSS@CG membrane presented well-defined 
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redox peaks with an increased current density compared to the cells with CG 

membrane, indicating an improved conversion reaction kinetics and active material 

utilization (Ghosh and Basu, 2018). 

 

Figure 3.12. CV curves of Li-S cells containing CG and Li+-PEDOT:PSS@CG separators 

 
Further, diffusion coefficient of lithium ions (𝐷𝐿𝑖+) was calculated from 

cyclic voltammogram using Randles-Sevcik equation. The calculated values are 

tabulated in Table 3.1 and it is obvious from the calculated values that diffusion 

coefficients for Li+-PEDOT:PSS@CG separator are at least an order of magnitude 

larger than CG.  The above result suggests that the Li+-PEDOT:PSS@CG separator 

render an improved lithium ion mobility compared to CG, thereby expecting 

significant improvement in the specific capacity and rate capability. 

 
Table 3.1. Diffusion coefficient of lithium ions calculated for Li-S cells with CG and Li+-

PEDOT:PSS@CG separator 

𝐷𝐿𝑖+ (cm2 s-1) CG Li+-PEDOT:PSS@CG 

Peak 1 4.84 x 10-7 3.30 x 10-6 

Peak 2 1.09 x 10-7 9.10 x 10-6 

Peak 3 4.71 x 10-7 3.68 x 10-6 

 
 The initial galvanostatic charge-discharge profiles for Li-S cells containing 

CG and Li+-PEDOT:PSS@CG separator at 0.1C rate are shown in Figure 3.13a. 

The plateaus observed in the charge-discharge profiles correlates closely with the 

peak positions in the cyclic voltammogram. Two distinct plateaus are identified in 
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the discharge profile, first one with upper plateau voltage corresponds to the 

reduction of cyclo-S8 to soluble higher order PSs (Li2Sn, 4 ≤ n ≤ 8), which is a 

kinetically fast process. The second plateau at lower voltage results from the 

conversion of higher order PSs to Li2S2/Li2S, which is a kinetically sluggish process 

contributing to nearly 75% of cell’s capacity. The voltage hysteresis (ΔE) between 

the discharging and charging curve (at the second discharge plateau) for Li-S cells 

with CG and Li+-PEDOT:PSS@CG are 0.34 and 0.18 V, respectively, for the first 

cycle. The lower ΔE value for Li-S cell with Li+-PEDOT:PSS@CG indicate lower 

electrochemical polarization originated from the good electronic and ionic 

conductivity of the Li+-PEDOT:PSS coating layer. The high ionic conducting 

pathway of Li+-PEDOT:PSS was imparted by the presence of sulfonate groups in 

its chemical structure (Moorthy et al., 2019). The absence of such ion conducting 

functional groups in the case of CG causes higher polarization, which in turn results 

in lower discharge capacity (Puthirath et al., 2019). The Li-S cells with CG and Li+-

PEDOT:PSS@CG separator delivered an initial discharge capacity of 697 and 1360 

mAh g-1 with 81.3 and 41.6% sulfur utilization, respectively. The high initial 

discharge capacity of cells with Li+-PEDOT:PSS@CG is ascribed to good ionic 

conductivity of Li+-PEDOT:PSS coating, which provide a larger conductive surface 

for the conversion of soluble PSs to insoluble Li2Sn (n ≤ 2) (Yao et al., 2014). 

 

Figure 3.13. (a) Initial charge-discharge profiles of Li-S cell with CG and Li+-

PEDOT:PSS@CG at 0.1C. (b) Cycling performance and coulombic efficiencies at 0.1C 

rate for Li-S cell with CG and Li+-PEDOT:PSS@CG 

 
Figure 3.13b compares the cycling performance and coulombic efficiency 

of Li-S cells containing CG and Li+-PEDOT:PSS@CG separators at a current 
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density of 0.1C. It is clear from Figure 3.13b that the Li-S cell with Li+-

PEDOT:PSS@CG deliver higher discharge capacity and coulombic efficiency than 

the cell with CG. The poor capacity retention exhibited by the Li-S cell assembled 

with CG (68% capacity retained after 100 cycles) might be due to the PS shuttle 

effect, which occurs as a result of easy migration of higher order PSs in the size 

range of 1-1.8 nm through the micropores of pristine CG separator towards the 

lithium metal anode. At the same time, the cell made of Li+-PEDOT:PSS@CG 

separator exhibits a capacity retention of 86% (1172 mAh g-1) and 77% (1047 mAh 

g-1) at 100th and 300th cycles, respectively. The high capacity retention observed in 

the case of Li+-PEDOT:PSS@CG is attributed to the presence of -SO3ˉ groups 

(from PSS) which impart PS repulsion ability together with the polar interaction of 

electronegative atoms (from PEDOT) with lower order lithium PS (Lee et al., 

2018b; Babu et al., 2018). Besides, Figure 3.12b shows an improvement in 

coulombic efficiency of Li-S cell when Li+-PEDOT:PSS@CG separator is 

employed. The high coulombic efficiency is an indirect indication of high ionic 

selectivity and low capacity loss (Wang et al., 2019d). The observed high 

coulombic efficiency arise from the permselectivity of Li+-PEDOT:PSS coating, 

which selectively permeates lithium ions and effectively blocks the PS anions. 

 

Figure 3.14. Rate capability studies of Li-S cell with CG and Li+-PEDOT:PSS@CG 

 
The rate capability studies were conducted to compare the performance of 

Li-S cells with CG and Li+-PEDOT:PSS@CG separators at different current 

densities from 0.1 to 3C (Figure 3.14). Consequent cycles at 0.1, 0.2, 0.5, 1, 2, and 
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3C rates delivered capacities of 1336, 1196, 1099, 952, 750, and 520 mAh g-1, 

respectively, for Li+-PEDOT:PSS@CG separator. When the C-rate was reverted 

back from 3C to 0.2C, a reversible capacity of 1170 mAh g-1, i.e., 97.8% of the 

original capacity was achieved. On the other hand, pristine CG separator provided 

discharge capacities of 699, 578, 485, 377, 199, and 36 mAh g-1, respectively, at 

0.1, 0.2, 0.5, 1, 2 and 3C. When the discharge current was switched back from 3 to 

0.2C, a reversible capacity of 490 mAh g-1, i.e., only 84.7% of the original capacity 

was recovered. The excellent stability at different C-rates for Li-S cells with Li+-

PEDOT:PSS@CG can be attributed to the effective confinement of PS within the 

cathode compartment (Lee et al., 2018b). 

 

Figure 3.15. Electrochemical impedance spectra of Li-S cells with (a) CG and (b) Li+-

PEDOT:PSS@CG separators before and after cycling 

 
To gain additional insight into the influence of the Li+-PEDOT:PSS coating 

on the separator, EIS measurements were carried out for Li-S cells with CG and 

PEDOT:PSS@CG separator. These measurements were conducted for freshly 

prepared cells and cycled cells (after 100 cycles). The Nyquist plots displayed one 

or two semicircles in the high-to-medium frequency range and an inclined line in 

the lower frequency range (Figure 3.15a-b). The high frequency intercept represents 

the bulk or solution resistance (Re) of the cell, which includes resistance for ion 

transport in the electrolyte and cell components. A single semicircle displayed by 

Li-S cell with CG corresponds to the charge-transfer resistance (Rct). At the same 

time, two discreate semicircles are presented by Li-S cell with Li+-

PEDOT:PSS@CG; the first semicircle in the high frequency range is associated 
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with the interface contact resistance (Rint) offered by the coating layer and electrode 

bulk, while the second semicircle in the medium frequency range corresponds to 

the Rct (Lai et al., 2016). Based on the above discussion, we proposed an equivalent 

circuit model using ZSimpWin software as shown in the inset of Figure 3.15a-b. In 

the proposed circuit model, Rint//CPEint is the interphase contact resistance and its 

related capacitance (Y1 and n1 are CPEint elements). Rct//CPEdl is the charge-transfer 

resistance and its related capacitance (Y2 and n2 are CPEdl elements), which reflects 

the charge-transfer process at the interface between the conductive coating and the 

electrolyte. CPEdif is the diffusion impedance (Y3 and n3 are CPEdif elements), 

which represents lithium ion diffusion process (Deng et al., 2013).  

 
Table 3.2. Fitted values for the equivalent circuit elements by simulation of impedance 

spectra in Figure 3.12a-b. 

 

 

 

 

Re 

(Ω) 

CPEint  

Rint 

(Ω) 

CPEdl  

Rct 

(Ω) 

CPEdif 

Y1 

(Ω-1 sn) 

n1 

 

Y2 

(Ω-1 sn) 

n2 

 

Y3 

(Ω-1 s5) 

n3 

 
CG 

before cycling 

9.53 - - - 9.09E-5 0.85 120.3 3.64E-2 0.61 

CG  

after cycling 

4.39 - - - 2.68E-5 0.80 72.14 3.45E-2 0.56 

Li+-PEDOT:PSS@CG 

before cycling 

8.18 2.26E-5 0.87 53.48 4.04E-5 0.74 15.54 8.14E-2 0.56 

Li+-PEDOT:PSS@CG 

after cycling 

3.97 6.31E-6 0.84 7.42 1.77 E-5 0.65 6.43 1.70E-2 0.49 

 

Table 3.2 lists the fitted values for all of the equivalent circuit elements. It 

is evident from the fitted values for the equivalent circuit elements that the Li-S cell 

with PEDOT:PSS@CG presented lower Re and Rct values than the cell with CG 

separator. The significantly reduced Rct value for the Li-S cell with Li+-

PEDOT:PSS@CG is associated with the improved lithium ion conductivity and 

electrolyte retention ability, which stem from the presence of -SO3ˉ groups in the 

Li+-PEDOT:PSS coating (Zhang et al., 2018c; Yang et al., 2018a). 

The static electrochemical stability of LSBs described in terms of their self-

discharge properties is an important parameter to be considered for both laboratory 

scale testing and commercial applications (Wang et al., 2016c). In the case of LSB, 

the self-discharge rate is much higher than in conventional LIBs and it leads to rapid 

capacity fading. The diffusion and side reactions of PSs with lithium metal anode 
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is believed to be the major cause for high self-discharge rate in LSB (Shen et al., 

2019). To evaluate self-discharge characteristics of Li-S cells with CG and Li+-

PEDOT:PSS@CG, the OCV of the cells was measured as a function of time and 

displayed in Figure 3.16a. The OCV of CG-based cell quickly drops to 2.14 V 

within 45 h, i.e.,78.3% capacity retention, while Li+-PEDOT:PSS@CG-based cell 

maintained an OCV of 2.46 V with 87.2% capacity retention. 

 

Figure 3.16. (a) Self discharge behaviour of Li-S cells with CG and Li+-

PEDOT:PSS@CG separators and (b) cycling performance of the cells idled at 2.15 V at 

the 10th discharging cycle 

 
To better understand the effect of self-discharge on cell performance, the 

galavanostatic charge-discharge testing were conducted (Yang et al., 2018a). After 

10 continuous charge-discharge cycles, the cells were kept in rest for 72 h, and then 

cycled further. During the first discharge after rest (11th cycle), the cell with CG 

separator exhibited a drastic decrease in capacity (Figure 3.16b), indicating obvious 

self-discharge. On the second discharge after rest (12th cycle), the cells restore only 

partial capacity. Even on further cycles, the capacity loss occurred during rest could 

not be recovered completely. On the other hand, the cell with Li+-

PEDOT:PSS@CG displays no apparent loss in discharge capacity even after the 

rest time, indicating lower self-discharge. 

Moy et al. have proposed a simple and direct method to quantify the rate of 

shuttling process in LSBs (termed as “shuttle current”) by measuring the current 

passing through the cell under potentiostatic control (Moy et al., 2015). Usually, 

the potential of a cell gradually decreases when at rest due to the PS shuttling 
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mechanism. In order to maintain a constant cell potential, a Faradaic current was 

supplied to balance the migration of PSs, which is measured as the shuttle current. 

The variation of shuttle current for Li-S cells with CG and Li+-PEDOT:PSS@CG 

membranes was measured at 2.3 V as a function of time (Figure 3.17). The rate of 

decrease of shuttle current was obtained by linearly fitting the region of steady state 

current using the equation 𝑦 = 𝑚𝑥 + 𝐶, where y, x, C and m represents current, 

time, y-intercept and slope, respectively. The slope, m is an important parameter as 

it is a direct indication of the fade in shuttle current (Hu et al., 2017). It is clear from 

the Figure 3.16 that the cell with Li+-PEDOT:PSS@CG membrane produced the 

minimal current fade with time compared to the cell with CG membrane. The 

magnitude of shuttle current also follows the similar trend, i.e., the Li-S cell with 

Li+-PEDOT:PSS@CG exhibits lower shuttle current than the cell with CG. The 

reduction in shuttle current affirms the extensive elimination of PS shuttling 

process, which further accord with the improved electrochemical performance and 

self-discharge characteristics of Li-S cells with Li+-PEDOT:PSS@CG. 

 

Figure 3.17. Shuttle current measurements of cells containing CG and Li+-PEDOT:PSS 

@CG membranes 

 

3.3.4. Post-Mortem Analysis of Cycled Cells 

To further investigate the influence of Li+-PEDOT:PSS@CG separator in 

mitigating the shuttle effect, the Li-S cells were disassembled after 100 cycles. The 
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CG and Li+-PEDOT:PSS@CG separators collected after decrimping the cells were 

used directly without any washing treatment (Lei et al., 2018). 

 

Figure 3.18. Morphology and composition of cycled separators after 100 cycles. 

SEM images of (a) CG (b) Li+-PEDOT:PSS@CG separators on cathode sides and (c) CG 

(d) Li+-PEDOT:PSS@CG separators on anode sides and (e, f, g, h) are the corresponding 

EDS spectra 

 
The surface morphology and elemental composition of cathode and anode 

side of cycled separators were observed by SEM and EDS measurements. 
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Compared with fresh separators (Figure 3.4e-f), the cycled ones (cathode side) 

exhibit a denser structure with surface deposits (Figure 3.18 a-b) result from the 

accumulation of the PSs and electrolyte salts. The EDS results (Figure 3.18e-f) 

further confirms above observation. The PSs deposited on the separator will hardly 

take part in the redox reactions, which eventually leads to rapid capacity fading of 

Li-S cell. Moreover, this ‘dead sulfur’ got trapped in the pores and the surface of 

CG and ultimately blocks the lithium ion diffusion pathways (Kong et al., 2017). 

Figure 3.18c-d displayed the anode side SEM micrographs of CG and Li+-

PEDOT:PSS@CG separators. The effective blocking of PSs in cathode 

compartment by Li+-PEDOT:PSS provide a comparatively clean anode side surface 

of the separator (Figure 3.18g-h). 

 

Figure 3.19. Deconvoluted S2p spectra for lithium anodes in the discharged state separated 

from the cells with (a) CG and (b) Li+-PEDOT:PSS@CG membranes 

 
The XPS analysis were conducted for lithium metal anodes peeled off from 

the two cells after 100 cycles. Figure 3.19 shows the deconvoluted S2p spectra for 

lithium anode obtained from Li-S cells with CG (Figure 3.19a) and Li+-

PEDOT:PSS@CG (Figure 3.19b). Both spectra presents a broad peak around 168 

eV, which could be attributed to the aerobic oxidation of sulfur species upon dis-

assembling the cell (Lang et al., 2015). The relatively small intensity of peaks 

around 163 and 161 eV for Li+-PEDOT:PSS@CG indicate lower abundance of 

polysulfides and Li2S, respectively (Cao et al., 2019). This observation clearly 



92 
 

supports the proposed mechanism of polysulfide retention within cathode 

compartment for the cell containing Li+-PEDOT:PSS@CG separator. 

 
3.4. Conclusion 

In this chapter, we propose a novel approach of decorating commercial separator 

by bifunctional lithiated PEDOT:PSS (Li+-PEDOT:PSS@CG). Owing to strong 

chemical interactions of PEDOT with insoluble PSs and the electrostatic repulsion 

between the negatively charged –SO3 ̄ groups present in PSS and PS anions, the Li-

S cell (areal sulfur loading of 3.9 mg cm-2) with Li+-PEDOT:PSS@CG separator 

demonstrated a high initial discharge capacity of 1360 mAh g-1 and coulombic 

efficiency of ~99%. It is notable that the Li+-PEDOT:PSS@CG separator possesses 

excellent electrolyte wettability, interfacial properties and ionic conductivity, 

resulting in a stable discharge capacity of 1047 mAh g-1 even after 300 cycles at 0.1 

C with 77% capacity retention. The excellent cycling stability exemplify this facile 

approach can effectively constrain the shuttle effect of polysulfides and make 

further progress to the practical application of LSBs. 
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CHAPTER 4 

EFFECTIVE SUPPRESSION OF POLYSULFIDE 

SHUTTLE EFFECT IN LITHIUM-SULFUR 

BATTERY USING LITHIATED POLY(ACRYLIC 

ACID-CO-MALEIC ACID) DECORATED 

SEPARATOR 

In this chapter, we propose a carboxyl functional lithiated poly(acrylic acid-co-

maleic acid) (LPAM) coated onto Celgard (LPAM@CG) separator for LSBs. The 

LPAM@CG separator can not only effectively inhibit the shuttle effect of 

polysulfides, but also promote the diffusion of lithium ions. Particularly, the –COO ̄ 

groups present in the LPAM allow the rapid transfer of positively charged lithium 

ions while preventing the diffusion of negatively charged PS anions through 

coulombic interactions. Besides, the LPAM@CG membrane possesses good 

interfacial properties, ionic conductivity, excellent electrolyte wettability and 

remarkable electrolyte uptake. In order to investigate the electrochemical 

performance of Li-S cells (areal sulfur loading 4.1 mg cm-2) with LPAM@CG 

membranes, cyclic voltammetry, galvanostatic charge-discharge and EIS 

measurements has been carried out. The Li-S cell with LPAM@CG separator 

exhibit significant improvement in the electrochemical performances, with a high 

initial discharge capacity of 1213 mAh g-1, an excellent rate capability of 637 mAh 

g-1 at 3 C, and a good capacity retention of 957 mAh g-1 (~79% over 300 cycles). 

 
4.1. Introduction 

The PS shuttle mechanism caused by the diffusion, dissolution and side reaction 

soluble lithium PSs is considered as a roadblock for the commercialization of LSBs 

(Deng et al., 2019). In order to repress the detrimental effects caused by the shuttle 

effect, significant amount of research works focused on hindering the shuttle of 

soluble PSs have been reported. The major strategies can be categorized into two 

aspects: (i) cathode functionalization, using materials such as carbonaceous 

materials, inorganic materials, and polymers to absorb PSs physically and/or 

chemically; (ii) separator modification, employing carbon materials, inorganic 
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materials and conducting polymers to physically and/or chemically wrap PSs within 

the cathode compartment (Deng et al., 2016; Kang et al., 2016; He et al., 2018b; 

Rana et al., 2019). 

As a key component of battery, the separator serves two major roles: (i) 

electrical insulator for preventing internal short circuit, and (ii) diffusion channels 

for lithium ion transport (Arora and Zhang, 2004). In the case of LSB, separator 

allows the selective transport of lithium ions blocking the passage of PSs (Li et al., 

2015b). An ion selective separator is an efficient and reliable strategy for mitigating 

PS shuttle (Gu et al., 2014; Luo et al., 2018). Thus, modifying the commercial 

separator (polyolefin membranes) with functionalized barrier coatings attracted 

much attention. Among the various separator coatings, conducting polymers are 

considered efficient as they can simultaneously increase the electrolyte uptake 

ability and interfacial conductivity together with suppressing the PS crossover 

owing to the presence of polar functional groups (Ma et al., 2016; Zhu et al., 2019). 

The polymers containing polar negatively charged groups can perform two 

functions: (i) effectively restrain the migration of soluble PSs via coulombic 

repulsion, and (ii) provide transport pathways for lithium ions through the 

coulombic interactions, thereby improving electrochemical performance of LSBs 

(Abbas et al., 2016; Hencz et al., 2019). The polymers containing negatively 

charged groups like Nafion (Bauer et al., 2014; Yu et al., 2015), sulfonated 

polystyrene (Guo et al., 2018), polyacrylic acid (Song et al., 2018b), PEDOT:PSS 

(Abbas et al., 2016; Lee et al., 2018b) , sulfonated poly(styrene-ethylene-butylene-

styrene) (Yang et al., 2018a), polyamide acid (Luo et al., 2018), sulfonated 

poly(ether ether  ketone) (Babu et al., 2018), carboxylate anchored polyvinyl 

alcohol (Jiang et al., 2018), etc., have been explored to modify the polyolefin 

separator. 

Poly (acrylic acid-co-maleic acid) (PAM) is a hydrophilic polymer, which 

has been used as an electrocatalytic electrode for methanol oxidation and dispersant 

to improve the stability of electrodes slurries for large scale processing (Yang et al., 

2011; Kasinathan et al., 2018; Joshi et al., 2018). In this chapter, we propose an 

“electrostatic repulsion” approach using a functional separator composed of 

lithiated PAM (LPAM) to effectively alleviate the shuttling of PS anions. Lithiation 
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leads to proton exchange in carboxylic acid group of PAM, and the resulted LPAM 

possesses lithium ion transporting capability and functions as a single-ion 

conductor. The LPAM coating on commercial Celgard separator (LPAM@CG) 

effectively reduces interfacial resistance and the –COO¯ groups inhibits the 

migration of PSs by mutual coulombic repulsion. Subsequently, the Li-S cell 

employing LPAM@CG separator exhibits excellent electrochemical performance 

and anti-self-discharge characteristics compared to the pristine Celgard separator 

(CG). 

 

4.2. Materials and Methods 

 

4.2.1. Materials 

Poly (acrylic acid-co-maleic acid) solution (PAM, 50 wt% in water, average Mw 

3000, Sigma Aldrich), all other chemicals are as mentioned in section 2.2.1. 

 

4.2.2. Synthesis of Lithiated PAM (LPAM) 

Lithiation of PAM was carried out using a simple ion-exchange process.  1 g PAM 

solution was added to a solution of 0.1M LiOH in distilled water. The resulted 

solution was stirred for 2 h at room temperature followed by vacuum drying at 80 

°C for 24 h to obtain LPAM. The chemical formula and synthetic scheme of LPAM 

was given in Figure 4.1. 

 

Figure 4.1. Synthesis scheme of LPAM 
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4.2.3. Preparation of LPAM Coated Celgard Separator 

(LPAM@CG) 

The LPAM coated Celgard separator was prepared by doctor blade coating 

technique. Briefly, 33 mg of PVDF as binder was dissolved in 2 mL of NMP. 33 

mg of LPAM and 33 mg of super P carbon was added to this solution and the 

mixture was stirred at room temperature for 5 h to obtain uniform slurry. The 

obtained slurry was coated onto one side of commercial Celgard 2320 separator 

(CG) and dried in vacuum oven at 60 °C for 12 h. The presence of super P carbon 

helps to enhance electronic conductivity and favour the adsorption of intermediate 

polysulfides, thereby hamper the serious shuttling mechanism in Li-S cell. The 

overall thickness of LPAM@CG separator was around 28 µm. 

 

4.2.4. Coin Cell Assembly 

A standard 2032 type coin cell was assembled by the procedure described in the 

section 2.2.6, employing MWCNT@S electrode with an areal sulfur loading of 4.1 

mg cm-2, LPAM@CG separator, and Li metal as the counter electrode. 

 

4.2.5. Material and Electrochemical Characterization 

All characterizations were done by the techniques described in section 2.2.7 and 

3.2.6. 

 
4.3. Results and Discussion 
 

4.3.1. Material Characterization 

The FT-IR spectra can be used to verify the conversion of the PAM from the H+ 

form to the Li+ form. Results of FT-IR are shown in Figure 4.2. The adsorption 

band at 1623 cm-1 is ascribed to the unreacted carboxyl –COOH group. After the 

lithiation procedure, the vibration mode of carboxyl shifts to 1567 cm-1, owing to 

the formation of –COOLi (Jiang et al., 2018). 
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Figure 4.2. FT-IR spectra of PAM and LPAM 

 
The surface morphology (SEM micrographs) of the CG and LPAM@CG 

separators are depicted in Figure 4.3a-b. The cross-sectional morphology of 

LPAM@CG reveals a dense coating of LPAM covering the surface of CG and the 

measured thickness was ~28 µm (Figure 4.3c). Elemental mapping of the 

LPAM@CG (Figure 4.3d) shows the uniform distribution of carbon, fluorine, and 

oxygen, which verifies the fine dispersion of LPAM with super P and PVDF on the 

surface of CG.  

 
Figure 4.3. SEM micrographs of (a) CG and (b) LPAM@CG, (c) cross-section of 

LPAM@CG separator, (d) elemental mapping of the LPAM@CG 
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The wetting behaviour of the separators was investigated using a liquid 

electrolyte absorption test and the corresponding static electrolyte contact angle is 

shown in Figure 4.4c-d. As can be seen in Figure 4.4a-b, the CG separator gets 

hardly wetted by the liquid electrolyte due to its strong hydrophobicity. In contrast, 

the LPAM@CG separator soaked up the electrolyte immediately, where the 

electrolyte droplet could easily spread over surface. The static electrolyte contact 

angle test results were similar to the electrolyte absorption test. As depicted in Fig. 

4.3a-b, the contact angle of pristine CG and LPAM@CG membranes were found 

to be 48.2 and 8.8°, respectively. The increased wettability of LPAM@CG is 

attributed to the –COO¯ group present on LPAM polymer. The hydrophilic –COO¯ 

group immediately takes up the polar electrolyte droplet to form large clusters in 

the polymer domain, therefore enhances the wettability of the separator and gives 

lesser value of contact angle (Zhang et al., 2015c; Lu et al., 2017b). The good 

wetting of the LPAM@CG with the non-aqueous electrolyte is likely to reduce the 

internal resistance and consequently improves the rate capability (Zhang et al., 

2018c; Chen et al., 2019). 

 

Figure 4.4. Liquid electrolyte wettability of (a) CG and (b) LPAM@CG, and the 

corresponding contact angles (c and d) 

 
To determine the charge state of the LPAM, zeta potential measurement was 

carried out in non-aqueous electrolyte used for cycling studies. As seen, the zeta 

potential of LPAM is approximately -45.6 mV (Figure 4.5), confirming the 

electronegative nature of the LPAM in non-aqueous electrolyte. Since the PSs 

remain anionic in the electrolyte and LPAM is negatively charged, a repulsive force 

arises between LPAM coating on CG and PS anions, authenticating the 
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“electrostatic repulsion” mechanism rendered by LPAM@CG separator towards 

the PS anions (Lei et al., 2018). 

 

Figure 4.5. Zeta potential distribution of LPAM in non-aqueous electrolyte 

 

 

Figure 4.6. Digital photographs of visual PS diffusion test for CG and LPAM@CG 

membranes 

 
The physical blocking of PS by CG and LPAM@CG membranes is verified 

by visual PS diffusion test (Figure 4.6). Driven by concentration gradient, the Li2S6 

diffuse from inner vial to outer vial (Yang et al., 2018a). As expected, the pristine 

CG membrane could not block the PS within the small vial due to its porous nature, 

as a consequence colourless blank electrolyte in the large vial turned to yellow 

within 10 h. While, the blank electrolyte in the large vial remains colourless in the 

case of LPAM@CG separator even after 50 h, suggesting effective suppression of 
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PS diffusion. The excellent PS blocking ability of LPAM@CG membrane could be 

ascribed to the coulombic repulsion offered by negatively charged –COO¯ group 

in LPAM polymer (Ahn et al., 2019). 

 

4.3.2. Electrochemical Evaluation 

To evaluate the influence of –COO¯ groups on the lithium ion transport properties, 

both the ionic conductivity and lithium ion transference number were measured 

(Zhu et al., 2013). The lithium ion conductivities of CG and LPAM@CG were 

evaluated at different temperatures using EIS measurements and shown in Figure 

4.7. Irrespective of the membrane analysed, the ionic conductivity increases with 

increasing temperature. The increased ionic conductivity of LPAM@CG is credited 

to the higher electrolyte uptake by LPAM coating. 

 

Figure 4.7. Ionic conductivity of CG and LPAM@CG membrane 

 
The lithium ion transference number (𝑡𝐿𝑖+) is calculated using equation (2.1) 

and the calculated values are found to be 0.38 and 0.74 for CG and LPAM@CG 

membranes, respectively, according to the chronoamperometric profiles and EIS 

measurements (Figure 4.8). It is remarkable that 𝑡𝐿𝑖+ of LPAM@CG is almost 

twofold the CG. In the ether-based electrolytes, lithium ions usually exist as 

solvated Li+-ether molecules which are much larger than TFSI ̅ anions, this suppress 

the lithium ion transport thereby relatively lower 𝑡𝐿𝑖+value (Zhou et al., 2018; 

Callsen et al., 2017). On contrary, the high 𝑡𝐿𝑖+  for cells with LPAM@CG 



101 
 

membrane is possibly due to the presence of fixated carboxylate groups along the 

LPAM chain, which could accelerate the de-solvation of Li+-ether molecules 

supplying lithium ion coordination sites (–COO¯) to promote the transport of 

lithium ions (Yamada et al., 2013; Ueno et al., 2016; Wang et al., 2016d). 

 

Figure 4.8. Chronoamperometric curves of (a) CG and (b) LPAM@CG membranes. 

Inset: EIS Nyquist plots of symmetric Li/membrane/Li cells before and after perturbation 

 
To determine the stability of membrane/lithium interface, a symmetrical 

Li/membrane/Li cells was assembled and its interfacial resistance, Ri was measured 

as a function of time at 25 °C. Figure 4.9 displays the variation of Ri with time for 

Li/CG or LPAM@CG/Li cells and the symmetric cell with LPAM@CG exhibit 

lowest Ri. This result further substantiates the observations described previously for 

the ionic conductivity studies (Suriyakumar et al., 2019). 

 

Figure 4.9. Interfacial resistance vs time measurements of (a) CG and (b) LPAM@CG 

separator 
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4.3.3. Cell Performance Evaluation 

To evaluate the benefits of the functional separator in LSBs, CR2025-type coin cells 

were assembled. A comparative study was conducted with the control cell 

employing an unmodified CG separator. The cyclic voltammetric studies of the cell 

with CG and LPAM@CG membranes was carried out at a scan rate of 0.1 mV s-1 

in the voltage window of 1.6-3 V (Figure 4.10). The cathodic scan presents two 

peaks, one around 2.3 V (peak 1) and another around 2 V (peak 2). Peak 1 arises 

from the conversion of cyclo-S8 to soluble higher order PSs (Li2Sn, 4 ≤ n ≤ 8). Peak-

2 is the main peak in the cathodic scan corresponding to the reduction of higher 

order PSs into lower order lithium sulphides (Li2S2/Li2S), which will deliver 

significant part of cell’s capacity. During anodic sweep, a splitted oxidation peak is 

observed around 2.4V (peak 3), the first peak is due to conversion of Li2S2/Li2S to 

Li2Sn (where 4 ≤ n ≤ 8) and the next peak is due to further oxidation of Li2Sn (where 

4 ≤ n ≤ 8) to elemental sulfur (S8) (Song et al., 2018b; Yang et al., 2018a; Wild et 

al., 2015). The cell with CG membrane exhibited broad cathodic and anodic peaks 

due to the sluggish nature of the conversion kinetics. In contrast, the cells with 

LPAM@CG membrane presented well-defined redox peaks with an increased 

current density compared to the cells with CG membrane, indicating an improved 

active material utilization and conversion reaction kinetics (Elgrishi et al., 2018; 

Ghosh and Basu, 2018). 

 

Figure 4.10. CV profiles of Li-S cells containing CG and LPAM@CG separators 
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Further, diffusion coefficient of lithium ions (𝐷𝐿𝑖+) was calculated from CV 

curves using Randles-Sevcik equation. The calculated values of chemical diffusion 

coefficient of lithium ions are respectively 4.84 x 10-7, 1.09 x 10-7, 4.71 x 10-7 cm2 

s-1 for CG and 3.93 x 10-6, 7.02 x 10-7, 9.95 x 10-6 cm2 s-1 for LPAM@CG 

membrane. It is obvious from the calculated values that the diffusion coefficients 

for LPAM@CG separator are at least an order of magnitude greater than CG.  The 

above result suggests that the LPAM@CG separator provide an improved lithium 

ion mobility compared to CG, thereby expecting significant improvement in the 

specific capacity and rate capability (Lee and Ryu, 2017). 

 

Figure 4.11. (a) Initial charge-discharge profiles of Li-S cell with CG and LPAM@CG at 

0.1C (b) cycling performance and coulombic efficiencies at 0.1C rate for Li-S cell with 

CG and LPAM@CG 

 
Figure 4.11a shows the initial galvanostatic charge-discharge profile of Li-

S cells with CG and LPAM@CG membranes. As displayed in the Figure 4.11a, 

both cells exhibited two typical discharge plateaus, indicating multi-electron redox 

reactions, which is in agreement with the CV curves. The upper discharge plateau 

corresponds to cyclo-S8 reduction to soluble long-chain lithium PSs, and the lower 

discharge plateau pertains to the formation of insoluble short-chain lithium sulfide 

(Li2S2/Li2S) (Zhang, 2013; Wild et al., 2015). The discharge plateaus for the cell 

with the LPAM@CG separator were found to be longer and flatter than the cell 

with CG separator. Notably, the cell with LPAM@CG exhibits a lesser voltage 

hysteresis (ΔE) than CG membrane (ΔELPAM@CG = 194 mV; ΔECG = 345 mV). The 

lower value of ΔE for the cells with LPAM@CG is due to low electrochemical 

polarization, which originate from the good ion conducting pathways provided by 
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the carboxylate group in LPAM polymer (Long et al., 2016; Zhang et al., 2017c; 

Moorthy et al., 2019). The absence of such ion conducting functional groups in 

uncoated CG leads to higher polarization, which in turn results in lower discharge 

capacity. The cell with LPAM@CG separator delivers an initial discharge capacity 

of 1213 mAh g-1 with 73.5% sulfur utilization. At the same time, the cell with CG 

separator delivers a discharge capacity of 672 mAh g-1 corresponding to 40.1% 

utilization of sulfur. The high initial discharge capacity of the cells with 

LPAM@CG is ascribed to good ionic conductivity of LPAM coating, which 

provide a larger conductive surface for the conversion of soluble PSs to solid Li2Sn 

(n ≤ 2) (Yao et al., 2014; Pan et al., 2016).  

The cycling performance of the Li-S cells with CG and LPAM@CG were 

evaluated at the current density of 0.1C, as shown in the Figure 4.11b. It is obvious 

that the cell with LPAM@CG deliver higher discharge capacity than the cell with 

CG membrane. The cell assembled with CG membrane exhibits drastic capacity 

fading in 100 cycles (68% capacity retention) as a consequence of PS crossover 

mechanism, which arises from the easy migration of long-chain PSs (size range: 1-

1.8 nm) through the porous CG membrane towards lithium metal anode. Whereas 

the cell with LPAM@CG exhibits a capacity retention of 78.8% (956 mAh g-1) even 

after 300 continuous charge-discharge cycles. The improved cycling stability for 

Li-S cell with LPAM@CG separator is supposed to be derived from the presence 

of –COO¯ groups in the LPAM polymer, which can effectively restrict the 

migration of soluble PSs through coulombic repulsion (Lee et al., 2018b; Jiang et 

al., 2018). Again, the cell with CG exhibits a low coulombic efficiency (~94%), and 

the inferior performance is attributed to the severe shuttle effect stemming from 

porous structure of CG (Zhu et al., 2019b). The coulombic efficiency of 

LPAM@CG-based Li-S cell remains stable at about 99% over the entire cycles, 

which is mainly credited to the effective confinement of PS anions by the LPAM 

coating layer, as proved by the visual PS diffusion test. 

The rate performances of Li-S cell with CG and LPAM@CG are shown in 

the Figure 4.12. Similar to the cycling performances, the cell with LPAM@CG 

exhibits better discharge capacities than the cell with CG at different C-rates from 

0.1 to 3C. Consequent cycles at 0.1, 0.2, 0.5, 1, 2, and 3C-rates delivered capacities 
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of 1221, 1120, 1048, 957, 820, and 633 mAh g-1, respectively, for LPAM@CG 

separator. When the C-rate was reverted back from 3C to 0.2C, a reversible capacity 

of 1109 mAh g-1 was achieved. On the other hand, pristine CG separator provided 

discharge capacities of 669, 579, 475, 384, 228, and 46 mAh g-1, respectively, at 

0.1, 0.2, 0.5, 1, 2 and 3C. When the discharge current was switched back from 3 to 

0.2C, a reversible capacity of 518 mAh g-1 was recovered. The excellent rate 

performance of Li-S cell with LPAM@CG can be attributed to the higher ionic 

conductivity offered by the LPAM coating (Lee et al., 2018b). Lower ionic 

conductivity leads to greater concentration polarization, which causes increase in 

the charging potential and decrease in the discharging potential. The charge-

discharge potential reaches the cut-off voltage quickly for cells with high 

concentration polarization, resulting in poor rate performance (Jin et al., 2013). 

Thus, the electrochemical performance of the cell with LPAM separator could 

effectively improve compared to the cell with CG separator at even at higher C-

rates, where high transport rate of lithium ion through the separator is required. 

 

Figure 4.12. Rate capability studies of Li-S cell with CG and LPAM@CG 

 
We carried out EIS measurements to gain additional insight into the 

influence of the LPAM coating on the CG separator. These measurements were 

conducted using freshly prepared cells and cycled cells (after 100 cycles) 

incorporating the CG and LPAM@CG separators. The Nyquist plots displayed one 

or two semicircles in the high-to-medium frequency range and an inclined line in 

the lower frequency range (Figure 4.13a-b). The high frequency intercept represents 

the bulk or solution resistance (Re) of the cell, which includes resistance for ion 
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transport in the electrolyte and cell components. A single semicircle displayed by 

Li-S cell with CG corresponds to the charge-transfer resistance (Rct) (Yan et al., 

2016). At the same time, two discreate semicircles are presented by Li-S cell with 

LPAM@CG; the first semicircle in the high frequency range is associated with the 

interface contact resistance (Rint) offered by the coating layer and electrode bulk, 

while the second semicircle in the medium frequency range corresponds to the Rct 

(Lai et al., 2016). Based on the above discussion, we proposed an equivalent circuit 

model using ZSimpWin software as shown in the inset of Figure 4.13a-b. In the 

proposed circuit model, Rint//CPEint is the interphase contact resistance and its 

related capacitance (Y1 and n1 are CPEint elements). Rct//CPEdl is the charge-transfer 

resistance and its related capacitance (Y2 and n2 are CPEdl elements), which reflects 

the charge-transfer process at the interface between the conductive coating and the 

electrolyte. CPEdif is the diffusion impedance (Y3 and n3 are CPEdif elements), 

which represents lithium ion diffusion process (Deng et al., 2013). 

 

Figure 4.13. Electrochemical impedance spectra of Li-S cells with (a) CG and (b) 

LPAM@CG separators before and after 100 cycles 

 

Table 4.1. Fitted values for the equivalent circuit elements by simulation of impedance 

spectra in Figure 4.13a-b. 

 

 

 

 

Re 

(Ω) 

CPEint  

Rint 

(Ω) 

CPEdl  

Rct 

(Ω) 

CPEdif 

Y1 

(Ω-1 sn) 

n1 

 

Y2 

(Ω-1 sn) 

n2 

 

Y3 

(Ω-1 s5) 

n3 

 
CG before cycling 9.53 - - - 9.09E-5 0.85 120.3 3.64E-2 0.61 

CG after cycling 4.39 - - - 2.68E-5 0.8 72.14 3.45E-2 0.56 

LPAM@CG before 

cycling 

6.74 4.52E-5 0.84 54.89 5.38E-4 0.7 12.08 3.33E-2 0.6 

LPAM@CG after 

cycling 

2.86 3.62E-6 0.83 7.16 4.51 E-5 0.8 6.43 1.25 E-2 0.49 
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Table 4.1 presents the fitted values for all of the equivalent circuit elements. 

It is evident from the fitted values for the equivalent circuit elements that the Li-S 

cell with LPAM@CG exhibited lower Re and Rct values than the cell with CG 

separator. The significantly reduced Rct value for the Li-S cell with LPAM@CG is 

associated with the improved lithium ion conductivity and electrolyte retention 

ability, which stem from the presence of -COOˉ groups in the LPAM coating. The 

above EIS results can be considered as an additional support for the better cycling 

and rate performance offered by the cell with LPAM@CG separator (Zhang et al., 

2018c; Yang et al., 2018a; Jiang et al., 2018). 

 

Figure 4.14. (a) Self discharge behaviour of Li-S cells with CG and LPAM@CG 

separators and (b) cycling performance of the cells idled at 2.15 V at the 10th discharging 

cycle 

 
Self-discharge is a critical parameter to assess batteries, which has largely 

been neglected. Self-discharge easily occurs under storage of Li–S cells, especially 

after a full charge (Wang et al., 2016c). The robust chemical reactions of PSs with 

metallic lithium, stemming from the continuous migration and diffusion of Li2Sn 

(where 4 ≤ n ≤ 8) due to a concentration gradient, leads to the degradation of cell’s 

OCV and capacity (Shen et al., 2019). Therefore, alleviating self-discharge of a 

fully charged cell is a challenge for a practical LSB. To evaluate the self-discharge 

behaviour of Li-S cells with CG and LPAM@CG separators, the OCV of the cells 

was measured as a function of time and shown in Figure 4.14a. The OCV of Li-S 

cell with CG quickly degrades to 2.14 V within 45 h. Whereas, the self-discharge 

is considerably prevented for the cell with LPAM@CG membrane, and an OCV of 

2.48 V is maintained. To further understand the influence of LPAM@CG on self-
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discharge behaviour, the galvanostatic charge-discharge studies were carried out. 

After continuous 10 charge-discharge cycles, the cells were rested for 72 h, and 

then cycled further (Yang et al., 2018a). During the first discharge after rest (11th 

cycle), the capacity decreases drastically for the cell with CG separator (Figure 

4.14b), indicating obvious self-discharge. On the second discharge after rest (12th 

cycle), the cells restore only partial capacity. Even on further cycles, the capacity 

lost during rest could not be recovered completely. At the same time, the cell with 

LPAM@CG membrane exhibits no apparent loss of discharge capacity even after 

rest time, reduced self-discharge. 

 

Figure 4.15. Shuttle current measurements of cells containing CG and LPAM@CG 

membranes 

 
Generally, measurement of coulombic efficiency is widely employed to 

quantify the shuttle process. Moy et al., have proposed a direct method to quantify 

the rate of shuttling phenomenon also termed ‘‘shuttle current’’ by measuring and 

observing its change with time (Moy et al., 2015). The variation of the shuttle 

current for the Li-S cell with CG and LPAM@CG membranes was measured at 2.3 

V, as shown in the Figure 4.15. The rate of decrease of shuttle current was obtained 

from the slope of algebraic equation: 𝑦 = 𝑚𝑥 + 𝐶, where y, x, C and m represents 

current, time, y-intercept and slope, respectively. The slope, m is an important 

parameter as it is a direct indication of the fade in shuttle current. Typically, a linear 

decay in shuttle current is usually observed for Li-S cells. The decay in shuttle 

current can be related to the amount of PSs converted to insoluble lower-order PSs 
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at the anode. In other words, reducing the extent of deposition of insoluble species 

at the anode is expected to favourably impact the retention of capacity for the Li-S 

cell, through its implications on the shuttle current (Hu et al., 2017). It is clear from 

Figure 4.15 that the Li-S cell with LPAM@CG separator produced the least current 

decay with time, as compared to the Li-S cell with CG separator. A similar trend 

has been observed in the magnitude of the shuttle current. The Li-S cell with CG 

membrane exhibits higher shuttle current than the Li-S cell with LPAM@CG 

membranes, which implies the fact that a large amount of higher order PSs is 

converted into lower order PSs at the anode in the case of CG membrane 

(Suriyakumar et al., 2019). Obviously, the reduction in the shuttle current in the 

case of Li-S cell with LPAM@CG directly reflects the charge-discharge behaviour. 

 

4.3.4. Post-Mortem Analysis of Cycled Cells 

To better understand the advantageous effects of the LPAM coated CG separator 

on the electrochemical performance, a post-mortem analysis of the Li-S cells was 

conducted. After 100 charge-discharge cycles, the cells were disassembled in a fully 

discharged state, and the CG and LPAM@CG separators were retrieved without 

being washed (Lei et al., 2018). 

The surface morphology of the CG and LPAM@CG separators facing 

cathode and anode were observed from SEM micrographs, and corresponding EDS 

spectra were also recorded. Compared to the fresh separators (Figure 4.3a-b), the 

cycled one exhibits a denser structure with surface deposits which arises from the 

accumulation of PSs and electrolyte salts (Figure 4.16a-b). The EDS spectrum 

(Figure 4.16e-f) further confirms the distribution of sulfur species and the 

electrolyte on the separator. The PSs deposited on the separator will hardly take part 

in the redox reactions, which eventually leads to rapid capacity fading of Li-S cell. 

Moreover, this ‘dead sulfur’ got trapped in the pores and the surface of CG and 

ultimately blocks lithium ion diffusion pathways (Kong et al., 2017). Figure 4.16c-

d presented SEM micrographs of CG and LPAM@CG separators in anodic side, 

respectively. The effective blocking of PSs in cathodic compartment by LPAM 

assured a comparatively clean surface of separator in contact with lithium anode 

(Figure 4.16g-h). 
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Figure 4.16. Morphology and composition of cycled separators after 100 cycles. SEM 

images of (a) CG (b) LPAM@CG separators on cathode sides and (c) CG (d) 

LPAM@CG separators on anode sides and (e, f, g, h) are the corresponding EDS spectra. 

 
The lithium metal anodes were peeled off from the cells after 100 cycles, 

and investigated by conducting the ex-situ XPS analysis. The characteristic S2p 

peaks at ~166 eV (for polythionate complexes, a kind of transfer mediator that 

converts from long-chain PSs to short-chain PSs) and ~161 eV (assigned to 

insoluble Li2S2/Li2S) and were considerably weakened at the lithium metal surface 
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of Li-S cell containing LPAM@CG separator (Figure 4.17b) compared to the 

results of the control cell (Figure 4.17a). This post-mortem analysis verifies that the 

LPAM coating on the CG separator effectively prevented the shuttle effect, thus 

contributing to the superior cycling performance (Lang et al., 2015; Cao et al., 

2019). 

 

Figure 4.17. Deconvoluted S2p spectra for lithium anodes in the discharged state separated 

from the cells with (a) CG and (b) LPAM@CG membranes 

 

4.4. Conclusion 

In summary, a multi-functional permselective LPAM coated CG membranes was 

prepared by simple bar coating technique and applied as separators for Li-S cells. 

The LPAM@CG separator not only blocks the migration of PS anions, but also 

allows the free transportation of lithium cations. The presence of negatively charged 

-COO¯ groups on the LPAM coating impart the selective diffusion of lithium ions 

while preventing the diffusion of negatively charged PS ions through the coulombic 

interactions. Besides, the LPAMP@CG separator possesses excellent electrolyte 

wettability, interfacial contact and ionic conductivity. These advantages bring 

significant improvement in the performance of cell (areal sulfur loading 4.1 mg cm-

2) with LPAM@CG separator, with a high initial capacity of 1213 mAh g-1, an 

excellent rate capability of 633 mAh g-1 at 3C, and a good capacity retention of 956 

mAh g-1 (78.8%) after 300 cycles at 0.1C. It is suggested here that the functional 
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physical barrier (LPAM coating) layer on separator effectively suppress the PS 

crossover and improve the performance of LSB. 
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CHAPTER 5 

MICRO AND NANOCRYSTALLINE INVERSE 

SPINEL LiCoVO4 AS ELECTRODE MATERIALS 

FOR HIGH-PERFORMANCE LITHIUM-ION 

CAPACITOR 

Intercalation pseudocapacitance has been recognized as a new type of charge 

storage mechanism in crystalline metal oxides, wherein intercalation of lithium-

ions is not limited to surface structures, instead extended to the bulk crystalline 

framework of the material.  This may narrow the performance gap between 

pseudocapacitors and battery materials. Hitherto, only a few crystalline materials 

have been found to exhibit such an intrinsic capacitive property. In this chapter, we 

introduce the intercalation pseudocapacitive lithium storage property of inverse 

spinel LiCoVO4. Micro and nanocrystalline LiCoVO4 were synthesized via 

conventional solid-state reaction and hydrothermal reaction followed by 

calcination, respectively. In particular, nanocrystalline LiCoVO4 demonstrated 

better lithium-ion intercalation benefited from its small crystallite size with highly 

exposed lithium-ion selective crystallographic pathways towards electrolyte. The 

LiCoVO4 nanocrystals demonstrated excellent capacitive performance, including 

high specific capacitance (929.58 F g-1 at 1 A g-1) and cycling stability in aqueous 

electrolyte. Moreover, asymmetric hybrid LICs were assembled using 

nanocrystalline LiCoVO4 and MWCNT as the negative and positive electrode, 

respectively, in non-aqueous electrolyte. The hybrid LIC exhibited an 

unprecedented energy density (315.7 Wh kg-1 at a power density of 399.6 W kg-1) 

and superior cycling stability (93% capacitance retention after 10000 cycles). 

 
5.1. Introduction 

Both rechargeable batteries and pseudocapacitors store charges by means of a 

Faradaic redox reaction of the metal ions in electrode materials (Wang et al., 2016a; 

Liu et al., 2018b). The charge storage in batteries is controlled by cation diffusion 

within the crystalline framework of electrode material; while the pseudocapacitor 

is not controlled by diffusion, instead a surface-controlled process (Conway et al., 

1997). Transition metal oxides with layered or tunnel crystalline structures are 

interesting electrode materials for lithium storage because of their capability to 
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intercalate/de-intercalate lithium ions in the lattice sites (Augustyn et al., 2014; 

Brousse et al., 2015). Recently, lithium storage via intercalation pseudocapacitance 

received significant attention considering its ability to overcome the slow intrinsic 

lithium solid-state diffusion limited battery kinetics with surface process (Liu et al., 

2018b; Liu et al., 2020b). However, intercalation pseudocapacitive lithium storage 

is hardly observed in most metal oxides. To date, only a few transition metal oxides 

such as Nb2O5 (Deng et al., 2018), α-MoO3 (Brezesinski et al., 2010), TiO2 (Han et 

al., 2018b), H3Ti6O13 (Wang et al., 2012a), LiFePO4 (Xie et al., 2015), LiV3O8 

(Zheng et al., 2016), LiFeTiO4 (Chen et al., 2015c), etc. exhibited lithium storage 

through intercalation pseudocapacitance mechanism. The significance of this new 

class of pseudocapacitance is that lithium storage in battery materials can be 

attained at rapid rates comparable to that of electrochemical capacitors (Wang et 

al., 2016a; Jiang and Liu, 2019).  

Among a variety of intercalation host materials for LIB, spinel and inverse 

spinel-type structures earned a special interest as lithium hosts permitting three 

dimensional pathways for rapid lithium diffusion accompanying a low energy 

barrier (Haetge et al., 2011; Goodenough and Park, 2013). Nanocrystalline structure 

contributes increased number of lattice sites for accommodation of lithium-ions 

with expanded solid-solution limits. The combination of ion-selective channels and 

nanocrystalline structure exhibited a possible way for high rate lithium storage 

(Kim et al., 2011). The search of new lithium-ion intercalation pseudocapacitive 

electrode materials capable of delivering high energy density and long cycle life 

found great interest in the research of electrochemical capacitors. LiCoVO4 was 

investigated as a LIB electrode material due to their capability of lithium storage 

through intercalation/extraction mechanism, providing a theoretical capacity 148 

mAh g-1 (Chen et al., 2003). LiCoVO4 possess an inverse spinel structure in which 

Li+ and Co2+ ion equally reside in octahedral sites, and V5+ ions occupy the 

tetrahedral sites. The lithium ions present in the octahedral site take part in the 

intercalation process (Prakash et al., 2013a). Despite these investigations, the 

application of LiCoVO4 for lithium storage via intercalation pseudocapacitance has 

not been studied. 
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In this chapter, we introduce inverse spinel LiCoVO4 as a new lithium-ion 

intercalation pseudocapacitive electrode material operated in aqueous electrolyte 

and the effect of crystallite size on the fundamental lithium storage properties has 

been investigated. The micro and nanocrystalline LiCoVO4 was synthesized by 

conventional solid-state reaction (S-LCVO) and hydrothermal method followed by 

calcination (H-LCVO), respectively. The electrochemical studies reveal that 

nanocrystalline inverse spinel LiCoVO4 exhibits a high specific capacitance of 

929.6 F g-1 at a current density of 1 A g-1 with excellent cycling stability in 1 M 

LiOH aqueous electrolyte. The kinetic information gained from cyclic 

voltammetric response, i.e., the so-called b-value defining the power law evolution 

of the measured current at a fixed potential with respect to potential sweep rate 

confirms the proposed lithium-ion intercalation mechanism. Furthermore, the as-

assembled asymmetric hybrid LIC comprised of H-LCVO as negative electrode and 

MWCNT as positive electrode demonstrated excellent capacitive performances in 

aqueous and non-aqueous electrolyte. The LIC cells assembled in non-aqueous 

system exhibited a wide voltage window of 3V, superior energy density of 315.7 

Wh kg-1 and excellent capacitance retention of 93% after 10000 cycles. 

 

5.2. Materials and Methods 
 

5.2.1. Materials 

The precursors employed for synthesizing LiCoVO4 active electrode 

material includes lithium nitrate (LiNO3, 99.99% purity), cobalt nitrate 

(Co(NO3)2.6H2O, 99.99% purity), and ammonium metavanadate (NH4VO3, 

99.99% purity) were purchased from Sigma Aldrich. The chemicals used for 

electrochemical evaluation consists of PVDF, NMP, super P carbon, MWCNT, 

LiTFSI, DOL, DME, Celgard 2400 membrane, 2032 type coin cell case (details are 

given in section 2.2.1), nickel foam (1.6 mm thickness, MTI Corporation). All 

chemicals were used as received without further purification. 
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5.2.2. Synthesis of Micro and Nanocrystalline LiCoVO4 

The microsized LiCoVO4 (S-LCVO) was synthesized by the solid-state reaction. 

The stoichiometric amounts of LiNO3, Co(NO3)2, and NH4VO3 in a molar ratio of 

1:1:1were pulverised for 6 h, using yttrium stabilized zirconia balls and then pressed 

into pellets. The pellets were sintered at 600 °C for 6 h in a muffle furnace. After 

cooling in air to room temperature, grinded using an agate mortar and sintered at 

800 °C for 8 h to obtain a highly crystalline LiCoVO4 powder. 

The nanosized LiCoVO4 (H-LCVO) was synthesized via hydrothermal 

reaction. The stoichiometric amounts of LiNO3, Co(NO3)2, and NH4VO3 in a molar 

ratio of 1:1:1 were dissolved in distilled water to form a homogeneous solution. 

This precursor solution was then transferred into a 100 mL Teflon-lined stainless 

steel autoclave and maintained at 200 °C for 12 h. The light brown precipitate 

obtained was thoroughly washed with de-ionized water and ethanol to remove ions 

possibly remaining in the final hydrothermal products, dried at 80 °C in the air. The 

obtained powder was further calcined at 400 °C for 6 h to increase the crystallinity. 

 

5.2.3. Material Characterization 

The crystallographic structure and average crystallite size of the samples were 

determined by powder X-ray diffraction (XRD, PANalytical X’pert Pro 

diffractometer) patterns using a Cu-Kα radiation (λ = 0.15406 nm) in the range from 

10° to 80°. The functional groups were detected using Fourier-transform infrared 

(FT-IR, PerkinElmer Spectrum 100) spectra recorded employing KBr pellet 

method. The thermal stability of the samples were evaluated using 

thermogravimetric analysis (TGA, Hitachi STA7300 Thermal analysis system) 

under inert atmosphere up to 800 °C with a heating rate of 10 °C min-1. The 

morphology and microstructure of the samples were observed by scanning electron 

microscopy (SEM, FEI Quanta FEG 200) and transmission electron microscopy 

(TEM, JEOL JEM 2100, at 200 kV). The elemental composition was identified 

using energy dispersive X-ray spectrometry (EDS). The X-ray photoelectron 

spectroscopy (XPS, Kratos-Analytical Axis Ultra spectrometer) with a 
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monochromatic Al-Kα X-ray source was performed to estimate the various 

chemical states of bonded atoms in the sample. 

 

5.2.4. Electrode Preparation and Fabrication of Coin Cells 

The individual electrodes were fabricated for both S-LCVO and H-LCVO. The 

slurry of pseudocapacitive LiCoVO4 electrodes were prepared by mixing active 

material, Super P, and PVDF binder in a weight ratio of 8:1:1 in NMP solvent. Then 

the slurry was cast onto nickel foam current collector and dried at 80 °C in a vacuum 

oven. A 1 cm × 1 cm square electrodes were used for three-electrode system. 

The negative electrode of LIC cell was prepared by coating H-LCVO slurry 

on nickel foam and dried. Then, it was roll-pressed and punched into circular disks 

with a diameter of 15 mm.  The positive electrode was prepared comprising 

MWCNT, super P and PVDF binder in a weight ratio of 8:1:1. The materials were 

grinded in NMP to form slurry, which was then coated on the nickel foam and dried 

for 12 h at 120 °C. Then roll-pressed and punched into circular disks with a diameter 

of 15 mm. A standard 2032 type coin cell was assembled with aqueous (1M LiOH) 

and non-aqueous electrolyte (1M LiTFSI in the mixture solvent of DOL and DME 

in a volume ratio of 1:1). The coin cell using non-aqueous electrolyte was 

assembled in an Ar-filled glove box (M Braun, Germany).  

 

5.2.5. Electrochemical Evaluation 

The effect of crystallite size on pseudocapacitive lithium storage of the fabricated 

electrodes was evaluated using a three-electrode setup in 1 M LiOH aqueous 

solution as electrolyte. Cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and galvanostatic charge-discharge measurements were 

conducted by using PGSTAT302N electrochemical workstation (Metrohm 

Autolab, Netherlands). The micro and nanocrystalline LiCoVO4 acted as the 

working electrodes, platinum mesh and Ag/AgCl electrodes were used as counter 

and reference electrodes, respectively. The CV curves were measured in a potential 

range of -0.2 to 0.6 V at various sweep rates (range from 1 to 100 mV s-1). The EIS 

was measured at the working electrode potential of 0 V with a perturbation potential 
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of 5 mV in a frequency range of 0.1 to 105 Hz. The hybrid cells were assembled in 

order to investigate the capacitive performance in non-aqueous electrolyte. The full-

cell was fabricated using nanocrystalline LiCoVO4 as the negative electrode and 

MWCNT as the positive electrode. The mass loading ratio between positive and 

negative electrodes was optimized according to the specific capacitance calculated 

from their discharge curves, and can be expressed as follows (Tang et al., 2013; 

Madabattula et al., 2020): 

𝑚+

𝑚−
=  

𝐶− × 𝑉−

𝐶+ × 𝑉+
                                                                                                                   (5.1) 

where m (g) is the mass of active material in electrode, C (F g-1) is the specific 

capacitance calculated using equation (1.12), and ∆V (V) is the operating potential 

of each electrodes. The specific capacitance can be calculated from the discharge 

curves according to the equation (1.12), where m (g) is the mass of active material 

coated on the individual electrode for 3-electrode setup or the total mass of active 

materials on the two electrodes for full-cell setup. Energy density (Wh kg-1) and 

power density (W kg-1) were calculated according to the equations (1.10) and 

(1.11). 

 

5.3. Results and Discussion 
 

5.3.1. Material Characterization 

The crystal structure and phase purity of LiCoVO4 active material synthesized via 

solid-state and hydrothermal reaction were characterized by powder XRD. XRD 

patterns for both S-LCVO and H-LCVO samples are shown in Figure 5.1a, which 

can be indexed on the basis of the standard PDF card (JCPDS 01-073-1635). The 

diffraction peaks at 2θ = 21.04°, 30.59°, 36.44°, 43.89°, 54.23°, 58.02°, 63.81°, 

72.92° and 75.98° corresponds to the crystal planes (111), (220), (311), (400), 

(422), (511), (440), (620) and (533). It is clear that all intense diffraction peaks 

correspond to a cubic phase and Fd3̅m (227) space group, in which Li and Co ions 

partially occupy 16d sites, V is located in 8a site, and O occupy 32e site (Prakash 

et al., 2013b). The peaks indexed as (311) and (111) planes are characteristics of an 
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inverse spinel structure (Li et al., 2009). Diffraction peak broadness was observed 

for H-LCVO, implying smaller crystallite size. 

 

Figure 5.1. (a) XRD patterns and (b) FT-IR spectrum of S-LCVO and H-LCVO 

 
Figure 5.1b shows the FT-IR spectra of S-LCVO and H-LCVO, which 

provides further insight into the structural information. The absorption band 

observed at 863 and 798 cm-1 are assigned to the stretching vibrations of VO4 

tetrahedrons. The bands sited around 600 to 450 cm-1 range are associated with the 

vibrations of Co-O bonds in CoO6 and Li-O bonds in LiO6 octahedral units or 

bending vibrations of VO4 tetrahedron. The two weak absorption bands observed 

at 1087 and 1020 cm-1 corresponds to the asymmetric stretching vibration mode of 

Co-O bonds in CoO6 octahedron. The two weak bands around 441 and 415 cm-1 

refer to asymmetric stretching vibrations of Li-O bonds in LiO6 octahedron 

(Bhuvaneswari et al., 2005). 

The morphologies of S-LCVO and H-LCVO were observed by SEM and 

TEM, as shown in Figure 5.2. The SEM micrograph of S-LCVO (Figure 5.2a) 

reveals the formation of an irregular cube-like structure with a dimension ranging 

from 800 to 1000 nm. In contrast, Figure 5.2b depicts SEM image of H-LCVO, 

which consists of roughly spherical grains with grain size ranging from 45 to 60 

nm. The elemental composition was confirmed using EDS analysis (Figure 5.2c-d). 

EDS analysis revealed the presence of Co, V, and O with an average ratio of 1:1 for 

Co: V.  



120 
 

 
Figure 5.2. FESEM images of (a) S-LCVO (b) H-LCVO, and EDS spectrum of (c) S-

LCVO (d) H-LCVO 

 

 

Figure 5.3. TEM images of (a) S-LCVO (b) H-LCVO, high-resolution TEM and indexed 

SAED patterns of (c) S-LCVO (d) H-LCVO 
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Further, the TEM imaging was carried out to gather insight on LiCoVO4 

crystal structure. TEM images of S-LCVO (Figure 5.3a) and H-LCVO (Figure 

5.3b) expose well defined crystal faces. High resolution TEM images shown in 

Figure 5.3c-d shows lattice fringes from the crystallites. The lattice spacing of 0.247 

and 0.249 nm corresponds to the (311) plane of S-LCVO and H-LCVO, 

respectively. The selected area electron diffraction (SAED) pattern shown in the 

inset of Figure 5.3c-d demonstrates crystalline nature of the sample and the 

diffraction spots can be clearly indexed to the inverse spinel LiCoVO4 phase. 

The surface electronic sates of each elements present in LiCoVO4 was 

obtained from XPS measurements. Figure 5.4 shows the Li, Co, V and O XPS core 

level spectra for S-LCVO and H-LCVO. It can be clearly seen in Figure 5.4, that 

the XPS peak positions for both samples are analogous. The binding energy of the 

Li1s core level emission peak (Figure 5.4a) was located at 54.6 eV and appeared as 

a broadened signal (Kanamura et al., 1995). The Co2p core spectrum (Figure 5.4b) 

consists of Co2p3/2 and Co2p1/2 peaks at 779 and 794.8 eV, respectively and 

corresponding weak shake up satellite peaks of Co2+. The V2p core spectrum 

(Figure 5.4c) splits to V2p3/2 and V2p1/2 peaks located at 516.9 and 524.2 eV, 

characteristics of V5+. The XPS O1s peak (Figure 5.4d) shows a peak around 529.6 

eV assigned to Co-O bonds, and a shoulder peak at 531.2 eV associated with oxygen 

in low coordination sites at the surface (Prakash et al., 2013a).  

 

Figure 5.4. XPS core level spectra of both S-LCVO and H-LCVO (a) Li1s (b) Co2p (c) 

V2p (d) O1s 
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TGA analysis was carried out in order to determine thermal stability and 

decomposition profile of the samples. Figure 5.5 shows the thermal decomposition 

profile of S-LCVO and H-LCVO in a temperature range of 25 to 800 °C. The initial 

weight loss below 100 °C is attributed to the evaporation of residual water. The next 

weight loss observed in the temperature range of 200 to 300 °C is due to the 

decomposition of residual precursor materials, which takes place at its melting 

points. After 300 °C, both S-LCVO and H-LCVO gives a stable decomposition 

curve. The percentage weight loss until the weight stabilizes is 14.6% for S-LCVO 

and 8.5% for H-LCVO. From the TGA curve, it is clear that the microcrystalline S-

LCVO exhibited greater degree of weight loss compared to nanocrystalline H-

LCVO. The greater weight loss observed in S-LCVO can be ascribed to the 

enthalpic gain due to weak bonding between constituent atoms as well as entropic 

gain obtained by liberating more number of left over water molecules (Kim et al., 

2013). 

 

Figure 5.5. TGA curves of S-LCVO and H-LCVO 

 

 

5.3.2. Electrochemical Lithium Storage Performance of Micro and 

Nanocrystalline LiCoVO4 

The pseudocapacitive lithium storage of LiCoVO4 electrodes in 1 M LiOH aqueous 

electrolyte was evaluated on the basis of its response to a potential sweep (CV), 

alternating current (EIS), and constant current (galvanostatic charge-discharge 

measurements). 
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Figure 5.6. CV curves of (a) S-LCVO and (b) H-LCVO at different sweep rates 

 
The electrochemical performance of micro and nanocrystalline LiCoVO4 

electrodes was firstly examined by CV using a 3-electrode setup (Figure 5.6a,b). 

The CV curves exhibited symmetric cathodic and anodic peaks with a slight voltage 

separation in the sweep rates ranging from 20 to 1 mV s-1. This feature is one of the 

indicatives of pseudocapacitive behaviour. Beyond the sweep rates of 20 mV s-1, 

there is an evident peak shift owing to ohmic contribution (Wang et al., 2015c). 

 

Figure 5.7. (a) The 3D visualization of LiCoVO4 crystal using VESTA 3, where Li and 

Co equally occupies MO6 (M = Li, Co) octahedra indicated in blue colour and VO4 

tetrahedra in green colour (b) schematic illustration of the Li+ intercalation and de-

intercalation process in LiCoVO4 electrode during charge-discharge process. CoO6 

octahedra and VO4 tetrahedra in the LiCoVO4 crystal structure are not represented. 

 
The cathodic and anodic peaks observed in the potential range of 0.2 to 0.6 

V can be attributed to the reversible electrochemical lithium-ion intercalation and 

extraction process represented by the following reaction: 
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LiCoVO4   ↔    Li1-xCoVO4 + xLi+ + xe ̅                                                            (5.2) 

where x is the mole fraction of inserted lithium given by x = QM/mF, where Q is 

the stored charge, M is the molecular weight, m is the mass and F is the Faraday 

constant (Brezesinski et al., 2010).  In this reaction, lithium ions can intercalate and 

de-intercalate during the charge-discharge process (as shown in Figure 5.7), which 

is similar to that of the LIB. The electrochemical insertion of lithium ions into 

LiCoVO4 was expected to occur with concomitant oxidation of Co2+ to Co3+.  

Comparative CV curves of S-LCVO and H-LCVO at the sweep rate of 100 

mV s-1 was represented in Figure 5.8a. The current density and area of the CV curve 

were much larger for H-LCVO compared to S-LCVO, because of the 

nanocrystalline nature of H-LCVO. The nanocrystalline structure offer more 

number of 3D lithium-ion diffusion pathways within the unit area of electrode 

surface, thereby providing fast ion transport path and enhanced electrolyte 

accessibility (Xia et al., 2018). 

 

Figure 5.8. (a) CV curves of S-LCVO and H-LCVO at the same sweep rate of 100 mV s-1 

(b) EIS spectra of both S-LCVO and H-LCVO. Inset: corresponding equivalent circuit 

 
The electrochemical behaviour of microsized S-LCVO and nanosized H-

LCVO was further analysed using EIS analysis. Figure 5.8b shows the EIS Nyquist 

plots and its calculated curve by the ZSimpWin software. An equivalent circuit used 

to fit the impedance curve is given in the inset of Figure 5.8b, which includes 

elements of bulk solution resistance (Rs), charge-transfer resistance (Rct), constant 

phase element (CPE) to account for the double layer capacitance, Warburg 
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diffusion element (W) and a pseudocapacitive element (Cp) from the lithium-ion 

diffusion associated with intercalation/extraction process of electrode materials. 

The equivalent series resistance (Rs) of the electrodes can be obtained from the high 

frequency intersection of Nyquist plot in the x-axis (Li et al., 2014c; Eskandari et 

al., 2020). It is found that H-LCVO has reduced Rs value compared to S-LCVO 

electrode in 1 M LiOH aqueous electrolyte. The reduced Rs value of H-LCVO 

electrode could be attributed to the small crystallite size of the active material, 

which shortens the lithium-ion diffusion path length and thereby boost the lithium-

ion movement in the electrolyte. In addition, the absence of semicircle in the high 

frequency region of Nyquist plot implies negligible charge-transfer resistance for 

both electrodes. The slopes of straight lines in the low frequency region of both S-

LCVO and H-LCVO electrodes were larger than that of 45° straight line, indicating 

characteristic capacitor behaviour (Ates et al., 2015; Gupta et al., 2015; Mei et al., 

2018). 

 

Figure 5.9. Galvanostatic discharge curves of (a) S-LCVO and (b) H-LCVO at various 

current densities (c) specific capacitance of S-LCVO and H-LCVO at different current 

densities (d) long-term cycling stability of S-LCVO and H-LCVO 
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The lithium storage capacity of micro and nanocrystalline LiCoVO4 

electrodes were investigated using galvanostatic charge-discharge studies in the 

potential range of -0.2 to 0.52 V to avoid IR drop. Figure 5.9a-b show the discharge 

curves of S-LCVO and H-LCVO at various current densities between 0.5 A g-1 to 

15 A g-1. Correspondingly, a discharge plateau was observed, which is consistent 

with CV results. The discharge time of H-LCVO electrode is higher than of S- 

LCVO electrode, implying a higher specific capacitance for H-LCVO.  

The specific capacitance calculated from the discharge curves at various 

current densities is shown in Figure 5.9c. At different current densities of 0.5, 1, 2, 

5, 10, and 15 A g-1, the specific capacitance was estimated to be 754.5, 730.4, 651.6, 

449.3, 329.1 and 262.5 F g-1 for S-LCVO and 967.9, 929.5, 883.3, 819.4, 756.9 and 

641.6 F g-1 for H-LCVO electrode. The specific capacitance of H-LCVO was 

apparently larger than that of S-LCVO. The higher electrochemical capacitance of 

H-LCVO electrode can be ascribed to its nanocrystalline structure which possibly 

exposes a large active surface to enhance the electrolyte accessibility, and thereby 

provides a large number of active sites for rapid lithium-ion transport (Lukatskaya 

et al., 2016). The continuous charge-discharge measurements were carried out to 

evaluate the long term cyclability of the micro and nanocrystalline LiCoVO4 

electrodes. Figure 5.9d shows the variation of specific capacitance versus cycle 

number at a current density of 1 A g-1. The capacitance loss was merely 1.05% for 

S-LCVO and 0.48% for H-LCVO after 2000 continuous charge-discharge cycles. 

The excellent cycle stability exhibited by S-LCVO and H-LCVO electrodes can be 

endorsed to its unique structural feature which provides facile lithium-ion migration 

pathways with negligible crystallographic phase change during 

lithiation/delithiation process (Lubimtsev et al., 2013; Mohd Abdah et al., 2020). 

Moreover, H-LCVO demonstrated the improved electrochemical performance 

(specific capacitance as well as cycle stability) compared to S-LCVO. It is believed 

that the nanocrystalline structure could provide large number of ion conducting 

channels per unit area and favour fast lithium-ion transport for H-LCVO 

(Tomaszewska et al., 2019; Kim et al., 2019). The capacitive charge storage 

observed in both micro and nanosized LiCoVO4 crystals with negligible phase 
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transformation further confirms the intrinsic pseudocapacitive behavior of 

LiCoVO4. 

 

Figure 5.10. XPS survey spectrum of (a) S-LCVO electrode before and after cycling 

(b) H-LCVO electrode before and after cycling. Comparative XPS core level spectrum 

of Co 2p (c) S-LCVO electrode before and after cycling (d) H-LCVO electrode before 

and after cycling 

 
XPS analysis of S-LCVO and H-LCVO electrode materials were carried out 

to further confirm the proposed lithium-ion intercalation mechanism and excellent 

cycling stability. It can be clearly seen from the survey spectra (Figure 5.10a-b) that 

S-LCVO and H-LCVO electrode before and after charge-discharge cycles primarily 

composed of Li1s, Co2p, V2p, and O1s peaks. The additional XPS peaks C1s and 

F1s were originated from Super P and PVDF employed during electrode coating 

process and Ni2p peak from the nickel foam substrate. No apparent shift in peak 

position was observed for both S-LCVO and H-LCVO electrodes after repeated 

2000 charge-discharge cycles, which validate the conclusion that there is no 
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perceptible phase transformation after cycling. The comparative Co2p core level 

spectra of S-LCVO and H-LCVO electrode before and after cycling were evaluated 

(Figure5.10c-d), which comprises of two major peaks, centered around 776.65 eV 

for Co2p3/2 and 795.03 eV for Co2p1/2 with shake-up satellite peaks (Prakash et al., 

2013a). It is obvious that the core level Co2p peaks hardly shift even after 

continuous charge-discharge cycles. This observation substantiates the fact that 

capacitance performance in LiCoVO4 electrode is exclusively lithium-ion 

intercalation/extraction process without any crystallographic phase change.  

SEM micrographs of S-LCVO and H-LCVO electrodes before and after 

cycling further provide evidence for the lithium-ion intercalation mechanism with 

negligible structural changes (Figure 5.11a-d), affirming XPS results.   

 

Figure 5.11. FESEM images: S-LCVO (a) before cycling (b) after cycling and H-LCVO 

(c) before cycling (d) after cycling 

 
Further insight regarding kinetics of charge storage in micro and 

nanocrystalline LiCoVO4 can be obtained from detailed evaluation of CV data. The 

relationship between the redox peak current (i) and sweep rate (v) should obey the 
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power law: i = avb. The calculated b-value can be used to distinguish the charge 

storage behaviour, whether it originates from battery-type (controlled by cation 

diffusion in the crystalline framework of electrode material) or capacitive (not 

limited by the diffusion of cations within the crystalline framework of electroactive 

materials) processes. The b-value of 0.5 represents battery-type semi-infinite 

diffusion- process, whereas b-value of 1 indicates capacitor-type behaviour via a 

fast Faradaic reaction (Augustyn et al., 2014; Wang et al., 2016a). Figure 5.12 

shows the b-value determination of cathodic peaks by plotting log(i) versus log(v). 

The b-values close to 1 is obtained for both micro and nanocrystalline LiCoVO4 in 

the potential sweep rate ranges from 1 to 20 mV s-1, and deviates severely when the 

sweep rate is beyond 20 mV s-1. The deviation observed in the faster sweep rates 

can be ascribed to poor electronic conductivity of the active electrode materials 

resulting in the lethargic electron transportation (Augustyn et al., 2013; Elgrishi et 

al., 2018). Thus, it can be concluded that total stored energy in the LiCoVO4 arises 

from the intercalation/de-intercalation of lithium-ion that is not limited by solid-

state diffusion. 

 

Figure 5.12. b-value determination of cathodic peak currents 

 
In the case of cation-intercalation pseudocapacitance, the advantage of 

batteries is integrated with that of supercapacitors. Therefore, overall capacity of 

the material can be considered as a contribution from capacitive charge storage and 
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bulk charge storage. However, the capacitive component contributes more. For such 

materials exhibiting hybrid charge storage, the b-value is only close to and slightly 

less than 1. The calculated b- values for S-LCVO and H-LCVO electrodes in the 

wide range of sweep rate (1 to 100 mV s-1) are 0.81 and 0.84, respectively. In other 

words, the LiCoVO4 electrodes possess hybrid charge storage behaviour, which can 

be described as a combination of surface-controlled capacitive and diffusion-

controlled lithium-ion intercalation mechanism (Augustyn et al., 2014; Wang et al., 

2016a; Jiang and Liu, 2019). 

 

5.3.3. Electrochemical Lithium Storage Performance of 

Nanocrystalline LiCoVO4 Hybrid LIC in Aqueous 

Electrolyte 

For asymmetric LICs, it is crucial that the capacities of cathode and anode should 

match with each other to fully utilize the electrochemical properties of both 

electrodes (Cericola and Kötz, 2012; Wang et al., 2019e). Generally, the capacity 

of anode is much higher than that of cathode, which requires a higher mass loading 

of cathode according to the equation (5.1). 

 

Figure 5.13. Electrochemical evaluation of MWCNT electrode in 1 M LiOH electrolyte: 

(a) CV curves at different potential sweep rates (b) galvanostatic discharge curves at 

different applied current densities 

 
The hybrid cells were fabricated using H-LCVO as negative electrode and 

MWCNT as the positive electrode. The MWCNT based positive electrode provide 

accessible mesopores due to its central canal and entangled structure, which 
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possibly facilitate the lithium-ion intercalation process. In addition, the presence of 

multiple rolled layers in MWCNT enhances lithium-ion insertion in a way similar 

to graphite (Landi et al., 2009; Xiong et al., 2013). The electrochemical evaluation 

of MWCNT electrode in 1 M LiOH electrolyte is represented in Figure 5.13a-b. 

 

Figure 5.14. (a) CV profiles of H-LCVO and MWCNT electrodes. Electrochemical 

performance of assembled hybrid cells: (b) CV curves at various sweep rates and (c) 

galvanostatic charge-discharge at various current densities (d) Specific capacitance at 

various current densities (e) Cycling stability at 1.33 A g-1 (f) Ragone plot 

 



132 
 

As shown in Figure 5.14a, H-LCVO and MWCNT electrode exhibited a 

stable voltage window of -0.2 to 0.6 V and 0 to 1 V (vs. Ag/AgCl) at 50 mV s-1, 

respectively. Thus, an extended operating voltage window from -0.2 to 1 V can be 

expected for assembled cell. The specific capacitance of individual H-LCVO and 

MWCNT was calculated from their discharge curves, and found to be 968 and 158.5 

F g-1, respectively, at 0.5 A g-1. Here, the mass ratio of active material coated on the 

negative to positive electrode was set to 0.227 to maintain charge balance across 

the electrodes (Dsoke et al., 2015). 

Figure 5.14b demonstrates the CV curves of the H-LCVO//MWCNT hybrid 

cell cycled at various sweep rates (from -0.2 to 1 V). The presence of redox peaks 

observed in the CV curve suggests the pseudocapacitive behaviour of the assembled 

supercapacitor due to fast lithium-ion transport through intercalation process (Wang 

et al., 2016a). The galvanostatic discharge curves of hybrid cell were shown in 

Figure 5.14c. Lithium-ion intercalation into the crystalline framework of LiCoVO4 

takes place during charging and lithium-ion extraction into the electrolyte occur 

during discharging. Based on total mass of active material in both electrodes, 

specific capacitance of the cell at various current densities were calculated from the 

discharge curves and represented in Figure 5.14d. The cell displays a capacitance 

of 206 F g-1 at 0.66 A g-1 and decrease to 103.6 F g-1 at 10.66 A g-1. Further, the 

long-term cycle performance of the fabricated H-LCVO//MWCNT hybrid cell was 

evaluated from continuous charge-discharge cycling at 1.33 A g-1 for 5000 cycles 

(Figure 5.14e). Capacitance retention of nearly 94% is observed even after 5000 

continuous charge-discharge cycles indicating excellent electrochemical stability. 

The energy density and power density of the hybrid supercapacitors were calculated 

using (1.10) and (1.11), and given in the Ragone plot (Figure 5.14f).The H-

LCVO//MWCNT cell exhibited a maximum energy density of 148.7 Wh kg-1 at a 

power density of 260 W kg-1, and a maximum power density of 4260 W kg-1 at an 

energy density of 74.6 Wh kg-1. The maximum value of energy density delivered 

by fabricated hybrid cell is better than that of supercapacitor electrodes previously 

reported in aqueous electrolyte (Sun et al., 2017b; Pan et al., 2019). 
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5.3.4. Electrochemical Lithium Storage Performance of 

Nanocrystalline LiCoVO4 Hybrid LIC in Non-Aqueous 

Electrolyte 

In order to achieve better energy density, we developed an asymmetric LIC which 

is based on a negative electrode of H-LCVO and a positive electrode of MWCNT 

in an organic electrolyte containing lithium-ions. On charge process, anions from 

electrolyte are absorbed in porous structure of MWCNT (positive electrode). At the 

same time, lithium-ions from electrolyte are intercalated into the H-LCVO 

(negative electrode). Discharge reverses the charge process. 

 

Figure 5.15. Electrochemical performance of H-LCVO//MWCNT LIC: (a) CV curves at 

various scan rates, (b) galvanostatic charge-discharge curves at different current densities, 

(c) specific capacitance values calculated from galvanostatic charge/discharge curves 

under different current densities, (d) cycle stability for 10000 cycles at a current density 

of 5 A g-1, Inset: charge-discharge profiles for 10 continuous charge-discharge cycles  

 
The CV curves and charge-discharge curves of the H-LCVO//MWCNT 

hybrid LICs are displayed in Figure 5.15a-b. The CV curves are different from those 
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of the conventional symmetric capacitors, gradually deviate from the ideal 

rectangular shape with increasing scan rates, which is due to the insertion-type 

energy storage mechanism of H-LCVO (Wang et al., 2016a; Shao et al., 2018b). 

However, the curve profiles reveal the rectangular part from 0.75-2 V, indicating 

the co-existence of the EDLC-type and battery-type charge storing features. The 

charge-discharge curves in Figure 5.15b exhibit a great linear relation especially at 

large current densities and show some bending at low current densities, 

corresponding to the redox peak in CV curves (Huang and Niederberger, 2019; 

Huang et al., 2020). The specific capacitance values of H-LCVO//MWCNT  hybrid 

LIC (based on total mass of cathodic and anodic active materials) were 70.1, 67, 

64.5, 60, 54.7, 45.6, 41 F g-1 at the current densities of 0.5, 1, 2, 5, 10, 20, 30 A g-1, 

respectively (Figure 5.15c).Furthermore, H-LCVO//MWCNT based LIC also 

exhibits a good cycle stability (Figure 5.15d) with the capacity retention of ~93% 

after 10000 cycles at a high current density of 5 A g-1.  

 

Figure 5.16. Ragone plot of LIC cell (inset shows a white LED powered by two LIC 

devices in series) 

 
The Ragone plot (energy density vs. power density) of H-LCVO//MWCNT 

hybrid LIC is shown in Figure 5.16. It can be seen from Figure 5.16 that the H-

LCVO//MWCNT can attain high energy density of 315.7 Wh kg-1 at power density 

of 399.6 W kg-1, even at a relatively higher power density of 23990.2 W kg-1, the 

energy density can retain 184.7 Wh kg-1, which is calculated from the active 

material mass of both the electrodes. Finally, in order to reveal the potential of H-
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LCVO//MWCNT in practical applications, we use a light-emitting diode (LED) 

system for measurement (inset of Figure 5.16). After charging for 20s, the LIC 

system could glow a white LED for over 2 minutes. 

Table 5.1. Comparison of the electrochemical performance of LIC fabricated 

using aqueous and non-aqueous electrolyte 

 Current density 

(A g-1) 

Specific 

capacitance (F g-1) 

Energy density 

(Wh kg-1) 

Power density 

(W kg-1) 

Aqueous 

electrolyte 

0.66 206.6 148.7 264.4 

10.66 103.6 74.6 4263.6 

Non-aqueous 

electrolyte 

0.5 70.1 315.7 399.6 

10 54.7 246.2 7944.6 

 

The extraordinary electrochemical performance observed for H-

LCVO//MWCNT can be attributed to the nanocrystalline structure of LiCoVO4, 

which renders rapid lithium-ion transport pathway within the crystal lattice. On the 

other hand, the unique coupling with MWCNT electrode also contributes to the 

excellent performance of assembled capacitor. Together with lithium-ion 

intercalation type (H-LCVO) electrode, EDLC-type (MWCNT) counter electrode 

boost up the energy density, but at a cost of power density. Our studies reveal an 

excellent pseudocapacitive lithium storage performance with an exceptionally high 

energy density, in the meantime retaining reasonable power density. 

 

5.4. Conclusion 

In summary, the pseudocapacitive lithium storage capability of micro and 

nanocrystalline LiCoVO4 have been investigated in aqueous electrolyte. The 

LiCoVO4 nanocrystals demonstrated better lithium-ion intercalation/de-

intercalation properties benefited from its small crystallite size with highly exposed 

crystallographic framework towards electrolyte. On the grounds, we fabricated a 

hybrid asymmetric capacitor (nanocrystalline LiCoVO4//MWCNT) using aqueous 

and non-aqueous electrolyte. The LIC cell in non-aqueous electrolyte displays a 

specific capacitance of 67 F g-1 at a current density of 1 A g-1, and good reversibility 

with a capacitance retention of ~93% after 10000 cycles. The energy performance 
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of the hybrid LIC cell reported here reaches 315.7 Wh kg-1 (at a power density of 

399.6 W kg-1). Therefore, the designed hybrid LIC with exceptionally high energy 

density and excellent cycling stability, offer a promising approach to develop 

advanced supercapacitor devices for both commercial and consumer applications. 
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CHAPTER 6 

NANOCRYSTALLINE INVERSE SPINEL LiNiVO4 

AS AN INSERTION ANODE FOR LITHIUM-ION 

CAPACITOR 

The nanocrystalline LiNiVO4 was synthesized via hydrothermal reaction followed 

by calcination. The phase purity, surface morphology and microstructure of the 

LiNiVO4 synthesized were analysed by XRD, FT-IR, SEM (EDS), TEM and XPS 

analysis. The lithium ion intercalation-extraction behaviour of the LiNiVO4 

electrode material was investigated in aqueous (1M LiOH) and non-aqueous (1M 

LiTFSI in 1:1 v/v DOL:DME) electrolyte systems. The electrochemical evaluation 

of LiNiVO4 electrode in aqueous electrolyte demonstrated good capacitive 

performance with a specific capacitance of 406 F g-1 at a current density of 1 A g-

1. The cycle stability test reveals exceptional capacitance retention of ~99% even 

after 1000 cycles owing to the unique structural feature which permit intercalation 

mechanism. The lithium storage through intercalation pseudocapacitance was 

confirmed by CV kinetics studies. Further, asymmetric supercapacitor cell has been 

assembled with LiNiVO4 as negative electrode and MWCNT as positive electrode 

in non-aqueous (1M LiTFSI in 1:1 v/v DOL:DME) electrolyte. The assembled 

hybrid cells exhibited a high energy density of 255 Wh kg-1 with maximum power 

density of 22325 W kg-1 and excellent capacitance retention of ~92% after 10000 

cycles. These findings demonstrate the significance of lithium transition metal 

vanadate based electrode material in the development of lithium ion intercalation 

pseudocapacitors. 

 
6.1. Introduction 

Lithium-ion capacitors (LICs), combination of a Faradaic LIB anode and a 

capacitive EC cathode, are emerging as a highly promising energy storage 

technology (Cabán-Huertas et al., 2017; Li et al., 2019f). These two electrodes with 

different storage mechanisms can operate reversibly in different potential ranges in 

LIC device, thus providing an opportunity to effectively improve the energy and 

power densities as well as cycle life (Yoo et al., 2014; Dubal et al., 2018). However, 

the full energy utilization of the Faradaic LIB anode is hindered due to the kinetic 

imbalance between the Faradaic anode and capacitive cathode (Shen et al., 2017). 

According to their reaction mechanisms, the proposed LIB anode materials can be 
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divided into three main categories. Materials relying on alloying/dealloying and 

conversion reactions have a large volume variation and poor kinetics, causing large 

electrode polarization and capacity loss during prolonged cycling. These two types 

of materials are not suitable as Faradaic anode for LICs (Wang et al., 2016a; Shao 

et al., 2018b). Therefore, high performance lithium intercalation type anodes are 

desired that deliver high energy densities without sacrificing the cycle life. Several 

different types of lithium insertion anode materials, including Li4Ti5O12 (Dsoke et 

al., 2015; Zhang et al., 2017a), TiO2 (Han et al., 2018b), TiO2-B (Zukalová et al., 

2005), H2Ti6O13 (Wang et al., 2012a), TiNb2O7 (Aravindan et al., 2014b), Nb2O5 

(Wang et al., 2015c; Deng et al., 2018), etc., have been explored as insertion anode 

materials for LIC applications. 

Between a variety of insertion-type host materials for LIB, spinel and 

inverse spinel-type structures gained a special interest as lithium hosts, owing to the 

availability of 3D pathways for rapid lithium-ion diffusion accompanying a low 

energy barrier (Xiao et al., 2018). Nanoscale structure contributes increased number 

of lattice sites for accommodation of lithium-ions with expanded solid-solution 

limits (Han et al., 2018a). The combination of ion-selective diffusion channels and 

nanoscale structure exhibited a possible way for high rate lithium storage (Xu et al., 

2017; Panda et al., 2020). The search of new lithium-ion intercalation 

pseudocapacitive electrode materials capable of delivering high energy density and 

long cycle life found great interest in the research of ECs. Lithium nickel vanadate 

(LiNiVO4) has been recognized as a promising cathode material for LIBs (Lu et al., 

1999).  LiNiVO4 possess an AB2O4 inverse spinel structure in which Li+ ions and 

Ni2+ ions equally reside in octahedral sites, and V5+ ions occupy the tetrahedrally 

coordinated sites. Lithium ion present in the octahedral site exhibits a reversible 

electrochemical intercalation-extraction process (Prakash et al., 2013b; 

Kazakopoulos et al., 2008). However, the exploitation of LiNiVO4 as electrode 

material for lithium-ion intercalation pseudocapacitors has not yet been 

investigated. 

In this chapter, the lithium ion intercalation pseudocapacitive behaviour of 

nanocrystalline inverse spinel LiNiVO4 electrode has been investigated in aqueous 

electrolyte. Here, we prepared LiNiVO4 particles of nanoscale range by 
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hydrothermal synthesis followed by calcination. The electrochemical studies reveal 

that nanocrystalline inverse spinel LiNiVO4 exhibits a high specific capacitance of 

406.2 F g-1 at a current density of 1 A g-1 with excellent cycling stability in 1 M 

LiOH aqueous electrolyte. We demonstrated that the pseudocapacitance dominates 

the charge storage process in the LiNiVO4 electrode material by kinetic analysis. 

Furthermore, the as-assembled asymmetric hybrid LIC comprised of LiNiVO4 as 

negative electrode and MWCNT as positive electrode in non-aqueous electrolyte 

demonstrated excellent capacitive performances in non-aqueous electrolyte. The 

LIC cells exhibited a superior energy density 255.2 Wh kg-1 and excellent 

capacitance retention of 92% after 10000 cycles. 

 

6.2. Materials and Methods 

 

6.2.1. Materials 

Nickel nitrate (Ni(NO3)2.6H2O, 99.999% purity, Sigma Aldrich),  all other 

chemicals are as mentioned in section 5.2.1. 

 

6.2.2. Synthesis of Nanocrystalline LiNiVO4 

The nanocrystalline LiNiVO4 was synthesized via hydrothermal reaction. The 

stoichiometric amounts of LiNO3, Ni(NO3)2, and NH4VO3 in a molar ratio of 1:1:1 

were dissolved in distilled water to form a homogeneous solution. This precursor 

solution was then transferred into a 100 mL Teflon-lined stainless steel autoclave 

and maintained at 200 °C for 12 h. The light brown precipitate obtained was 

thoroughly washed with de-ionized water and ethanol to remove ions possibly 

remaining in the final hydrothermal products, dried at 80 °C in the air. The obtained 

powder was further calcined at 400 °C for 6 h to increase the crystallinity. 

 

6.2.3. Electrode Preparation and Fabrication of Coin Cells 

The slurry of pseudocapacitive LiNiVO4 electrodes were prepared by mixing 

LiNiVO4, Super P, and PVDF binder in a weight ratio of 8:1:1 in NMP solvent. 
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Then the slurry was cast onto nickel foam current collector and dried at 80 °C in a 

vacuum oven. A 1 cm × 1 cm square electrodes were used for three-electrode 

system. 

The negative electrode for LIC cell was prepared by coating LiNiVO4 slurry 

onto nickel foam and dried. The positive electrode was prepared comprising 

MWCNT, super P and PVDF binder in a weight ratio of 8:1:1. The materials were 

grinded in NMP to form slurry, which was then coated on the nickel foam and dried 

for 12 h at 120 °C. Then, both the electrodes were roll-pressed and punched into 

circular disks with a diameter of 15 mm. A standard 2032 type coin cell was 

assembled with non-aqueous electrolyte (1M LiTFSI in the mixture solvent of DOL 

and DME in a volume ratio of 1:1). The coin cell using non-aqueous electrolyte was 

assembled in an Ar-filled glove box (M Braun, Germany).  

 

6.2.4. Material and Electrochemical Characterization 

All characterizations were done by the techniques described in section 5.2.3 and 

5.2.5. 

 

6.3. Results and Discussion 

 

6.3.1. Material Characterization 

 

Figure 6.1. (a) XRD patterns and (b) FT-IR spectrum of LiNiVO4 
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The crystal structure and phase purity of LiNiVO4 were characterized by powder 

XRD, as shown in Figure 6.1a. LiNiVO4 exhibited characteristic diffraction peaks 

at 2θ = 18.60º, 30.90º, 36.44º, 44.14º, 54.84º, 58.42º, 64.09º, 73.04º and 76.80º, 

corresponding to the crystal planes of (111), (220), (311), (400), (422), (511), (440), 

(620) and (533), respectively. It is clear that all intense diffraction peaks 

corresponds to cubic phase of LiNiVO4 and Fd3̅m (227) space group (JCPDS No. 

38-1395), without any collateral peaks. The diffraction peaks indexed as (311) and 

(111) planes are characteristics of an inverse spinel structure (Lu et al., 1999; Li et 

al., 2009). The presence of sharp diffraction peaks indicates high degree of 

crystallinity of the prepared sample (Holder and Schaak, 2019). 

FT-IR spectrum of LiNiVO4 in the wave number range of 400 to 1200 cm-

1 is presented in Figure 6.1b. The absorption band observed at 850, 764, and 607 

cm-1 are assigned to stretching vibrations of VO4 tetrahedrons. The bands at 750 to 

400 cm-1 region are largely associated with the vibrations of NiO6 and LiO6 

octahedral units or the bending vibrations of VO4 tetrahedron. The two absorption 

band sited around 1091 and 1036 cm-1 belongs to an asymmetric stretching 

vibrational mode of Ni-O bonds in NiO6 octahedron. The two weak bands around 

455 and 426 cm-1 are assigned to asymmetric stretching vibrations caused by Li-O 

bond of LiO6 octahedron (Lu et al., 1999; Bhuvaneswari et al., 2005). 

 

Figure 6.2. TGA curve of LiNiVO4 

 
Thermal studies were carried out in order to determine the thermal stability 

and decomposition profile of the sample. We examined TGA under argon 
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atmosphere in a temperature range from 25 to 750 °C with a heating rate of 10 °C 

min-1 (Figure 6.2). The observed initial weight loss below 100 ºC is attributed to 

the evaporation of residual water. The next weight loss noticed in the wide 

temperature range is due to the decomposition of lithium nitrate and ammonium 

metavanadate, which takes place at the melting point of both raw materials (Fey 

and Chen, 1999). The decomposition process stops at 500 ºC. The percentage of 

weight loss until the weight stabilizes in nanosized LiNiVO4 is 1.75%.  

 

Figure 6.3. (a) FESEM image and (b) EDS spectrum of LiNiVO4. (c) TEM images of 

LiNiVO4, (d) high-resolution TEM and indexed SAED patterns of LiNiVO4 

 
The surface morphology of LiNiVO4 was observed by SEM analysis, as 

shown in Figure 6.3. The SEM micrograph of LiNiVO4 (Figure 6.3a) reveals the 

formation of an irregular cube-like structure with a size ranging from 90 to 120 nm. 

Elemental composition of LiNiVO4 is confirmed by EDS analysis, which is shown 

in Figure 6.3b. EDS analysis demonstrated the presence of Ni, V, and O with an 

average ratio of 1:1 for Ni:V. Further, the TEM imaging was carried out to gather 

insight on LiNiVO4 crystal structure. TEM images of LiNiVO4 (Figure 6.3c) expose 
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well defined crystal faces. High resolution TEM images shown in Figure 6.3d 

shows lattice fringes from the crystallites. The lattice spacing of 0.249 nm 

corresponds to the (311) plane of LiNiVO4. The SAED pattern shown in the inset 

of Figure 6.3d demonstrates crystalline nature of the sample and the diffraction 

spots can be clearly indexed to the inverse spinel LiNiVO4 phase (Zhou and Greer, 

2016). 

 

Figure 6.4. XPS core level spectra of LiNiVO4 (a) Li 1s (b) Ni 2p (c) V 2p (d) O 1s 

 
XPS analysis have been extensively used to study the electronic structure of 

materials. The XPS binding energy provides useful information on the surface 

electronic sates of each elements present in LiNiVO4 (Shard, 2020). Figure 6.4 

shows the Li, Ni, V and O XPS core level spectra for LiNiVO4. The binding energy 

of the Li1s core level emission peak (Figure 6.4a) was located at 54.6 eV and 

appeared as a broadened signal. The Ni2p core spectrum (Figure 6.4b) consists of 

Ni2p3/2 and Ni2p1/2 peaks at 855.3 and 872.9 eV, respectively and corresponding 

weak shake up satellite peaks of Co2+. The V2p core spectrum (Figure 6.4c) splits 

to V2p3/2 and V2p1/2 peaks located at 516.7 and 524.2 eV, characteristics of V5+. 
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The XPS O1s peak (Figure 6.4d) shows a peak around 529.6 eV assigned to Ni-O 

bonds, and a shoulder peak at 530 eV associated with oxygen in low coordination 

sites at the surface (Fey and Chen, 1999; Lu et al., 1999).  

 

6.3.2. Electrochemical Lithium Storage Performance of 

Nanocrystalline LiNiVO4 

Figure. 6.5 shows the current-voltage (CV) curves of nanocrystalline LiNiVO4 

electrode material in 1M LiOH electrolyte at various potential sweep rate. Two 

strong redox peaks suggest the reversible electrochemical oxidation (lithium 

extraction) and reduction (lithium insertion) of LiNiVO4 electrode material. The 

large redox peaks arising due to Faradaic redox reactions indicate that the 

capacitance characteristic of LiNiVO4 electrode is of typical pseudocapacitance 

(Wang et al., 2016a). The peak current rises with increase in the potential sweep 

rate, indicating rapid Faradaic redox reactions and increased rates of electronic and 

ionic transport (Augustyn et al., 2014; Elgrishi et al., 2018).  

 

Figure 6.5. CV curves of LiNiVO4 at different scan rates 

 
Investigation of CV can be further considered as an efficient tool to explain 

electrode kinetics in nano-structured LiNiVO4 (Sandford et al., 2019). A slight shift 

in the redox peak position is observed with increased potential sweep rate. This can 

be described by the existence of two capacitive processes, namely interface-related 

pseudocapacitive contribution arising from the large active surface area of 
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nanocrystalline structure and diffusion-controlled lithium-ion intercalation reaction 

(Wang et al., 2007; Shao et al., 2018b).  

 

Figure 6.6. (a) The 3D visualization of LiNiVO4 crystal using VESTA 3, where Li and Ni 

equally occupies MO6 (M = Li, Ni) octahedra indicated in blue colour and VO4 tetrahedra 

in green colour (b) schematic illustration of the lithium-ion intercalation and de-

intercalation process in LiNiVO4 electrode during charge-discharge process. NiO6 

octahedra and VO4 tetrahedra in the LiNiVO4 crystal structure are not represented 

 
The pseudocapacitive charge storage mechanism of LiNiVO4 via the 

intercalation of lithium ions in an aqueous electrolyte is proposed as follows: 

LiNiVO4   ↔   Li1-xNiVO4 + xLi+ + xe ̅                                                              (6.1) 

where x is the mole fraction of inserted lithium given by x = QM/mF, where Q is 

the stored charge, M is the molecular weight, m is the mass and F is the Faraday 

constant (Brezesinski et al., 2010).  In this reaction, lithium ions can intercalate and 

de-intercalate during the charge-discharge process (as shown in Figure 6.6), which 

is similar to that of the LIB. The electrochemical insertion of lithium ions into 

LiNiVO4 was expected to occur with simultaneous oxidation of Ni2+ to Ni3+. 

In order to substantiate the CV results, the EIS analysis was carried out for 

LiNiVO4 electrode. Nyquist plot of nanosized LiNiVO4 electrode is shown in 

Figure 6.7. The straight line at low-frequency region represents Warburg 

impedance, which results from the ion diffusion at the electrode-electrolyte 

interface. The line at lower frequencies which is parallel to imaginary axis, indicate 

the desired pseudocapacitive behaviour Inset of Figure 6.7 shows the equivalent 

circuit of the impedance curve obtained using the ZSimpWin software. The fitted 
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EIS data contains elements of bulk solution resistance (Rs), charge-transfer 

resistance (Rct), constant phase element (CPE) to account for double layer 

capacitance, Warburg diffusion element (Wo) and a pseudocapacitive element (Cp) 

from the redox processes at the electrode.  The equivalent series resistance (Rs) of 

the electrode can be obtained from the high frequency intersection of EIS Nyquist 

plot in the real axis (Li et al., 2014c; Eskandari et al., 2020). 

 

Figure 6.7. EIS Nyquist plot of LiNiVO4 electrode. Inset: corresponding equivalent 

circuit 

 
The charge storage capacity of LiNiVO4 electrode was further investigated 

using galvanostatic charge-discharge measurements in the potential range of -0.2 to 

0.52 V. Figure 6.8a displays the discharge behaviour of nanosized LiNiVO4 

electrode at different current densities. The maximum specific capacitance reaches 

456 F g-1 at a current density of 0.5 A g-1. The high capacitance of LiNiVO4 can be 

mainly ascribed to the nano size of LiNiVO4. The nanocrystalline structure of 

LiNiVO4 not only provide a fast ion transport path and a large active surface area, 

but also enhances the accessibility of LiOH electrolyte and therefore, promotes the 

ion transport within the electrode (Lukatskaya et al., 2016). Figure 6.8b shows the 

variation of specific capacitance with applied current. At different current densities 

of 0.5, 1, 2, 5, and 10 A g-1, the specific capacitance was estimated to be 456.5, 

406.2, 312.7, 203.5, and 124.6 F g-1 for nanocrystalline LiNiVO4 electrode. The 

decrease in the specific capacitance with increasing discharge current could be 
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attributed to the increase in potential drop as well as insufficient Faradaic redox 

reactions at higher currents (Shao et al., 2018b). 

 

Figure 6.8. (a) Galvanostatic discharge curves of LiNiVO4 at various current densities (b) 

specific capacitance of LiNiVO4 at different current densities 

 

 

 

Figure 6.9. Long-term cycling stability of LiNiVO4 at a current density of 1 A g-1 (Inset: 

charge-discharge curves for first 10 cycles). 

 
Further, the long-term cycling stability of the electrode material were 

investigated at the current density of 1 A g-1 (Figure 6.9). After 1000 continuous 

charge-discharge cycles, LiNiVO4 electrodes exhibited excellent cycling stability 

with no sign of capacitance degradation. Capacitance retention of ~99% was 

obtained for LiNiVO4 electrode, which is better than those of other lithium-based 

and nickel-based vanadates, such as LiV3O8 nanosheet (34.12% retention after 100 

cycles) (Zheng et al., 2016), Ni3V2O8 nanoflakes (73.0 % after 1000 cycles) (Liu et 

al., 2014). The excellent cycle stability of the electrodes may be attributed to the 



148 
 

morphological and structural stability of LiNiVO4. The inverse spinel structure of 

LiNiVO4 electrode, which enables ion intercalation/extraction between electrode 

and electrolyte leads to Faradic reaction, resulting in better electrochemical 

performance (Lubimtsev et al., 2013; Mohd Abdah et al., 2020). 

 

Figure 6.10. (a) XPS survey spectrum of LiNiVO4 electrode before and after cycling 

(b) comparative XPS core level spectrum of Ni 2p of LiNiVO4 electrode before and 

after cycling. FESEM images of LiNiVO4 electrodes (a) before cycling (b) after 

cycling 

 
XPS measurements of LiNiVO4 electrode material were carried out before 

and after cycling, which provide critical evidence about the excellent 

electrochemical performance. The XPS survey spectra of LiNiVO4 before and after 

cycling (Figure 6.10a) confirm the distinct peaks of Li1s, Ni2p, V2p, O1s. The XPS 

peaks C1s and F1s originated from Super P and PVDF employed during electrode 

coating process. The XPS peaks in survey spectra of nano-structured LiNiVO4 

electrode before cycling is in good agreement with the electrode after 1000 cycles, 

which leads to the conclusion that there is no change in the oxidation states of 

LiNiVO4 constituents after cycling.  Figure 6.10b shows the comparative XPS core 
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level spectrum of Ni 2p, which contain two major peaks with binding energies at 

856.9 and 863.1 eV correspond to Ni 2p3/2 and Ni 2p1/2, respectively (Fey and Chen, 

1999; Lu et al., 1999). It is obvious that the Ni 2p peaks hardly change even after 

cycling. This realization verifies that pseudocapacitance behaviour in LiNiVO4 

electrode is purely lithium-ion intercalation/de-intercalation, which further 

confirms the proposed intercalation mechanism. SEM micrographs of LiNiVO4 

electrode before and after cycling further provide evidence for the lithium-ion 

intercalation mechanism with negligible structural changes (Figure 6.10c-d), 

confirming the XPS results. 

 

Figure 6.11. b-value determination of cathodic peak currents 

 
The kinetic characterization is studied by plotting log(i) versus log(v) for 

cathodic current peak with varied sweep rates, which can be used to distinguish the 

charge storage whether arises diffusion-controlled or capacitive processes. This 

relation is expressed as i = avb with the value of b providing insights regarding the 

charge storage mechanism. Whereas a b-value of 0.5 indicates that the current is 

controlled by semi-infinite linear diffusion, and a value of 1 indicates that the 

current is capacitive process (Augustyn et al., 2014; Wang et al., 2016a). In sweep 

rate range of 1-20 mV s-1, the b-value of nanocrystalline LiNiVO4 is very close to 

1 but deviates slightly at high rates (20-100 mV s-1), as shown in Figure 6.11. The 

deviation observed in the faster sweep rates can be ascribed to poor electronic 

conductivity of the active electrode materials resulting in the sluggish electron 
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transportation (Augustyn et al., 2013; Elgrishi et al., 2018). Thus, it can be 

concluded that total stored energy in the LiNiVO4 electrode arises from the 

intercalation/de-intercalation of lithium-ion that is not limited by solid-state 

diffusion. 

6.3.3. Electrochemical Lithium Storage Performance of 

Nanocrystalline LiNiVO4 hybrid LIC in Non-Aqueous 

Electrolyte 

A hybrid LIC was fabricated with nanocrystalline LiNiVO4 as the anode and 

MWCNT as the cathode in an organic electrolyte containing lithium-ions. In the 

electrode materials involving a different reaction mechanism, the applied current 

will split into the capacity of the individual electrodes. Therefore, the charge 

balance (q+ = q−) between the two electrodes is necessary to achieve higher energy 

density in LIC configuration. The stored charge is related to the specific capacity 

(C) and the mass of the electrode (m), which follows the equation: q = C x m (Tang 

et al., 2013; Dsoke et al., 2015; Madabattula et al., 2020). On the basis of the 

individual specific capacitance value for the LiNiVO4 (Figure 6.8a) and MWCNT 

(Figure 5.11b), the optimal mass ratio between the two electrodes is fixed to be 

anode/cathode = 0.482 (calculated from equation 5.1) in the LIC. During the 

discharge process, lithium-ions are deintercalated from LiNiVO4 electrode, while 

TFSI¯ is desorbed from the accessible mesopores originate from the central canal 

and entangled structure of MWCNT.  

Figure 6.12a shows the CV studies of LIC recorded at different scan rates 

between -1.0 and 2.0 V. The CV curves of LIC clearly depicts the combined charge 

storage mechanism i.e. both (de-)intercalation and EDLC behaviour. Appearance 

of distorted CV profiles signifies the involvement of two different charge storage 

mechanism in LIC (Byeon et al., 2016; Sun et al., 2017a), for example, adsorption 

of TFSI¯ in cathode and de-intercalation reaction on counter electrode. Intercalation 

and TFSI¯ desorption are noted during discharge process. Galvanostatic charge-

discharge studies for LiNiVO4//MWCNT LIC is performed at different current rates 

between -1.0 and 2.0 V and illustrated in Figure 6.12b. The applied current densities 

are based on the total mass loading of both electrodes. Irrespective of current rates, 
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charge/discharge curves showed two voltage stages in the range of 1.4 to 0.9 and 

0.4 to -0.15 V, which is consistent with CV profiles. The relationship between 

specific capacitance and current density is displayed in Figure 6.12c. As expected, 

the decrease in specific capacitance is noted while increasing the current rate, 

because at higher current rates only the surface of the active material is involved in 

the electrochemical reaction (Aljaafari et al., 2019). The specific capacitance values 

of LiNiVO4//MWCNT hybrid LIC were 56.7, 53.2, 52.2, 49.1, 46.3, 38.5, 34.7 F g-

1 at the current densities of 0.5, 1, 2, 5, 10, 20, 30 A g-1, respectively. Besides, the 

hybrid LIC exhibits passable cycle stability (Figure 6.12d) with the capacitance 

retention of ~92% after 10000 cycling numbers at a high current density of 5 A g-1. 

 

Figure 6.12. Electrochemical performance of LiNiVO4//MWCNT LIC: (a) CV curves at 

various scan rates, (b) galvanostatic charge-discharge curves at different current densities, 

(c) specific capacitance values calculated from galvanostatic charge/discharge curves 

under different current densities, (d) cycle stability for 10000 cycles at a current density 

of 5 A g-1, Inset: charge-discharge profiles for 10 continuous charge-discharge cycles 

 
Figure 6.13 represents the Ragone plot of the LiNiVO4//MWCNT LIC. The 

energy density and power density are calculated by using equations (1.10) and 

(1.11), respectively. As shown in Figure 6.13, the energy density of the LIC 
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decreases from 255.2 to 156.2 Wh kg-1 as the power density increases from 0.39 to 

22.3 kW kg-1. This energy and power density are much higher than that of other 

LICs based on LiTi2(PO4)3//AC (14 Wh kg-1 at 0.18 kW kg-1) (Aravindan et al., 

2012), TiO2-B Nanowire//CNT (12.5 Wh kg-1 at a current rate of 10 C) (Wang et 

al., 2006), V2O5 fibers//Bucky paper (18 Wh kg-1 and 315 kW kg-1) (Aravindan et 

al., 2012), TiO2-B nanotubes//MWCNTs (19.3 Wh kg-1 at a rate of 10 C) (Wang et 

al., 2012b),  Li4Ti5O12//AC system (1000-2000 W kg-1 at 10-15 Wh kg-1) (Dsoke et 

al., 2015), CNT/V2O5//AC (6.9 Wh kg-1 at 6.3 kW kg-1) (Chen et al., 2011), TiO2 

NBA//graphene hydrogel (82 Wh kg-1 at 570 W kg-1) (Wang et al., 2015a), etc. 

Further, the two fabricated LIC devices are serially connected, illuminating the 

white LED for a duration of 1.5 minutes when fully charged (inset of Figure 6.13). 

This physical demonstration further validates the great potential of the 

LiNiVO4//MWCNT LIC for electrochemical energy storage with high energy and 

power densities. 

 

Figure 6.13. Ragone plot of LIC cell (inset shows a white LED powered by two LIC 

devices in series) 

 

6.4. Conclusion 

In summary, we have prepared a nanocrystalline LiNiVO4 through a hydrothermal 

route followed by calcination and used as a high-performance pseudocapacitive 

material for lithium storage in aqueous electrolyte. The LiNiVO4 nanocrystals 

demonstrated better lithium-ion intercalation/de-intercalation properties benefited 
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from its small crystallite size with highly exposed crystallographic framework 

towards electrolyte. A hybrid LIC based on LiNiVO4 anode and MWCNT cathode 

has been developed in non-aqueous medium to achieve high energy and power 

densities. An energy density of 156.2 Wh kg-1 has been achieved at a high power 

density of 22.3 kW kg-1, and the maximum energy density is 255.2 Wh kg-1. The 

energy and power densities could potentially bridge the gap between conventional 

LIBs and supercapacitors, and meet the present power demands. Therefore, the 

LiNiVO4//MWCNT is a good material combination for LIC towards application in 

hybrid vehicle systems. 
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CHAPTER 7 

NANOSCALE LiMnVO4 AS AN INTERCALATION-

TYPE ANODE FOR HIGH-ENERGY LITHIUM-

ION CAPACITORS 

Capacitive energy storage offers numerous attractive properties in contrary to 

batteries, including faster charging, higher power, and longer cycle life. A key 

constraint to this electrochemical energy-storage technique is its low energy 

density and, for this reason, there is substantial interest in search for new 

pseudocapacitor materials where faradaic reactions are utilized to attain greater 

charge storage. Herein, nanoscale LiMnVO4 was synthesized by a facile 

hydrothermal approach and subsequent calcination. The intercalation 

pseudocapacitive lithium storage behaviour of the LiMnVO4 electrode material was 

investigated in aqueous electrolyte, which demonstrated a high specific 

capacitance of 961 F g-1 at a current density of 1 A g-1 with a capacitance retention 

of ~99% after 1000 cycles. Detailed evaluation of CV data was conducted in order 

to confirm the proposed lithium-ion intercalation mechanism. Further, an 

asymmetric LIC device has been fabricated with LiMnVO4 as negative electrode 

and MWCNT as positive electrode in non-aqueous electrolyte. The LIC delivers a 

specific capacitance of 81 F g-1 (with a wide voltage window of 3 V), and good rate 

performance of 47 F g-1 at 30 A g-1. Further, they show an energy density of 368 

Wh kg-1 and a maximum power density of 24781 W kg-1 in association with superior 

cycling stability (~97% capacitance retention after 10000 cycles at 5 A g-1). 

 
7.1. Introduction 

In the recent past, development of LICs are attractive due to their possible 

applications to power EVs and HEVs (Khaligh and Li, 2010; Hannan et al., 2017; 

Li et al., 2019a). LICs exhibit higher energy density than rechargeable battery 

systems (e.g. LIBs) and higher power density than EDLCs (Cericola and Kötz, 

2012). Generally, LICs are constructed with supercapacitor electrodes on one side 

(cathode) and lithium-ion intercalating type electrodes on the counter side (anode) 

(Shao et al., 2018b; Madabattula et al., 2020). Supercapacitor electrodes supply 

necessary power for the system through the reversible non-Faradaic charge storage 

mechanism, i.e., double layer formation across an electrode-electrolyte interface, 
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whereas the battery-type counter electrode (anode) undergoes a lithium-ion 

insertion/extraction reaction and obeys a Faradaic reaction in either aqueous or non-

aqueous medium (Conway, 1991; Naoi, 2010; Hou et al., 2019). The introduction 

of battery-type counter electrode not only enhances the theoretical specific 

capacitance but also augments the operating voltage, thereby offers an energy 

density 3-4 times higher than conventional symmetric supercapacitors (An et al., 

2019; Panda et al., 2020). Despite their potentially high power densities and long 

term cycleability, aqueous LICs typically deliver much lower energy density 

(Aravindan et al., 2014a; Li et al., 2018c; Li et al., 2019f). Hence, the research focus 

is directed towards the development of high energy density non-aqueous LICs. 

After the first prototype proposed by Amatucci et al. (Amatucci et al., 2001), 

various LIC systems using different anodes have been reported with promising 

performances. Pseudocapacitive materials such as nanostructured Nb2O5 (Deng et 

al., 2018), TiO2 (Zukalová et al., 2005; Han et al., 2018b), Li4Ti5O12 (Dsoke et al., 

2015; Zhang et al., 2017a), V2O5 (Aravindan et al., 2012), Li3VO4 (Zheng et al., 

2016), and TiNb2O7 (Aravindan et al., 2014b), etc., have been widely investigated 

in LICs. They are ideal candidates to bridge the huge gap between the diffusion 

limited lithium-ion insertion process and the surface-controlled physical 

adsorption/desorption (Cho et al., 2014; Yang et al., 2015; Han et al., 2018a). The 

search of new lithium-ion intercalation type anode materials capable of delivering 

high energy density and long cycle life found great interest in the research of ECs. 

Lithium manganese vanadate (LiMnVO4) has been explored as a cathode material 

for LIBs. LiMnVO4 structure contains tetrahedral VO4 and octahedral LiO6 and 

MnO6 groups. It belongs to the ordered olivine-type structures, since the inversion 

site is occupied by Li+ ions and the mirror site is taken by Mn2+ ions (Paques-

Ledent, 1975; Rui et al., 2013). Lithium ion present in the octahedral site exhibits 

a reversible electrochemical insertion-extraction process (Liu et al., 2016a). 

However, the exploitation of LiMnVO4 as electrode material for lithium-ion 

intercalation pseudocapacitors has not yet been investigated. 

This study focuses on exploring the use of LiMnVO4 as a potential battery 

type anode material for LIC. Here, we prepared LiMnVO4 nanorods by 

hydrothermal synthesis followed by calcination, and the preliminary 
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electrochemical evaluation of LiMnVO4 electrode material was carried out in 

aqueous electrolyte. The electrochemical results reveal that the olivine LiMnVO4 

nanorod electrode exhibits a high specific capacitance of 961 F g-1 at a current 

density of 1 A g-1 with a capacitance retention of ~99% after 1000 cycles. Detailed 

evaluation of CV data and XPS analysis of cycled electrode materials were carried 

out to further confirm the lithium-ion intercalation mechanism and excellent 

cycling stability. Furthermore, an asymmetric hybrid LIC was fabricated by 

coupling LiMnVO4 as negative electrode and MWCNT as positive electrode under 

an optimum mass ratio. The assembled hybrid LIC demonstrated an excellent 

capacitive performance in non-aqueous electrolyte. The LIC cells exhibited a 

superior energy density of 213 Wh kg-1 even at a high power density of 24781 W 

kg-1 and excellent capacitance retention of ~97% after 10000 cycles at a current 

density of 5 A g-1. 

 

7.2. Materials and Methods 

 

7.2.1. Materials 

Lithium acetate (CH3COOLi.2H2O, 99% purity, Sigma Aldrich), manganese 

acetate ((CH3CO2)2Mn, 98% purity, Sigma Aldrich), vanadyl acetylacetonate 

(VO(C5H7O2)2, 98% purity, Sigma Aldrich), all other chemicals are as mentioned 

in section 5.2.1. 

 

7.2.2. Synthesis of LiMnVO4 Nanorods 

The LiMnVO4 nanorod was synthesized via hydrothermal reaction. The 

stoichiometric amounts of CH3COOLi.2H2O, (CH3CO2)2Mn, and VO (C5H7O2)2 in 

a molar ratio of 1:1:1 were dissolved in distilled water to form a homogeneous 

solution. This precursor solution was then transferred into a 100 mL Teflon-lined 

stainless steel autoclave and maintained at 200 °C for 12 h. The light brown 

precipitate obtained was thoroughly washed with de-ionized water and ethanol to 

remove ions possibly remaining in the final hydrothermal products, dried at 80 °C 
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in the air. The obtained powder was further calcined at 400 °C for 6 h to increase 

the crystallinity. 

 

7.2.3. Electrode Preparation and Fabrication of Coin Cells 

The fabrication of pseudocapacitive LiMnVO4 electrodes was carried out by a 

blade-casting method. To prepare electrode slurry, the LiMnVO4 active material 

was well-mixed with super P and PVDF in weight ratios of 8:1:1 in NMP solvent. 

The slurry was uniformly coated onto nickel foam current collector and dried in 

vacuum oven overnight at 120 °C. A 1 cm × 1 cm square electrodes were used for 

three-electrode system in 1M LiOH aqueous electrolyte. 

The nickel foam coated with LiMnVO4 slurry was dried, roll-pressed and 

punched into circular disks with a diameter of 15 mm (negative electrode).  The 

positive electrode was prepared comprising MWCNT, super P and PVDF binder in 

a weight ratio of 8:1:1. The materials were grinded in NMP to form slurry, which 

was then coated on the nickel foam and dried for 12 h at 120 °C. Then roll-pressed 

and punched into circular disks with a diameter of 15 mm. CR2032-type coin cells 

were assembled in an argon-filled glove box (MBraun, Germany). Celgard 2400 

was used as the separator, 1M LiTFSI in the mixture solvent of DOL and DME 

(DOL/DME, v/v = 1:1) was used as non-aqueous electrolyte 

 

7.2.4. Material and Electrochemical Characterization 

All characterizations were done by the techniques described in section 5.2.3 and 

5.2.5. 

 

7.3. Results and Discussion 

 

7.3.1. Material Characterization 

Figure 7.1a shows the X-ray pattern of nanocrystalline LiMnVO4, which can be 

indexed on the basis of the standard data (mp-775199). LiMnVO4 exhibited 

characteristic diffraction peaks at 2θ = 16.92°, 18.63°, 20.36°, 27.48°, 29.12°, 
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33.72°, 34.27°, 36.58°, 40.26°, 42.56°, 44.10°, 46.05°, 51.10°, 52.30°, 53.68°, 

56.31°, 59.15°, and 64.02°, corresponding to the crystal planes of (200), (101), 

(210), (020), (301), (311), (121), (410), (112), (321), (302), (022), (412), (610), 

(331), (430), (620), and (313). It clearly revealed that the LiMnVO4 nanorods were 

indexed well to a pure orthorhombic system of olivine-type structure with the space 

group of Pnma (Cabán-Huertas et al., 2017). The obtained LiMnVO4 nanorods was 

well crystalline, as the diffraction peaks were narrow and sharp (Holder and Schaak, 

2019). LiMnVO4 contains pure olivine phase in spite of being synthesized in air.  

 

Figure 7.1. (a) XRD patterns and (b) FT-IR spectrum of LiMnVO4 

 
Figure 7.1b shows the FT-IR spectrum of LiMnVO4, which provides further 

insight into the structural information. The absorption band observed at 924, 893 

and 769 cm-1 are assigned to the stretching vibrations of VO4 tetrahedrons. The 

bands sited around 600 and 500 cm-1 range are largely associated with the vibrations 

of MnO6 and LiO6 octahedral units or the bending vibrations of VO4 tetrahedron. 

The two weak bands around 449 and 418 cm-1 refer to asymmetric stretching 

vibrations of Li-O bonds in LiO6 octahedron (Lu et al., 1999; Bhuvaneswari et al., 

2005). 

TGA analysis is performed from 25 to 700 °C at a ramp rate of 10 °C min-1 

in air. As shown in Figure 7.2, the TGA curve exhibits two main regions over two 

temperature ranges, 25-300 °C and 300-620 °C, which involve a total weight loss 

of 1.74%. The first weight loss at the temperatures below 300 °C may correspond 

to the evaporation of free water, adsorbed water and coordinated water, while the 

following weight loss between 300 and 620 °C may be attributed to the 
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decomposition of the Li-Mn-V-based precursor to form the final LiMnVO4 

(Manthiram and Kim, 1998; Prakash et al., 2012). 

 

Figure 7.2. TGA curve of LiMnVO4 

 

 

Figure 7.3. (a) FESEM image and (b) EDS spectrum of LiMnVO4. (c) TEM images of 

LiMnVO4, (d) high-resolution TEM and indexed SAED patterns of LiMnVO4 
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The surface morphology of LiMnVO4 nanorods were characterized by 

FESEM analysis, as shown in Figure 7.3a. Figure 7.3a shows that the LiMnVO4 

presents nanorod structure with rough surface and diameters around 40-80 nm. 

Furthermore, the elemental composition of LiMnVO4 is determined by EDS 

analysis, which is shown in Figure 7.3b. EDS results confirmed the presence of Mn, 

V and O with average atomic ratio of Mn:V is around 1:1. TEM measurements 

provide further insight into the morphology and detailed crystal structure of the 

LiMnVO4 nanorod. As shown in Figure 7.3c, the sample exhibits a nanorod 

structure, which is consistent with the SEM observation. Figure 7.3d shows the 

high-resolution TEM image of the sample. The lattice fringes corresponding the 

interplanar spacing of 0.261 nm can be accurately assigned to the (311) plane of 

LiMnVO4. The SAED pattern shown in the inset of Figure 7.3d demonstrates 

crystalline nature of the sample and the diffraction spots corresponds to the 

orthorhombic olivine phase of LiMnVO4 (Zhou and Greer, 2016). 

 

Figure 7.4. XPS core level spectra of LiMnVO4 (a) Li 1s (b) Mn 2p (c) V 2p (d) O 1s 
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The chemical composition and surface chemical bonding state of the 

LiMnVO4 nanorods were further determined by XPS analysis. Figure 7.4 shows the 

Li, Mn, V and O XPS core level spectra for LiMnVO4. The binding energy of the 

Li1s core level emission peak was located at 55.1 eV and appeared as a broadened 

signal which is shown in Figure 7.4a. This value is close to that for Li2O (Prakash 

et al., 2012). The Mn2p photoemission signals (Figure 7.4b) presents Mn2p3/2 and 

Mn2p1/2 peaks at 641.6 and 653.4 eV, respectively with no strong satellite structures 

typical of Mn(II) compounds (Clemens et al., 2012). The V2p core spectrum 

(Figure 7.4c) splits to V2p3/2 and V2p1/2 peaks located at 516.9 and 524.5 eV, 

characteristics of V5+. Figure 7.4d shows the O1s spectra, which exhibited complex 

profile including a main peak centered at 529-535 eV. The major peak at 532.2 eV 

is assigned to Mn-O bonds, and a shoulder peak around 534 eV associated with 

oxygen in low coordination sites at the surface (Dupin et al., 2000). Based on these 

results, the compound prepared with Li, Mn, V and O are in +1, +2, +5, and -2 

oxidation states, respectively, which confirm the compound LiMnVO4. 

 

7.3.2. Electrochemical Lithium Storage Performance of 

Nanocrystalline LiMnVO4 

The pseudocapacitive lithium storage of LiMnVO4 electrodes in 1 M LiOH aqueous 

electrolyte was evaluated on the basis of its response to a potential sweep (CV), 

alternating current (EIS), and constant current (galvanostatic charge-discharge 

measurements). 

 

Figure 7.5. CV curves of LiMnVO4 at different scan rates 
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CV was performed in a lithium ion containing electrolyte to determine the 

lithium storage performance of LiMnVO4 electrodes using a three-electrode setup 

at different sweep rates (Figure 7.5). The CV curves exhibited symmetric cathodic 

and anodic peaks with a slight voltage separation in the sweep rates ranging from 

20 to 1 mV s-1. This indicate that the capacitance characteristic of LiMnVO4 

electrode is of typical pseudocapacitance (Wang et al., 2015c). Obviously, the 

current density increases with increasing sweep rate, while the anodic and cathodic 

peaks slightly shift towards the more positive and negative potentials respectively, 

which is supposed to be related to the internal resistance of the electrode and 

limitation of charge transfer kinetics (Du et al., 2016). 

  

Figure 7.6 (a) The 3D visualization of LiMnVO4 crystal using VESTA 3, where Li and 

Mn occupies MO6 octahedra (LiO6 in blue colour; MnO6 in violet colour) and VO4 

tetrahedra (red colour) (b) schematic illustration of the lithium-ion intercalation and de-

intercalation process in LiMnVO4 electrode during charge-discharge process. MnO6 

octahedra and VO4 tetrahedra in the LiMnVO4 crystal structure are not represented 

 
For LiMnVO4, the cathodic and anodic peaks observed in the potential 

range of 0.2 to 0.6 V can be attributed to the reversible electrochemical lithium-ion 

intercalation and extraction process represented by the following reaction:  

LiMnVO4   ↔    Li1-xMnVO4 + xLi+ + xe ̅                                                              (7.1) 

where x is the mole fraction of inserted lithium given by x = QM/mF, where Q is 

the stored charge, M is the molecular weight, m is the mass and F is the Faraday 

constant (Brezesinski et al., 2010).  In this reaction, lithium ions can intercalate and 

de-intercalate during the charge-discharge process (as shown in Figure 6.6), which 
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is similar to that of the LIB. For LiMnVO4 in a lithium ion containing electrolyte, 

charge storage occurs through the insertion of lithium ions with concomitant 

oxidation of Mn2+ to Mn3+. 

 

Figure 7.7. EIS Nyquist plot of LiMnVO4 electrode. Inset: corresponding equivalent 

circuit 

 
EIS measurement was carried out to further investigate the electrochemical 

behaviour of the LiMnVO4 electrode. Figure 7.7 shows the EIS Nyquist plot of 

LiMnVO4 electrode and its calculated curve by the ZSimpWin software. An 

equivalent circuit used to fit the impedance curve is given in the inset of Figure 7.7, 

which includes elements of bulk solution resistance (Rs), charge-transfer resistance 

(Rct), constant phase element (CPE) to account for the double layer capacitance, 

Warburg diffusion element (W) and a pseudocapacitive element (Cp) from the 

lithium-ion diffusion associated with intercalation/extraction process of electrode 

materials (Li et al., 2014c; Eskandari et al., 2020). The high frequency intersection 

of Nyquist plot in the real axis represents the equivalent series resistance (Rs), 

including the ionic resistance of the electrolyte, intrinsic resistance of active 

materials and the contact resistance between the active materials and current 

collector, which is determined to be 2.38 Ω. In addition, the absence of semicircle 

in the high frequency region of Nyquist plot implies negligible charge-transfer 

resistance for LiMnVO4 electrode suggesting the easy and rapid charge transfer on 

the electrode. The straight line in the low frequency region presents the Warburg 

impedance (Zw), associated with the diffusion of the electrolyte ions along the 



165 
 

LiMnVO4 electrode. The large slope of the straight line shown in Figure 7.7 

demonstrates a very small Zw of the electrolyte ion diffusion, indicating 

characteristic capacitor behaviour (Ates et al., 2015; Mei et al., 2018). The small 

values of Rs, Rct and Zw suggest that there is a large electro-active surface area and 

higher electrical conductivity with the LiMnVO4 nanorods, which could extend the 

reaction zone of the electrode, making more electrode materials available for the 

charge-discharge process, leading to high capacitance (Du et al., 2016). 

 

Figure 7.8. (a) Galvanostatic discharge curves of LiMnVO4 electrode at various current 

densities (b) specific capacitance of LiMnVO4 electrodes at different current densities (c) 

long-term cycling stability of LiMnVO4 at a current density of 10 A g-1 (d) charge-

discharge curves for first 10 cycles at 10 A g-1 

 
The lithium storage capacity of nanocrystalline LiMnVO4 electrode was 

further investigated using galvanostatic charge-discharge studies in the potential 

range of -0.2 to 0.52 V to avoid IR drop. Figure 7.8a shows the galvanostatic 

discharge curves of LiMnVO4 electrodes at various current densities from 0.5 to 15 

A g-1. The nonlinear discharge profiles further support the pseudocapacitive 

characteristics of the electrode, which is in good agreement with the CV curves as 
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shown in Figure 7.5 (Du et al., 2016). Based on the discharge curves, the 

corresponding specific capacitances were calculated. The maximum capacitance 

was calculated to be 976.7 F g-1 at the current density of 0.5 A g-1. The high 

capacitance of LiMnVO4 can be mainly ascribed to the nano size of LiMnVO4. The 

nanocrystalline structure of LiMnVO4 not only provide a fast ion transport path and 

a large active surface area, but also enhances the accessibility of LiOH electrolyte 

and therefore, promotes the ion transport within the electrode (Lukatskaya et al., 

2016). 

Figure 7.8b shows the variation of specific capacitance with applied current. 

At different current densities of 0.5, 1, 2, 5, 10 and 15 A g-1, the specific capacitance 

was estimated to be 976.7, 961.6, 934.2, 910.9, 876.7, and 821.9 F g-1 for 

nanocrystalline LiMnVO4 electrode. It is believed that the degradation of 

capacitance with the increase of the current densities is mainly attributed to the 

incremental IR drop and insufficient active material involved in redox reactions at 

higher current densities (Du et al., 2016; Shao et al., 2018b). However, the electrode 

exhibits remarkable rate capability even at high current density, namely, the specific 

capacitance remained 821.9 F g-1 at a current density as high as 15 A g-1. To further 

investigate the durability of the LiMnVO4 electrode, its cycling performance was 

recorded at 10 A g-1 (Figure 7.8c). The specific capacitance still retains ~99% of the 

initial value even after 1000 cycles, which demonstrates excellent electrochemical 

stability. The excellent cycle stability of the electrodes may be attributed to the 

morphological and structural stability of LiMnVO4. 

To probe the stability of the LiMnVO4 electrode, the samples after the 

cycling stability test was observed by SEM. Figure 7.9a-b presents the SEM of 

LiMnVO4 electrode before and after 1000 charge-discharge cycles at 10 A g-1; it 

can be clearly seen that the physical microstructures of the electrode maintain very 

well. As no notable changes can be found on the electrode before and after the 

cycling measurements, it proves the good stability of the LiMnVO4 electrode. 

Further, XPS analysis of LiMnVO4 electrodes were carried out to confirm the 

proposed lithium-ion intercalation mechanism and excellent cycling stability. It can 

be clearly seen from the survey spectra (Figure 7.9c) that LiMnVO4 electrode 

before and after 1000 charge-discharge cycles at 10 A g-1 primarily composed of Li 
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1s, Mn 2p, V 2p, and O 1s peaks. The additional XPS peaks C 1s and F 1s were 

originated from Super P and PVDF employed during electrode coating process and 

Ni 2p peak from the nickel foam substrate. No apparent shift in peak position was 

observed for LiMnVO4 electrodes even after 1000 continuous charge-discharge 

cycles, which validate the conclusion that there is no traceable phase transformation 

after cycling. Further, the comparative Mn 2p core level spectra of LiMnVO4 

electrode before and after cycling were evaluated (Figure 7.9d), which comprises 

of two major peaks, centered around 641 eV for Mn 2p3/2 and 653 eV for Mn 2p1/2 

with no strong satellite peaks characteristic of Mn2+ (Prakash et al., 2012). It is 

obvious that the core level Mn 2p peaks hardly shift even after 1000 continuous 

charge-discharge cycles. This observation substantiates the fact that capacitance 

performance in LiMnVO4 electrode is exclusively lithium-ion intercalation/de-

intercalation process. 

 

Figure 7.9. FESEM images of LiMnVO4 electrodes (a) before cycling (b) after cycling 

(c) XPS survey spectrum of LiMnVO4 electrode before and after cycling (d) 

comparative XPS core level spectrum of Mn 2p of LiMnVO4 electrode before and 

after cycling 
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Though the intercalation pseudocapacitance is generated by the battery-type 

intercalation/de-intercalation of electrolyte ions in the interlayer of crystalline 

LiMnVO4, which can be proved by the redox peaks in the CV curves, the kinetics 

of this process is predominantly surface reaction controlled and similar to the 

pseudocapacitive behaviour. To explore the reaction kinetics towards lithium ions, 

the charge storage mechanism is analyzed by investigating both coupled redox 

peaks of CV curves at various scan rates. The relationship between the current i and 

scan rate v obeys a power law, given by  

i = avb                                                                                                                   (7.2) 

where, a and b are variable parameters and the measured current density (i) obey to 

the power law function with scan rate (ν) (Augustyn et al., 2014; Wang et al., 

2016a). 

 

Figure 7.10. b-value determination of cathodic peak currents 

 
When b values are close to one, the response is predominantly capacitive in 

nature. For the diffusion-controlled processes, current density is expected to vary 

with the square root of the scan rate and in this case, b values are close to 0.5. b-

values were determined by plotting the log(i) versus log(ν). The plotted values, 

according to equation (7.2), give straight line with slope equal to b. In scan rate 

range of 1-20 mV s-1, the b-value obtained for LiMnVO4 electrode is very close to 

1 but deviates slightly at high rates (20-100 mV s-1), as shown in Figure 7.10. The 

deviation observed in the faster sweep rates can be ascribed to poor electronic 
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conductivity of the active electrode materials resulting in the lethargic electron 

transportation (Augustyn et al., 2013; Elgrishi et al., 2018). Thus, it can be 

concluded that total stored energy in the LiMnVO4 electrode arises from the 

intercalation/de-intercalation of lithium-ion that is not limited by solid-state 

diffusion. 

 

7.3.3. Electrochemical Lithium Storage Performance of 

Nanocrystalline LiMnVO4 Hybrid LIC in Non-Aqueous 

Electrolyte 

An asymmetric LIC device was assembled by using MWCNT as the positive 

electrode and LiMnVO4 as the negative electrode in an organic electrolyte 

containing lithium-ions. Prior to this LIC assembly, the mass loading of positive 

(q+) and negative (q-) electrodes should be balanced from the charges of each 

electrode to realize the higher energy density (Tang et al., 2013; Dsoke et al., 2015; 

Wang et al., 2019e; Madabattula et al., 2020). Accordingly, the single electrode 

performance of LiMnVO4 (Figure 7.8a) and MWCNT (Figure 5.11b) has been 

assessed using 1M LiOH electrolyte. Based on the single electrode performance of 

both electrodes, mass loading ratio between anode and cathode is fixed to be 

anode/cathode = 0.308 (calculated from equation 5.1) in the LIC. 

Figure 7.11a shows the CV curves of LiMnVO4//MWCNT LIC recorded at 

different scan rates (5, 10, 20, 40, 60, 80 and 100 mV s-1) between -1.0 and 2.0 

V.The CV curves exhibited a typical rectangular shape within the voltage range of 

-1.0-2.0 V, indicating a capacitance-dominated energy storage behavior (Wang et 

al., 2016a; Shao et al., 2018b ). The slight deviation at higher voltage is caused by 

the different energy harvesting mechanism between capacitive cathode and 

intercalative anode (Byeon et al., 2016; Sun et al., 2017a). In the charging process, 

the TFSI¯ ions are absorbed in the cathode to elevate the voltage of this capacitor-

type electrode. On the anode side, lithium ions are de-intercalated from the 

LiMnVO4 and the potential of this battery-type electrode declines. The movement 

of ions is in the reverse direction during the discharge process.  
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Figure 7.11. Electrochemical performance of LiMnVO4//MWCNT LIC: (a) CV curves at 

various scan rates, (b) galvanostatic charge-discharge curves at different current densities, 

(c) specific capacitance values calculated from galvanostatic charge/discharge curves 

under different current densities, (d) cycle stability for 10000 cycles at a current density 

of 5 A g-1, Inset: charge-discharge profiles for 10 continuous charge-discharge cycles  

 
The galvanostatic charge-discharge curves of the asymmetric 

LiMnVO4//MWCNT LIC were recorded at the current densities from 0.5 to 30 A 

g-1 (Figure 7.11b). It can be seen that the discharge curves slightly deviates from 

the linear behaviour, especially at low current densities, indicating the double 

contribution of electric double-layer capacitance and pseudocapacitance, which is 

consistent with the CV results (Huang and Niederberger, 2019; Huang et al., 2020). 

Based on the total mass of the positive and negative electrodes, the specific 

capacitance at various current densities is plotted in Figure 7.11c. The calculated 

capacitances are 81.7, 77.3, 70.8, 66, 57.7, 50.8 and 47.3 F g-1 at current densities 

of 0.5, 1, 2, 5, 10, 20 and 30 A g-1, respectively. As expected, the decrease in specific 

capacitance is noted while increasing the current rate, because at higher current 

rates only the surface of the active material is involved in the electrochemical 
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reaction (Aljaafari et al., 2019). To further investigate the durability of the 

asymmetric LIC, its cycling performance was recorded at 5 A g-1 (Figure 7.11d). 

The specific capacitance retains 97% of the initial value even after 10000 cycles, 

which demonstrates excellent electrochemical stability. 

 

Figure 7.12. Ragone plot of LIC cell (inset shows a white LED powered by two LIC 

devices in series) 

 

The Ragone plots of the asymmetric supercapacitor derived from the 

discharge curve based on equations (1.10) and (1.11) are displayed in Figure 7.12. 

The maximum energy density can be determined to be 368 Wh kg-1 at the average 

power density of 396.5 W kg-1. It can still maintain 213 Wh kg-1 even at a high 

power density of 24781 W kg-1. It is found that the performance of the 

LiMnVO4//MWCNT asymmetric LIC is better than that of many previously 

reported systems, such as Mn3O4-Graphene//PANI derived AC (97.2 Wh kg-1 at 

power density of 62.5 W kg-1) (Liu et al., 2019), LiFePO4/EG//AC (15.1 Wh kg-1 at 

129.5 W kg-1) (Lv et al., 2019), Li3V2(PO4)3-C//AC (∼25 Wh kg-1) (Satish et al., 

2015), Li4Ti5O12/N-enriched carbon hybrid nanofiber sheet//AC (91 Wh kg-1 at 50 

W kg-1) (Choi et al., 2011), rGO@Fe3O4//holey rGO (148 Wh kg-1 and 25 kW kg-

1) (Liang eta al., 2018), TiNb2O7@carbon//CNF (110.4 Wh kg-1 at 99.58 W kg-1) 

(Wang et al., 2015d), MnFe2O4/carbon//Amorphous carbon (157 Wh kg-1 at 200 W 

kg-1) (Lee et al., 2016). In addition, the two fabricated LiMnVO4//MWCNT LIC 

devices serially connected can effectively operate a white LED when fully charged 

(Inset of Figure 7.12). The LED illuminated for more than 180 s, indicating the 

assembled LICs function well in practical applications. 
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7.4. Conclusion 

In summary, LiMnVO4 nanorods was prepared via a facile hydrothermal method 

followed by calcination. Electrochemical results reveal that LiMnVO4 has excellent 

lithium ion intercalation pseudocapacitance in aqueous electrolyte benefited from 

its small crystallite size with highly exposed crystallographic framework towards 

electrolyte (961.6 F g-1 at 1 A g-1). The assembled asymmetric LIC based on 

LiMnVO4 anode and MWCNT cathode in non-aqueous electrolyte achieve high 

energy and power densities. An energy density of 213.1 Wh kg-1 has been achieved 

at a high power density of 24.7 kW kg-1, and the maximum energy density is 368 

Wh kg-1 at a power density of 0.39 kW kg-1. More interestingly, this 

LiMnVO4//MWCNT LIC also shows long-term cycling stability up to 99% after 

10,000 cycles. These results demonstrate that the LiMnVO4//MWCNT is a good 

material combination for LIC which can potentially bridge the gap between 

conventional LIBs and supercapacitors, and meet the present energy and power 

demands.   
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CHAPTER 8 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

8.1. Conclusions 

LSBs have attracted considerable attention for energy storage owing to its high 

theoretical capacity, energy density and low cost compared to the state-of-the-art 

lithium-ion technology. However, their practical applications are greatly limited by 

rapid capacity degradation because of the unfavourable reaction between soluble 

intermediate PSs and the lithium anode (Shen et al., 2019). The separator is an 

important component in a LSB, which acts as an electron insulator to prevent a short 

circuit (Arora and Zhang, 2004). Commercial separators are generally polymer 

membranes with a large number of nanoscale pores, which have a much larger size 

than PSs, so the soluble PSs can diffuse freely through the separator and react with 

the lithium anode, resulting in the degradation of the lithium anode (Rana et al., 

2019). This thesis demonstrates functional modification of separators as an efficient 

way to inhibit the shuttling of PSs. 

Various materials and approaches have been devoted to modifying the 

commercially available separators, including carbon-based materials, polymer-

based materials, inorganic oxide-based materials and other novel functional 

materials (Deng et al., 2016; He et al., 2018b; Deng et al., 2019). Among them, 

modification of separator with polymers containing polar negatively charged 

functional groups and unique chain structure are smart as they can concurrently 

increase the electrolyte uptake and interfacial conductivity together with mitigating 

the PS crossover owing to the presence of polar functional groups. Besides, the 

separator modified with negatively charged groups will function as cation-selective 

membranes providing transport channels for lithium through the Coulombic 

interactions, thereby improving electrochemical performance of LSBs (Deng et al., 

2019). Hence, in the first part of the thesis, we have investigated the “electrostatic 

repulsion” approach using functional separators composed of various lithiated 

polymers to effectively alleviate the shuttling of PS anions. The lithiated polymers 
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utilized in this thesis include lithiated poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) (LPAMPS), lithiated poly(3,4-ethylenedioxythiophene): 

poly(styrene sulfonate) (Li+-PEDOT:PSS) and lithiated poly(acrylic acid-co-maleic 

acid) (LPAM). The lithiated polymer modified separators studied here are highly 

permselective in nature. The negatively charged functional groups present on the 

lithiated polymers impart selective diffusion of lithium ions, at the same time 

repelling polysulfide anions via coulombic interactions. Besides, the modified 

separator possesses excellent electrolyte wettability, interfacial contact and ionic 

conductivity. The Li-S cell assembled with modified separator exhibited significant 

improvement in the electrochemical performance compared to the cell with pristine 

commercially available separator. In general, the lithiated polymer coating on 

commercial separator serves as a facile and effective strategy for future LSB 

technology, mitigating self-discharge behaviour. The major results obtained from 

the study are listed in the table 8.1. 

Table 8.1. Comparison of the electrochemical performance of Li-S cells fabricated 

using lithiated polymer coated separators 

Separator coating 

material 

Separator 

coating 

thickness 

(µm) 

Cathode 

S 

content 

(wt%) 

Cathode S 

loading 

(mg cm-2) 

Initial 

discharge 

capacity 

(mAh g-1) 

Discharge 

capacity at nth 

cycle and C-rate 

LPAMPS 13 66 0.9 1486 1056/200/0.1 

LPAMPS 13 66 2.5 1274 1189/50/0.1 

LPAMPS 13 66 4.2 1115 1068/50/0.1 

Li+-PEDOT:PSS 9 66 3.9 1360 1049/300/0.1 

LPAM 3.7 66 4.1 1213 957/300/0.1 

 

Also, it is essential that a separator specimen has uniform thickness and 

assured contact with both electrodes while not allowing contact between the two 

electrodes. The separator thickness is a critical property that affects mechanical 

strength, cell impedance, energy density and rate capability. Thickness values 

should be minimal to allow increased conductivity of a cell without compromising 

the mechanical strength. The variations in thickness of the separators influence the 

performance of the battery, especially in high C-rate applications because of high 

internal impedance. For lab-scale experiments, it can be assumed that the thickness 

plays a minimum role in performance because of low C-rate used for the testing. 
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Capacitive energy storage has attracted great interest due to their numerous 

attractive properties, including fast charging, long cycle life, and the ability to 

deliver up to ten times more power compared to conventional batteries (Gür, 2018). 

Among the various capacitive storage mechanisms, intercalation 

pseudocapacitance has been recognized as a new type of charge storage mechanism 

in crystalline metal oxides, in which intercalation is not limited to surface 

structures, instead extended to the bulk crystalline framework of the material. This 

may narrow the performance gap between supercapacitors and battery materials 

(Augustyn et al., 2014). Transition metal oxides with layered or tunnel crystalline 

structures are interesting electrode materials for lithium storage because of their 

capability to intercalate/de-intercalate lithium ions in the lattice sites (Aravindan et 

al., 2014a). The significance of this class of pseudocapacitance is that the lithium 

storage in battery materials can be attained at rapid rates comparable to that of 

electrochemical capacitors (Wang et al., 2016a). In the second part of the thesis, we 

synthesized various lithium metal vanadates and its intercalation pseudocapacitive 

lithium storage properties have been investigated. The various lithium metal 

vanadate-based electrode materials explored in this part of the thesis include lithium 

cobalt vanadate (LiCoVO4), lithium nickel vanadate (LiNiVO4) and lithium 

manganese vanadate (LiMnVO4). Herein, the intercalation pseudocapacitive 

lithium storage properties of nanocrystalline LiMVO4 (M = Co, Ni, Mn) electrode 

materials were evaluated in aqueous electrolyte. In the case of LiCoVO4, micro and 

nanocrystalline electrode materials has been investigated to study the effect of 

crystallite size on the fundamental lithium storage properties. The nanocrystalline 

electrode demonstrated better lithium-ion intercalation/de-intercalation properties 

benefited from its small crystallite size with highly exposed crystallographic 

framework towards electrolyte. The electrochemical results reveal that the 

nanocrystalline LiMVO4 (M = Co, Ni, Mn) electrode materials has high specific 

capacitance (LiCoVO4, 929.5 F g-1 at 1 Ag-1; LiNiVO4, 406.3 F g-1 at 1 A g-1; 

LiMnVO4, 961.6 F g-1 at 1 A g-1) and excellent cycling stability (~99% capacitance 

retention after 1000 cycles). Detailed evaluation of CV data further confirms the 

proposed lithium-ion intercalation mechanism. 
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LICs are excellent energy-storage devices that close the gap between LIBs 

and supercapacitors. The selection and design of the electrode material, the quality 

of matching between the positive and negative electrodes, and the operation of the 

potential window directly affect the energy density, power density, and cycle life 

of LICs. This research focused on exploring the use of nanocrystalline LiMVO4 (M 

= Co, Ni, Mn) as a potential battery-type anode material for LIC. An asymmetric 

LIC devices were assembled using MWCNT as the positive electrode and 

nanocrystalline LiMVO4 (M = Co, Ni, Mn) as the negative electrode in an organic 

electrolyte containing lithium-ions. The assembled LICs demonstrated an excellent 

capacitive performance like superior energy density, high power density and 

excellent capacitance retention. The studies demonstrate that the LiMVO4 (M = Co, 

Ni, Mn)//MWCNT is a good material combination for LIC which can meet the 

present energy and power demands. The major findings and contributions of the 

study are listed below. 

➢ Nanocrystalline LiMVO4 (M = Co, Ni, Mn) demonstrate good Li+ intercalation 

pseudocapacitive properties benefited from its small crystallite size with highly 

exposed Li+ selective crystallographic pathways towards electrolyte. 

➢ The asymmetric LIC device (LiCoVO4//MWCNT) exhibit high energy density 

of 315 Wh kg-1 (at a power density of 399.6 W kg-1) and superior cycling 

stability (~93% capacitance retention after 10000 cycles at 5 A g-1). 

➢ The assembled hybrid cells (LiNiVO4//MWCNT) deliver a high energy density 

of 255 Wh kg−1 with maximum power density of 22325 W kg-1 and excellent 

capacitance retention of ~92% after 10000 cycles at 5 A g-1. 

➢ The fabricated device (LiMnVO4//MWCNT) show an energy density of 368 

Wh kg-1 and a maximum power density of 24781 W kg-1 in association with 

superior cycling stability (~97% capacitance retention after 10000 cycles at 5 A 

g-1). 

 

8.2. Future Perspectives 

This doctoral research work focused on the development of suitable materials with 

excellent lithium storage properties for LSBs and LICs. Even though, the selected 
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materials could overcome the major shortcomings associated with LSBs and LICs, 

their commercialization is still impeded due to certain unresolved challenges. LSBs 

and LICs are considered as the most viable options next-generation energy storage 

devices, in terms of energy, power, cycle life, safety, cost, and environmental 

compatibility. In order to achieve this goal, further optimisation of material 

selection is required in the case of all cell components. The following are the 

possible future research possibilities based on this thesis. 

• Designing LSBs with practically necessary parameters such as high sulfur 

content and loading, low E/S ratio, long cyclability, etc. 

• Application of the modified separators (LPAMPS@CG, Li+-PEDOT:PSS@CG 

and LPAM@CG) in the pouch cell. The advantage of the modified separators 

will be limited when we procced for pouch cells, due to the limited PS 

adsorption capacity of these separators with high sulfur loading in the electrode 

(>5 mg cm-2). Increasing the amount of coating material on separators would 

anchor more lithium polysulfides, but the overall specific capacity reduces, and 

the cost inevitably increases. There should have a balance between 

thickness/mass of the separator coating and sulfur content/loading. 

• Exploiting lithium metal vanadates, LiMVO4 (M = Co, Ni, Mn) as cathodes to 

obtain Li-S full-cell architectures with high energy density 

• Application of LiMVO4 (M = Co, Ni, Mn) as cathode additives to improve LSB 

performance 

• Exploiting the polyelectrolyte as functional binders for LSB cathode 

• Design of polymer electrolytes using poly(ionic liquid)s 

• Synthesis, characterization and preliminary evaluation of pseudocapacitive 

behaviour of nanostructured, mixed transition metal vanadates for 

electrochemical lithium storage and its application as anode materials for LICs. 
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