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Preface 

In the past two centuries, the technology of electrochemical energy storage devices 

(EEDs) has seen tremendous advancements with the most notable one being the evolution of 

rechargeable batteries. Especially, within the last three decades, rechargeable lithium-ion 

batteries (LIBs) have become an integral part of our daily life. The high energy density of LIBs 

makes them suitable to be heavily employed in applications ranging from small-scale electric 

devices to large-scale automotive applications and beyond. Besides, the potential of using LIBs 

for energy distribution in the form of smart-grids is also being explored. The conceptualization 

of Gigafactories by Tesla and several other corporate giants as well as the 2019 Nobel Prize in 

Chemistry has further fuelled the vision of attaining energy sustainability through hard-core 

research in LIBs and other related battery technologies. The technology of supercapacitors is 

also very important considering their high power-capability compared to the batteries. 

Supercapacitors are commercialized but often used in combination with LIBs (or other battery 

technologies) to improve their power capability. Recently, Maxwell Technologies, one of the 

biggest producers of supercapacitors, was dissolved into Tesla, emphasizing the importance of 

supercapacitors along with the LIB technology. The supercapacitor-battery hybrids are 

envisaged as the next big thing in electric vehicles and the consumer electronics industry since 

they can enable fast-charging energy storage devices with a high energy density that can enable 

the long-term operation of mobile phones, electric vehicles, etc. Also, supercapacitors are 

employed in regenerative braking technology to reduce the work-load of battery in electric 

vehicles that can enhance the travel-range and shelf-life of the battery systems.  

In batteries and supercapacitors, electrolytes are one of the most important components. 

The widely used liquid electrolytes can be either aqueous or nonaqueous depending on the type 

of electrochemistry operating in the battery or supercapacitor. Nonaqueous liquid electrolytes 

are popular in commercial LIBs (aqueous electrolytes are rarely explored), whereas both 

aqueous and nonaqueous electrolytes are used in supercapacitors. Liquid electrolytes are free-

flowing and they require stringent packaging norms to avoid the risk of leakage. Besides, the 

lack of dimensional stability makes them unfit to be employed in futuristic flexible electronic 

applications. The inflammable nature of the liquid electrolytes used in the state-of-the-art LIBs 

is another huge concern. The corrosive nature of the commonly used acidic and alkaline liquid 

electrolytes is also well known. Apart from the aforementioned common intricacies associated 

with the liquid electrolytes, the safe operation of certain battery technologies cannot be realized 

with liquid electrolytes. For instance, in commercial LIBs, graphite-based intercalation anodes 
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(theoretical capacity of 380 mAh/g) are employed, enabling them to deliver an energy density 

value of ≈ 250-300 Wh/kg in combination with high-voltage cathodes (oxides of Ni, Co, etc., 

with a theoretical capacity in the range of 150-250 mAh/g). However, replacing the graphite-

based anodes by lithium-metal (theoretical capacity of ≈ 3800 mAh/g) can help in a further 

improvement of the energy density. Such batteries employing Li-metal as the anode are 

popularly known as lithium-metal batteries (LMBs) or often considered as a separate category 

called ‘beyond Li-ion’ technology. However, the conventional nonaqueous liquid electrolytes 

used in lithium-ion batteries restrict the rechargeability of LMBs. These liquid electrolytes 

incite/accelerate the growth of the Li-dendrites during the continuous cycling of LMBs leading 

to cell-failure or even fire-hazards. However, it is proven that the use of lithium-ion conducting 

solid-state electrolytes (SSEs) can inhibit the dendrite-growth over the Li-metal anode 

facilitating the rechargeability. 

SSEs are broadly classified into inorganic SSEs (ISEs) and polymer electrolytes. 

Polymer electrolytes are further classified into solid polymer electrolytes (SPEs) and gel 

polymer electrolytes (GPEs). The ISEs and SPEs are also known as all-solid-state electrolytes 

(ASSEs) due to the absence of any liquid-phase in them. Due to the same reason, they are hard, 

often suffer from low ionic conductivity, and cannot ensure effective contact with the electrode 

surface. However, GPEs are intermediate between the ASSEs and liquid electrolytes owing to 

the presence of a certain amount of liquid-phase in them. Despite the presence of the liquid 

phase, with the judicious selection of the polymer hosts, GPEs can exhibit solid-like operability 

satisfying the requirement of a safe electrolyte. Besides, the presence of liquid phase helps in 

improved ionic conductivity compared to the all-solid-state counterparts (SPEs and ISEs). 

Moreover, the proper combination of a liquid electrolyte and polymer host can result in GPEs 

exhibiting a variety of ion conduction including H+, OH-, Li+, Na+, Zn2+, Mg2+, etc. This is not 

always possible with ASSEs, where the ionic conduction is limited to certain alkali metal ions 

(Li+ and Na+) and few multivalent ions such as Mg2+, Zn2+, and Al3+. Therefore, it is reasonable 

to address the GPEs as universal SSEs that can be adopted for both batteries and 

supercapacitors. In a nutshell, the current dissertation focuses on the preparation, and 

characterization of GPEs exhibiting H+, Li+, and Zn2+ ion conductivity for the applications in 

supercapacitors and rechargeable batteries.  

Chapter 1 of this thesis aims at providing a detailed and general overview of EEDs 

with an emphasis on supercapacitors and rechargeable batteries. Among the rechargeable 

batteries, the emerging technologies of the zinc-metal batteries (ZMBs) and LMBs are covered. 

Similar to LMBs, a ZMB is nothing but a rechargeable battery employing zinc-metal as the 
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anode against a suitable cathode in the presence of a zinc-ion conducting electrolyte. ZMB can 

be considered as a post-lithium battery technology that operates similarly to an LMB but is free 

of Li. The requirement of nonaqueous electrolytes over conventional aqueous electrolytes to 

improve the average operating voltage of ZMBs is discussed. Overall, the importance of the 

gradual transition from the liquid electrolytes to SSEs for improving the prospects of EEDs 

and the associated challenges incurred during the transition are thoroughly covered in Chapter 

1. At the end of Chapter 1, the scope and objectives of the thesis are also stated in detail.  

With the background information as introduced in Chapter 1, Chapters 2 and 3 

explore the designing of aqueous (H+ conducting) and nonaqueous (Li+-ion conducting) GPEs 

for polyaniline (PANI)-based pseudocapacitors and activated carbon (AC)-based high-voltage 

electric double layer capacitors (EDLCs), respectively. For the preparation of the GPEs under 

investigation, the strategy of ultraviolet (UV)-light assisted free-radical polymerization method 

is employed. The superiority of the prepared GPEs over the conventional GPE solutions is 

demonstrated using electrochemical and physicochemical characterizations. The capability of 

the UV-polymerization method of GPE preparation as a tool for mimicking the 

electrode|electrolyte interface similar to that of a liquid electrolyte in the case of EDLC is also 

addressed.  Later, the developed UV-light induced polymerization method is extended towards 

the preparation of Li+- and Zn2+-ion conducting GPEs and concomitant fabrication of LMB 

and ZMBs, respectively. In the case of LMBs (Chapter 4), the properties of cross-linked 

polymer electrolyte (XPE) membranes are tuned in such a way that it can display high oxidation 

stability window beyond 4.3 V vs. Li|Li+. This allows the XPE to be used along with Ni-based 

cathode for the LMB fabrication, which is often missing in the existing literature. Finally, in 

Chapter 5, the preparation of a Zn2+-ion conducting polymer electrolyte (ZIP) is realized by 

using the UV-polymerization technique for the first time in literature. The ZIP exhibited 

oxidation stability of ≈ 2.5 V vs. Zn|Zn2+, which is higher than the conventional aqueous 

electrolytes. In this work also, the tuning of electrode|electrolyte interface in the ZMB full-cell 

using the GPE synthesis by UV-polymerization approach is attempted. 

In the concluding Chapter 6, the important observations and outcomes evolved from 

each working chapter of the thesis are summarized. This section emphasizes the fact that why 

the obtained results are important. It also rationalizes the excellent scope of the 

interdisciplinary research between electrochemistry and polymer chemistry, which can 

contribute to efficient EEDs. This chapter also includes a short note on future perspectives as 

well as the scope of improvements.
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Chapter 1 

General Insights on Batteries, Supercapacitors, and 

Polymer electrolytes 

The core theme of the present thesis is to design efficient polymer electrolytes that can be used 

along with electrochemical energy storage devices (EEDs) viz., lithium batteries, post-lithium 

batteries, and supercapacitors. In line with this, this chapter introduces the core concepts related 

to EEDs with an emphasis on different types of electrolytes used in them. The chapter starts 

with the introductory section covering the importance of attaining energy sustainability. Later, 

the concepts of the state-of-the-art lithium-ion batteries (LIBs) employing nonaqueous liquid 

electrolytes are introduced, which is followed by a discussion on lithium-metal batteries 

(LMBs). The inevitability of Li+-ion 

conducting solid-state-electrolytes (SSEs) is 

explained in terms of inhibiting the Li-dendrite 

induced cell-failure so that the rechargeable 

models of LMBs can be designed. The 

importance of transition towards post-lithium 

battery technologies is discussed with the 

example of the emerging technology of 

rechargeable zinc-metal batteries (ZMBs). 

The rationale behind the requirement of high-

voltage Zn2+-ion conducting nonaqueous polymer electrolytes for ZMBs is addressed. Later, 

the chapter also explains the types of supercapacitors based on the electrochemical processes 

occurring across the interface between the electrode and electrolyte. Followed by a discussion 

on the difference between the aqueous and nonaqueous electrolytes for the supercapacitors, the 

types of SSEs employed in EEDs are summarized with specific consideration into the polymer 

electrolytes. The practical intricacies associated with the use of polymer electrolyte-films 

resulting in the inferior utilization of the active electrode material compared to the liquid 

electrolytes are illustrated. The concept of the in situ polymerization process as a tool to 

improve the electrode|electrolyte interface is followed by a section dedicated to discussing the 

scope and objectives of the thesis.  
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1.1 Introduction 

Superseding the fossil fuel-based energy production with renewable alternatives is an 

indispensable requirement towards attaining energy sustainability. In the current scenario, 

energy production from non-renewable fossil fuels cannot be considered as a long-term remedy 

due to their fast depletion and the associated environmental pollution. Despite the enormous 

funding and investments dedicated to developing energy production from renewable resources, 

the practical intricacy lies in their intermittent nature. Therefore, apart from energy production, 

the storage of the produced energy is also equally important. For these reasons, the concomitant 

development of highly efficient and eco-friendly energy storage devices is also of utmost 

importance. In this scenario, electrochemistry comes for the rescue with tremendous 

opportunities to design a variety of electrochemical energy storage devices (EEDs).1 EEDs can 

be either used along with conventional power sources (e.g. a hybrid electric vehicle with an 

internal combustion engine and a battery) or as a stand-alone power source (e.g. a fully electric 

vehicle). Apart from mobility, EEDs are already being extensively used for micro- and macro-

electronic appliances (e.g. mobile phones, biosensors, pacemakers, etc.,) accelerating the 

prospects of the Internet Of Things (IoT) as well as envisaged to be employed for energy 

storage and distribution through smart grids.2 In other words, electrochemical energy storage 

devices have already revolutionized all aspects of our lifestyle.  

Batteries and supercapacitors are generally accepted to be the most important among 

the EEDs.1 Batteries are characterized by their high energy density making them suitable for 

electric devices required to be operated for a long period. One such application is an electric 

vehicle, which is expected to cover a long distance per recharge. The requirement is similar for 

other small electronic devices such as smart-phones and laptop computers. However, the 

recharging of the battery usually takes more time once they are exhausted due to their low 

power density. For applications requiring rapid power delivery and recharging, EEDs 

exhibiting high power density are required. The most suitable choice among high power EEDs 

is electrochemical capacitors, also known as supercapacitors or ultracapacitors. For example, 

regenerative braking is one such application that is used to recover power in cars and other 

heavy electric vehicles that would otherwise lose energy as heat during braking. 

Supercapacitors are also used for improving the cold start capability of automotive engines. 

Despite exhibiting high power density, the energy density of the supercapacitors is very low 

compared to the batteries. It is a challenging task to combine both the features of high energy  
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Figure 1.1. The Ragone plot comparing the energy and power density of various EEDs. Only 

supercapacitors and rechargeable batteries are considered for comparison. SuperCap: 

supercapacitor; Pb: lead-acid battery; Li-ion: LIB; NiCd: Ni-Cd battery; NiMH: nickel-metal 

hydride battery; NaNiCl2: sodium–nickel chloride battery. (Reproduced with permission from 

reference 3, SAGE Publications, Copyright © 2013, © SAGE Publications).  

and power density in the same EED due to the limitations related to the electrochemical 

processes. However, a hybrid EED invoking the extreme features of batteries and 

supercapacitors can be envisaged in the future that can be used to cope up with the trade-off 

between energy and power capabilities. This is one of the reasons why a hand-in-hand research 

towards improving the state-of-the-art batteries and supercapacitors is of extreme importance 

in the contemporary world. Figure 1.1, shows a Ragone plot comparing the energy and power 

density values of supercapacitors and various rechargeable battery technologies.3 

In any EEDs, whether it be supercapacitors or batteries, electrolytes are one of the most 

important components. The role of an electrolyte in any EEDs is to balance the flow of 

electrons across the external circuit during the charge/discharge process by internally allowing 

the transport of ions between the electrodes.4 Conventional electrolytes are generally 

electrolytic-solution type in the service-temperature range, which consist of mobile ions and a 

solvent. The solvent often being a liquid, they are known as liquid electrolytes. In a liquid 

electrolyte, the mobile ions are generated as a result of the dissociation of salts/acids/alkalis 

(known as electrolyte solutes) in the solvent of interest. Mainly, aqueous (water) and 

nonaqueous (organic solvents or inorganic solvents) solvents are employed for the preparation 

of electrolytes, and hence they can be broadly classified into aqueous and nonaqueous liquid 
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Figure 1.2. (a) Desirable features of an electrolyte used in EEDs; (b) broad classification of 

the electrolytes. 

electrolytes.5  All electrolytes are ionic conductors, or in other words, the mobile ions in the 

electrolyte direct the movement of charges between the electrodes of an EED depending on the 

potential/voltage.4 The desirable features of an electrolyte and the general classification of the 

electrolytes are summarized in Figure 1.2.   

Both aqueous and nonaqueous liquid electrolytes are ubiquitously employed in the 

commercial EEDs. However, the use of these liquid electrolytes in EEDs is associated with 

several practical limitations and constraints. For example, a good electrolyte is generally 

expected to be safe, economic, and easily integrable with the electrochemical devices. It should 

be also able to offer uncompromised performance when employed in commercial devices. The 

term ‘safety’ in the context of an electrolyte covers more than one aspect as follows. An 

electrolyte is expected to possess non-flammability, environmental friendliness, and chemical 

inertness to the other cell components (e.g. separator, electrode substrates, and packaging 

materials). Other features such as non-toxicity, free from potential leakage, evaporation, and 

gas evolution during the operation of the electrochemical cell, are also highly desirable.5 

Despite being heavily employed in the commercial devices, most of the aforementioned 

features are not satisfied in the case of the state-of-the-art liquid electrolytes. For instance, 

nonaqueous carbonate solvent-based liquid electrolytes used in the commercial LIBs and 

supercapacitors are toxic as well as inflammable. The acidic electrolytes employed in the lead-

acid batteries are highly corrosive to their components. Therefore, liquid electrolytes incite 

several environmental and safety concerns.6 Moreover, the free-flowing nature of the liquid  
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Figure 1.3. Scheme depicting the components of a battery cell. The two electrodes, electrolyte, 

and the separator are visible. Since the electron flows from the negative (anode) to the positive 

electrode (cathode), the process depicted is the discharge of the battery cell. The discharge 

mode of a battery is also known as the galvanic mode. (Reproduced from the press releases on 

the Nobel Prize in Chemistry 2019: © The Royal Swedish Academy of Sciences, 

https://www.nobelprize.org/). 

electrolytes demand sophisticated packaging norms to be adopted for the fabrication of EEDs, 

which in turn increases the cost of production. Besides, liquid electrolytes are not suitable for 

flexible architectures and micro-EEDs (e.g. micro-supercapacitors, micro-batteries, etc.,), 

which are highly desired in the industry of smart and flexible electronics. 

To overcome the practical intricacies associated with the liquid electrolytes, the 

paradigm shift in tuning the physicochemical properties of the electrolytes is inevitable. In 

recent times, solid-state electrolytes (SSEs) are emerging as a suitable alternative to the liquid 

electrolytes. SSEs can improve the prospects of safe and flexible futuristic EEDs. An SSE is 

nothing but a material, which can allow the conduction of ions in the solid-state. Polymer 

electrolytes (solid polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs)) and 

inorganic solid-state electrolytes (ISEs) are the two major classes of SSEs (explained in Section 

1.3).7, 8 SSEs leverage the safety, mechanical, and thermal properties compared to the liquid-

state counterpart. The less inherent reactivity of SSEs compared to the liquid electrolytes helps 

in mitigating the side reactions with the cell components so that an enhanced shelf-life of the 

EED can be expected. SSEs can enhance the high-temperature operability of the EEDs, at 

which conventional liquid electrolytes (aqueous and nonaqueous) undergo decomposition, 

ignition, and/or evaporation. Also, the easy integrability of SSEs with flexible devices avoids 
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the obvious constraints imposed by free-flowing liquid electrolytes with the risk of leakage. 

Among the SSEs, SPEs and ISEs are generally known as all-solid-state electrolytes (ASSEs), 

since they are completely free from a liquid phase. However, in the case of SPEs, to improve 

the ionic conductivity as well as ensuring an extended electrode|electrolyte interface, a certain 

amount of liquid electrolyte is also often added. Such polymer electrolytes that are intermediate 

between a liquid electrolyte and ASSEs are popularly known as GPEs (Figure 1.2b).7 

The core theme of this thesis is to develop the polymer electrolyte-based SSEs suitable 

for EEDs. Among the polymer electrolytes, the category of dimensional stable aqueous and 

nonaqueous GPEs are extensively explored for various types of ion conduction such as proton 

H+, Li+, and Zn2+. In all the works discussed in this thesis, the preparation of GPEs is achieved 

by simple and scalable ultraviolet (UV)-light induced polymerization process.  In this method, 

the constituent monomers are mixed with a suitable liquid electrolyte in the presence of a 

photo-initiator to form a reactive mixture. This reactive mixture in the liquid state is either cast 

on a flat surface or directly spread over the electrode surface to be converted into GPE followed 

by UV-curing. The latter approach of polymer electrolyte generation directly over the electrode 

surface in line with the device fabrication is known as the in situ process. The in situ process 

as a tool to improve the electrode|electrolyte interface in polymer electrolyte-based EED is also 

emphasized in this thesis. 

1.2 Fundamentals of batteries and supercapacitors 

This section is intended to provide insights into the mechanism of operation of batteries 

and supercapacitors. In the case of batteries, LIBs are taken as an example considering their 

wide-spread application. Two types of supercapacitors viz., 1) Electric Double Layer 

Capacitors (EDLCs) and 2) Psuedocapacitors are also explained with emphasis on the reactions 

occurring at the interface between the electrode and electrolyte leading to their different charge-

storage behavior.9 As already mentioned, the key difference between a battery and 

supercapacitor is the high energy density and low power density in the former, and vice versa 

in the latter.1 

1.2.1 Batteries in general 

The basic configuration of the battery cell (discharge process is depicted) is displayed 

in Figure 1.3 and its working principle is relatively straightforward.4 The battery cell consists 

of two electrodes that can be connected to an electric circuit. These two electrodes are separated 

by an electrolyte, which accommodates the charged species known as ions. Usually, a physical 

barrier (known as separator) is used to avoid the physical contact between the electrodes. The 

role of a separator is to avoid the short-circuit that may arise if the two electrodes come in  
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Figure 1.4. Scheme depicting the components and operation of a commercial LIB. The anode 

(graphitic carbon) and the cathode (transition metal oxide) are layered materials, which can 

reversibly intercalate Li+-ion (from the nonaqueous liquid electrolyte) during the 

charge/discharge process. Here also, the spontaneous discharge process is depicted. For 

simplicity, the porous barrier (separator) separating the two electrodes is not shown. In the 

context of this chapter, a state-of-the-art LIB configuration is considered as the 2nd generation 

LB. (Reprinted with permission from reference 4. Copyright (2004) American Chemical 

Society). 

contact with one another. At the same time, the separator should facilitate the permeation of 

ions between the respective half-cells.4 

In the case of batteries, redox processes, also known as Faradaic processes (due to the 

transfer of electrons across the interface between the electrode and electrolyte) lead to the 

storage or release of electric charge. During the discharge mode of a battery (similar to a 

galvanic cell as shown in Figure 1.3), an oxidation process occurs at the anode (negative 

electrode), which is balanced by a complementary reduction process occurring at the cathode 

(positive electrode).10 These processes are accompanied by the flow of electrons from the 

negative to the positive electrode through the external circuit, manifested as an electric current. 

The voltage of the battery cell largely depends on the potential difference between the 

electrodes. Depending on the reversibility of the redox processes occurring at the anode and 

cathode, batteries are broadly classified into primary and secondary. A secondary battery is a  
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Figure 1.5. Crystal structure of the typical intercalation cathode materials used in LIBs: (a) 

layered LiCoO2, (b) spinel LiMn2O4, (c) olivine type LiFePO4, and (d) tavorite type LiFeSO4F; 

(e) typical discharge profiles of the intercalation cathode materials used in LIBs. ((a) to (d) 

are reproduced with permission from: [reference 14] - Published by The Royal Society of 

Chemistry; (e) Reproduced with permission from reference 13, Copyright © 2014 The Authors. 

Published by Elsevier Ltd). 

rechargeable, which can facilitate the spontaneous conversion of stored chemical energy to 

electrical energy (discharge), and the non-spontaneous conversion of an externally supplied 

electrical energy to be stored as chemical energy (similar to the electrolytic cell, recharging). 

Unlike secondary batteries, a primary battery is non-rechargeable, which is designed to be used 

only once and discarded after it is completely discharged. In simple words, it can be concluded 

that primary batteries are a type of galvanic cell whereas, the secondary batteries are both 

galvanic as well as electrolytic cells.  

 The surge in interest in rechargeable batteries (secondary batteries) technology started 

with the first demonstration of the Lead-Acid battery in 1859 by French physicist Gaston 

Plante. Before the invention of rechargeable batteries, stalwarts like Allessandro Volta, Luigi 

Galvani, and John Frederic Daniell had already contributed enormously towards the earlier day 

developments of electrochemical energy storage technology, especially, primary batteries. 

Although the term ‘rechargeability’ is the golden standard in the contemporary world towards 

attaining sustainability, the technology of primary batteries is historically important, which 

paved the path towards modern-day energy storage technologies.11 The examples for primary 

batteries include dry cells (Zn-metal anode and carbon cathode in a gel-based electrolyte made 

of NH4Cl and ZnCl2), alkaline cells (Zn anode and MnO2 cathode in gel-based alkaline 

electrolyte, also known as Zn-Mn cells), Li-Mn cell (Li-metal as the anode and MnO2 as the 
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cathode in the nonaqueous liquid electrolyte), etc. However, the market share of primary 

batteries is generally in the decline with their use limited to low-voltage applications such as 

house-hold items (clocks, flashlights, remote controllers, toys, etc.,) and certain niche 

applications (military combats, rescue missions, animal tracking, etc.,), wherever the 

rechargeability is impractical or impossible. In the context of this chapter and thesis, the 

discussion is confined to secondary batteries (especially lithium-ion batteries (LIBs), lithium-

metal batteries (LMBs), and zinc-based post-lithium batteries). 

1.2.2 Lithium-ion batteries (LIBs) 

To understand the rechargeable batteries in detail, the most important modern-day example of 

commercial (state-of-the-art technology) LIBs is considered here. LIBs are a wonderful choice 

as EEDs owing to their rechargeability, with state-of-the-art LIB technology capable of 

delivering high energy density of ≈ 260 Whkg-1. Besides, the energy density of LIB can expand 

above 500 Whkg-1 with judicious engineering and selection of high-voltage cathode materials 

with high theoretical capacity. Ever since the commercialization of LIBs in 1991 (SONY), they 

are extensively used in portable electric devices and electric vehicles.12 The schematic of a 

typical LIB cell is presented in Figure 1.4.4  

The graphite-anode and transition metal-based cathode materials in a LIB are 

compounds often containing lithium atoms (lithiated materials). During the discharge process, 

the oxidation reaction occurring at the anode releases Li+-ions and electrons to the electrolyte 

and external circuit, respectively, and are transported towards the cathode side followed by 

recombination.12 This recombination is concerted with a reduction reaction occurring at the 

cathode material. On the other hand, during the charging process, the electric energy provided 

by the external circuit facilitates the redox processes, ion transport, and flow of electrons occur 

in the opposite direction. Hence, the supplied electric energy is stored in the form of chemical 

energy in the LIB cell. The electrochemical processes occurring at the anode and cathode of a 

LIB based on LiCoO2||LiC6 is presented below (LiC6 represents lithiated graphite as the anode). 

Here, LiCoO2 (LCO) is the layered cathode material. 

Anode: LiC6 ⇌ Li+ + C6 + e- 

Cathode: CoO2 + Li+ + e- ⇌ LiCoO2 

Overall reaction: LiC6 + CoO2 ⇌ LiCoO2  

 The electrode materials such as LiCoO2 and graphite used in state-of-the-art 

LIBs are generally called as intercalation compounds (more specifically intercalation anodes 

and cathodes). They are layered materials, which can reversibly intercalate the Li+-ions in 

between their interlayer spacing depending on the cell potential. The intercalation electrodes  
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Figure 1.6. Illustration of the average discharge potential vs. specific capacity of (a) 

intercalation cathodes (experimental) and (b) conversion-type cathodes (experimental) in 

LIBs; (c) comparison of the average discharge potential vs. specific capacity of the popular 

intercalation, alloying, and conversion-type anode materials in LIBs; (d) a summary of the 

average discharge potential vs. specific capacity of all types of the electrode materials used in 

LIBs. (Reproduced with permission from reference 13, Copyright © 2014 The Authors. 

Published by Elsevier Ltd). 

can be considered as a host network for the Li+-ions. The process of release of Li+-ions from a 

host material is known as extraction or deintercalation. The complementary process of holding 

Li+-ions in the host lattice is called insertion or intercalation. Due to the shuttling of Li+-ions 

between the anode and cathode host materials, LIBs are also known as rocking-chair batteries 

or swing batteries. In certain cases, lithium titanium oxide (LTO), which is a transition metal-

based layered material, is also used as the anode instead of LiC6 for improving the power 

capability. However, shifting to LTO compromises the energy density compared to LiC6. Apart 

from LCO, there is a pool of other transition-metal-based intercalation materials, which can be 

employed as cathodes. Depending on the application, all these materials are employed in one 

or another kind of commercial LIBs. These include, layered transition metal oxides [e.g. 

LiNixMnyCozO2 (NMC), LiNixCoyAlzO2 (NCA)] in several compositions, olivine-type metal 

phosphates [e.g. LiFePO4 (LFP), LiMnPO4], spinel oxides (e.g. LiMn2O4 (LMO), LiMnxNiyO4 
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(LNMO)) etc., are popular amongst the available cathodes.13 The crystal structure and typical 

discharge curves of the popular cathode materials are presented in Figure 1.5a-e.13, 14 

 In the case of LIBs, the energy density is generally represented as the product of 

specific capacity per unit weight (mAh/kg), volume (mAh/cm3) or area (mAh/cm2) by the 

voltage (V). According to several calculations, as reported earlier, it is understood that the total 

energy density of a LIB can be improved either by increasing the capacity of the cathode or 

anode. For instance, a double-fold increment in the capacity of the cathode electrode in the LIB 

can increase the energy density value by ≈ 57%. Similarly, a 10-fold increment in the capacity 

of the anode can increase the energy density by 47%.15, 16 Figure 1.6a compares the theoretical 

capacity value and approximate average operating potential of the commonly used transition-

metal based layered cathodes (theoretical capacity ranges from 150-200 mAh/g).13 Apart from 

the transition metal-based layered cathodes, another type of cathode known as ‘conversion 

type’ is also being explored for LIBs in recent times, which can exhibit high capacity (200-

1600 mAh/g) than state-of-the-art layered cathodes. Unlike the intercalation reactions in the 

layered cathode materials, the conversion type cathode materials are operated by solid-state 

redox reactions inducing breaking and making of chemical bonds and changing the crystal 

structure. However, the conversion type cathode materials are not as popular as the layered 

type cathodes due to their low average operating potential and inferior stability. The commonly 

used conversion type cathode materials are transition metal halides and chalcogenide elements 

(S, Se, etc., are used for Li-S and Li-Se). The electrochemical properties of the conversion 

cathodes are compared in Figure 1.6b.13  

 Similar to the conversion type cathode materials, conversion type anode 

materials with high theoretical capacity than LiC6 are also available. In the case of LiC6, the 

theoretical capacity value is ≈ 380 mAh/g. The usually employed conversion-type anode 

materials are nanoscale metal oxides of transition metals such as SnO2, Fe2O3, TiO2, so forth 

and so on. Similar to conversion type cathodes, conversion type anodes are also prone to low 

stability during cycling due to changes in the crystal structure. Compared to LiC6, they operate 

at high lithiation potentials, limiting the voltage and are yet to be used in commercial LIBs. 

Another promising type of anodes for LIBs are neither conversion nor intercalation type, but 

alloying in nature. They are commonly known as alloying anodes (Si, Sn, etc.,). Compared to 

LiC6, they have very high theoretical capacity values (400-3500 mAh/g) and can be operated 

lower potential than the conversion anodes. The most popular alloying anode is Si, and it is 

envisaged that the Si-based LIBs can replace LiC6 in future LIBs. For instance, in the case of 

Si, during the charging process Li-Si (LixSi) alloy formation takes place, which is reversed 
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Figure 1.7. Commonly used (a) nonaqueous solvents and (b) salts used in LIB electrolytes. 

Many of the mentioned organic carbonate solvents and the lithium salts are used in the 

preparation of nonaqueous electrolytes for supercapacitors also. All these solvents can be 

employed as a plasticizer in the preparation of GPEs as well. DMC: dimethyl carbonate, DEC: 

diethyl carbonate, EC: ethylene carbonate, FEC: flouroethylene carbonate, PC: propylene 

carbonate, sultone:1,3- propane sultone, γ-BL: γ-butyrolactone, DOL: dioxalane, SN: 

succinonitrile, LiPF6: lithium hexafluoro phosphate, LiBF4: lithium tetrafluoro borate, LiTFSI: 

lithium bis(trifluoromethanesulfonyl)imide, LiAsF6: lithium hexafluoro arsenate, LiDFOB: 

lithium difluoro(oxalato)borate, LiFSI: lithium bis(fluorosulfonyl)imide, LiBETI: lithium 

bis(pentafluoroethanesulfonyl)imide, LiTf: lithium triflate, LiClO4: lithium perchlorate. 

during the discharge. The theoretical capacity and average working potential of several anode 

materials in LIBs are summarized in Figure 1.6c.13 Also, in Figure 1.6d the average discharge 

potentials and specific capacities values of several types of the above-discussed electrode 

materials (both anode and cathodes) are summarized.13 
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 Figure 1.8. (a) The voltage stability limits of the neutral water, WiSE, and nonaqueous 

electrolytes are compared. The average operating voltage and capacity of various 

intercalation materials are also illustrated, which can help in choosing the right electrode-

electrolyte combination; (b) expanded voltage window of WiSE compared to the aqueous 

electrolytes with low-salt concentration allowing 3V LiMn2O4||Mo6S8 aqueous LIB. ((a) is 

reproduced from reference 20. Reprinted with permission from AAAS; also (a) include the 

content adapted with permission from reference [J. B. Goodenough, Y. Kim, Chem. Mater. 

2010, 22, 3, 587–603]. Copyright (2010) American Chemical Society; (b) is reproduced from 

reference 19. Reprinted with permission from AAAS). 

 Apart from the electrode materials, the electrolyte is also an inevitable 

component in LIBs. In LIBs, nonaqueous Li+-ion conducting electrolytes are preferred that can 

withstand the extreme potential conditions at which a LIB normally operates. In commercial 

LIBs, nonaqueous liquid electrolytes are used. They are based on organic solvents such as 

linear (e.g. dimethyl carbonate, DMC) and cyclic (e.g. ethylene carbonate, EC) carbonates.4 

The commonly used solvents and salts used in LIB electrolytes are summarized in Figure 1.7a 

and b. These solvents in combination with lithium salts, lithium fluoroborate (e.g. LiBF4),  



CHAPTER 1 

 

 

17 AcSIR, CSIR-NCL | Vidyanand V 

Figure 1.9. A nonaqueous liquid electrolyte-based pLMB that was invented by Whittingham et 

al., demonstrating the intercalation chemistry for the first time using layered TiS2 cathode in 

the 1970s. In the context of this chapter, pLMBs employing liquid electrolytes are considered 

as the 1st generation LB. (Reproduced from the press releases on the Nobel Prize in Chemistry 

2019: © The Royal Swedish Academy of Sciences, https://www.nobelprize.org/). 

fluorophosphate (e.g. LiPF6), sulfonylimide (e.g. LiFSI, LiTFSI), etc., can form suitable 

electrolytes for LIBs. The nonaqueous liquid electrolyte in a LIB has the role of ensuring the 

formation of solid electrolyte interphase (SEI) and cathode electrolyte interphase (CEI) at the 

anode and cathode electrode surfaces, respectively.17 Usually, the anodes and electrolytes that 

are operated at a decently negative potential range in LIBs are thermodynamically unstable 

against each other. Therefore, to protect the anode from the direct attack of the electrolyte, a 

passivation film is inevitable. The SEI is a passivation film formed over the anode surface of a 

LIB during the initial charging cycles. The composition of SEI is electrolyte decomposition 

products. However, once a stable SEI formed over the anode surface during the initial charging 

cycles, further decomposition of the electrolyte is prevented, which facilitates the reversible 

cycling of a LIB. Thanks to the electrically insulating but ionically conducting property of SEI. 

Similar to SEI, CEI is also a passivation layer that is formed at the cathode surface. Compared 

to SEI, CEI is less explored, but it is generally agreed upon the fact that the CEI is effective in 

improving the anodic stability of the electrolyte. 

 Recently, there are efforts to develop LIBs using aqueous liquid electrolytes that 

are more environmentally friendly as well as nonflammable compared to the nonaqueous 

counterparts.18 However, when aqueous electrolytes are used, the decomposition products are 

mainly hydrogen (reduction products) and oxygen (oxidation product) gases along with soluble 

hydroxides, which cannot get deposited on the respective electrode surfaces to form SEI or CEI 

layers. Since, the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) 

happen within a voltage window of 1.23 V, using conventional aqueous electrolytes, high- 
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Figure 1.10. HSAL induced failure of a liquid electrolyte-based pLMB during repeated 

charge/discharge cycles. 

voltage LIBs cannot be realized. To overcome this low voltage window offered by aqueous 

electrolytes, highly concentrated water-in-salt (WiSE) electrolytes are used in aqueous LIB 

fabrication.19 The WiSE electrolytes can induce overpotential for the HER and OER so that 

aqueous LIBs that can be operated at a voltage of 3 V has been realized. Due to the requirement 

of a high concentration of expensive LiTFSI salts, WiSE electrolytes, and aqueous LIB are not 

cost-effective and the technology is still in their infant state. The voltage window of aqueous 

and nonaqueous electrolytes in the context of Li+-ion conducting electrolytes are summarized 

in Figure 1.8a and b.19, 20 It should be noted that the same limiting factors apply to all 

electrolytes irrespective of the EED under consideration. Apart from liquid electrolytes, SSEs 

are also proposed for LIBs but are more important in another technology called LMBs, which 

is discussed in the later sections (Section 1.2.3). 

 As already mentioned before, separators are also often used in all types of 

batteries to avoid short-circuit. In LIBs polyolefin sheets (e.g. Celgard) or glass fiber mats are 

used as the separator. When SSEs are used for the fabrication of LIBs, an additional separator 
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Figure 1.11. Schematic representation of a typical LMB cell using SSE. The only difference 

compared to LIB is the liquid electrolyte and the intercalation anode are replaced by SSE and 

Li-metal, respectively. In the context of this chapter, an LMB using SSE is considered as the 

3rd generation LB. (Republished with permission of IOP Publishing, Ltd, from reference 22; 

permission conveyed through Copyright Clearance Center, Inc). 

is not necessary for the battery device that can reduce the overall cost. Other than the 

aforementioned components viz., electrodes, electrolytes and separators, binders, and 

conductive additives are important in LIB electrodes. The role of the conductive additive is to 

improve the overall conductivity of the coated electrodes. Binders are introduced in electrodes 

to hold the electrode particles (active electrode material and the conductive additive) together, 

and to improve the adhesion over the respective current collectors (Cu for the anode and Al for 

the cathode). Poly(vinylidene fluoride) (PVdF) or the copolymer PVdF-HFP (poly(vinylidene 

difluoride-co-hexafluoropropylene) are widely used as the binders. Carbon black (e.g. Super 

P® and Super C®) is one of the most common conductive additives used. 

1.2.3 Transition from LIB to LMBs 

  The previous section briefly explained the basic features of LIBs. As discussed 

in Section 1.2.2, in the commercial LIBs, graphite-based intercalation anodes with a theoretical 

capacity of ≈ 380 mAh/g are used. To improve energy density, anode, and cathode materials 

with high theoretical capacity values can be used. In this scenario, the use of Li-metal itself as 

an anode in LIBs can be considered. This is reasonable since the fact that Li-metal has a 

theoretical capacity value of 3842 mAh/g, which is 10 times higher than that of the graphite-

based anode.15, 21 LIB configurations that are using Li-metal foil directly as the anode are called 

as LMBs. However, designing a rechargeable form of LMB is not as straight forward as 
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conventional LIBs. The main intricacy preventing the rechargeability in LMBs arises from the 

electrolyte end.22 Most of the conventional nonaqueous liquid electrolytes currently pursued in 

LIBs are noncompatible with Li-metal and are not able to retain a stable SEI. The 

electrochemical processes occurring at the anode half-cell in the case of LMB are the plating 

(during the charge) and stripping (during discharge) of metallic Li as shown below. 

Li → Li+ + e- (stripping during discharge) 

Li+ + e- → Li (plating during charge) 

This process is way different from the intercalation pathway followed in the case of the layered 

graphite-anode as in the case of the conventional LIBs. When the conventional nonaqueous 

liquid electrolytes are employed for LMB fabrication, during the repeated charge/discharge 

cycles, high surface area lithium (HSAL, also known as dendrites) growth is accelerated at the 

anode surface.23 The HSAL grows from the anode side and may pierce the separator to come 

in contact with the cathode thereby resulting in cell short-circuit.22 Ultimately, the increase in 

temperature during the cell short- circuit (called thermal runaway) can result in fire hazards in 

the presence of the inflammable liquid electrolytes present in the cell. Hence, the liquid 

electrolytes are the main reason contributing to the non-rechargeable behavior of LMBs and 

are called as primary LMBs (pLMBs). The schematic of a pLMB (LixTiS2||Li) conceived by 

Whittingham et al., in the 1970s is displayed in Figure 1.9. The process of HSAL growth and 

cell-failure in the presence of liquid electrolyte during continuous cycling is also illustrated in 

Figure 1.10.  

 To bring the transition from a pLMBs to rechargeable LMBs, the HSAL induced cell 

failure should be controlled/inhibited, which demands alternative electrolytes that are 

compatible with Li-metal. This has intensified research in SSEs. It is reported that the Li+-ion 

conducting SSEs possessing a high shear modulus (G′ > 3.4 GPa) than that of Li-metal are 

capable of hindering the HSAL growth during continuous charge/discharge cycles.24 

Therefore, the combination of SSEs and Li-metal is inevitable in fuelling the imminent 

transition from pLMBs to the rechargeable form of LMB. In the context of this thesis and 

chapter, the term LMB always refers to a rechargeable battery employing SSE, unless 

specified. The schematic representation of LMB using polymer-based SSEs is depicted in 

Figure 1.11.22 

Evolution of lithium battery technology 

 With the preliminary ideas about pLMB, LIB, and LMB (can be combinedly called 

lithium batteries (LBs)) as discussed above, the history, evolution, and current status of LB 

technology can be summarized as follows.12 The evolution of LB technology can be divided  
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Figure 1.12. A typical representation of a rechargeable aqueous ZMB employing Zn-metal as 

the anode and a suitable cathode (here, the metal organic framework is used as the cathode) 

in the presence of Zn2+-ion conducting aqueous electrolyte. (Reproduced with permission from 

reference 27, Copyright © 2019, Springer Nature). 

into three generations. As it is portrayed in Figure 1.9, the 1st generation of LBs were liquid 

electrolyte-based pLMBs in which Li-metal was directly employed as the anode. The pLMBs 

were popular during the 1960s and 1970s. Later, there were several attempts during the 1970s-

1990s to transform the pLMB design to LMBs. During this period, it was generally believed 

that the tuning of already available liquid electrolytes and cathode materials can gradually lead 

to LMB configuration. However, the concerns related to HSAL and cell-failure were not 

resolved and several companies recalled the few already commercialized liquid electrolyte-

based LMB models from the market.4 Still, the various studies that occurred during the same 

period led to several ground-breaking discoveries such as the intercalation cathodes by 

Goodenough et al., and Whittingham et al (during the mid-1970s). 

 Followed by the discovery of intercalation cathodes, attempts to realize the intercalation 

anodes were initiated by Besenhard et al., Basu et al., and Yazami et al., and several other 

researchers during the late-1970s. The primary aim of the research with the intercalation anodes 

was to find a replacement for the Li-metal anode. These attempts culminated in the inception 

of carbonaceous materials such as graphite and coke as efficient Li-intercalating materials. 

Later, in 1985, Yoshino et al., from the Asahi Kasei Corporation designed the first practical 

prototype of LIB using intercalation anodes as we see today (2nd generation LB). This LIB 
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Figure 1.13. Pourbix diagram representing the relationship between the potential and pH of a 

Zn/H2O system. (Reproduced with permission from reference 30, Copyright © 1990 Published 

by Elsevier Ltd.). 

model was later commercialized in 1991 by Sony, which remains as the state-of-the-art 

technology. Ever since the commercialization of LIBs, the basic configuration remains the 

same as already depicted in Figure 1.4 in which the two electrodes are separated by a porous 

separator soaked in a liquid-electrolyte.12 With the advancements in SSEs, the constraints 

incited by liquid electrolytes against realizing rechargeable form of LMBs have been 

compensated to an extent. Such LMBs (Figure 1.11) invoking SSEs are considered as 3rd 

generation LBs.22  

1.2.4 Lithium batteries to post-lithium battery technologies 

Aqueous ZMBs 

 The previous section covered the concept of various types of LBs in detail. The 

technology of LIBs, since its inception in the 1980s, has revolutionized our daily life. If the 

current scenario is considered, LIBs are the most widely used EED along with the other 

potential candidates such as LMBs. Although the LB technology is expected to be capable of 

satisfying most of the energy demands for at least the next 2-3 decades, it is generally 

considered that a single battery technology alone cannot be a solution for all the types of 

applications. For instance, the distribution of major lithium sources is centralized in certain 

regions of the globe as well as the low-natural abundancy of the electrode components such as 

Ni, Co, etc., which can impact the cost-efficiency of LBs in the imminent future. Therefore, 

the know-how regarding the LB technology should be reciprocated towards generating new 

rechargeable battery technologies. In this respect, post-lithium batteries are important.25 Post-
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lithium batteries are lithium-free rechargeable batteries, but employing the chemistry similar 

to LBs. In line with this, other monovalent and multivalent metals such as Na, K, Mg, Ca, Al, 

and Zn are also recently being explored for developing post-lithium batteries. Among them, 

multivalent metal anode-based batteries coupled with a cation intercalating cathode are 

attractive owing to the multielectron redox processes involved. 

 Among the post-lithium batteries, recently, zinc-metal batteries (ZMB) are receiving 

popular attention among researchers. As the name implies, similar to LMBs, ZMBs are 

rechargeable EEDs that use zinc-metal directly as the anode in combination with suitable 

cathode materials.26 The basic structure of a typical rechargeable aqueous ZMB is displayed in 

Figure 1.12.27 The theoretical capacity of Zn is 820 mAh/g, which is higher than that of LiC6 

anodes used in LIBs. Provided that high-voltage cathodes with high theoretical capacity can be 

coupled in ZMBs, the energy density may be surpassed over LIBs. Moreover, the relatively 

low-cost and high abundancy of Zn is also an added advantage. If the current reports on ZMBs 

are considered, Zn2+-ion conducting aqueous electrolytes are widely used (aqueous solution of 

ZnSO4, Zn(OTf)2 etc.,). Mainly, transition metal oxides (V2O5, MnO2), conducting polymers 

(polyaniline (PANI), Prussian blue analogues, etc., are used as the cathode materials. Recently, 

metal organic frameworks (MOFs), covalent organic frameworks (COFs), etc., are also 

employed as the cathode.28 In the case of the aqueous electrolytes, since the voltage window is 

restricted, in most of the cases, aqueous ZMBs operate at a potential less than 2 V. Therefore, 

to further leverage the prospects of ZMBs, high-voltage electrolytes are indispensable. In the 

case of ZMBs, the electrochemical reaction occurring at the anode is plating and stripping of 

Zn during the charge and discharge steps, respectively. 

 The operability of the aqueous ZMBs largely depends upon the pH of the electrolyte 

solution. Normally, electrolytes with pH between 4-6 are desirable for ZMBs.29, 30 This is 

evident from the Pourbix diagram of the Zn/H2O system (Figure 1.13).30 As it is presented in 

Figure 1.13, the electrochemistry of Zn differs in different pH conditions. In a ZMB, the 

process taking place at the anode is the oxidation (stripping) of Zn to form Zn2+-ions similar to 

the case of Li to Li+-ions in LMBs. Provided that the pH condition is alkaline, the formed Zn2+-

ions can further undergo complexation reaction leading to the formation of zincate ions 

(Zn(OH)4
2-). These zincate ions can dissolve in the electrolyte and undergo precipitation to 

ZnO once the solubility limit is reached. However, this process during the discharge ultimately 

results in the loss of active Zn from the anode due to the irreversibility of ZnO to Zn during 

charging. The same process also results in dendrite growth and/or passivation of the Zn metal 

surface. Therefore, alkaline electrolytes are not suitable for rechargeable zinc-metal anode 
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batteries (ZMABs). Still, for certain commercially available primary batteries such as Zn-

MnO2, Zn-air, and Ni-Zn batteries (they also employ Zn-metal as the anode), highly 

concentrated alkaline electrolytes (≈ 6M) with high pH are used. 

 Further looking at the Pourbix diagram of Zn/H2O couple (Figure 1.13), it is seen that 

the aforementioned parasitic reactions (formation of zincate ion and ZnO) can be suppressed 

by maintaining the electrolyte pH in between 4-6. At this electrolyte environment, the Zn2+-

ions can freely exist in the electrolyte without further conversion into complex species. 

Moreover, the reduction of Zn2+-ion to Zn is also favored during the charging process. This 

indicates that the facile plating/stripping of Zn is facilitated with a Zn2+-ion conducting aqueous 

electrolytes in mildly acidic media improving the prospects of rechargeability. Even though the 

standard reduction potential of Zn (-0.76 V vs. SHE) is higher than that of hydrogen evolution 

reaction (HER, -0.236 V vs. SHE at pH of 4), the kinetic limitation favors the deposition of Zn 

before H2 gas evolution. Or it is right to say that Zn induces high kinetic overpotential for HER 

evolution, which is the fundamental reason that the realization of an aqueous rechargeable 

ZMAB is possible.29 

Nonaqueous ZMBs  

 The main practical intricacy associated with the aqueous ZMBs is their limited average 

operating voltage due to the use of the water-based electrolytes.31 As already mentioned, 

normally, the water-based electrolytes are characterized by their limited operating voltage 

window of 1.23 V without decomposition. However, the higher overpotential for HER can 

favor the aqueous ZMB full-cell to be operated close to a voltage of 2 V. Still, compared to the 

commercial LIBs that are normally operated between 3-4 V, the operating voltage of ZMB is 

very low. Since these practical constraints are mainly evolved from the aqueous electrolytes, 

the research in high-voltage electrolytes for ZMBs must be progressed hand-in-hand with the 

aqueous counterpart. As high-voltage electrolytes, inspired by the LIB literature, nonaqueous 

electrolytes can be of suitable choice. However, the nonaqueous Zn electrochemistry is rarely 

explored. Besides, suitable electrode materials with the capability to intercalate/insert Zn2+-

ions at high-voltage conditions are also rare. To further advance in the field of nonaqueous 

ZMBs, one chapter of this thesis (Chapter 5) is dedicated to the development of nonaqueous 

Zn2+-ion conducting polymer electrolytes (ZIPs) for ZMBs. 

1.2.5 Supercapacitors  

 With the extensive discussion on batteries as already provided in the previous sections, 

familiarizing the concept of supercapacitors is rather easy. The configuration of a 

supercapacitor is similar to that of a battery, which consists of two electrodes, electrolyte, and  
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Figure 1.14. Different types of supercapacitors are represented. (a) a symmetric EDLC; (b) a 

symmetric psuedocapacitor; (c) an asymmetric supercapacitor. ((a) Reproduced with 

permission from reference 32, Copyright © 2015 John Wiley & Sons, Ltd. All rights reserved; 

(b) Republished with permission of Royal Society of Chemistry, from reference 35, permission 

conveyed through Copyright Clearance Center, Inc; (c) Reprinted with permission from 

reference 36. Copyright (2015) American Chemical Society). 

a separator (Figure 1.14a-c).1, 32, 33 Unlike batteries in which the charge-storage/release occurs 

as a result of slow and bulk Faradaic processes, a supercapacitor can be simply defined as an 

EED storing/releasing energy using the fast Faradaic or non-Faradaic processes that are 

exclusively confined on the electrode surfaces.34 A non-Faradaic process is nothing but an 

electrochemical process that does not involve any electron transfer across the interface between 

electrode and electrolyte (can also be referred to as the one in which there is no redox reactions 

take place). An example of a non-faradaic process leading to charge-storage as in the case of a 

supercapacitor is the formation of an electric double layer (EDL) at the electrode-electrolyte 

c) 
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Figure 1.15. The fundamental differences between the electrochemical processes occurring at 

the interface between the electrode and electrolyte in a battery, EDLC, and pseudocapacitive 

electrode material. In the case of a battery, the bulk Faradaic reactions are involved, which 

are diffusion-controlled and slow. In the case of an EDLC, non-Faradaic reversible adsorption 

of ions on the electrode surface leads to charge-storage. In the case of a pseudocapacitive 

material, the fast-Faradaic reactions occurring at the electrode surface helps in charge-

storage. 

interface. The EDL formed in the case of a supercapacitor using activated carbon (AC) as the 

electrode material is also displayed in Figure 1.14a.32 Depending on the polarity of the 

electrodes, the ions of opposite charge in the electrolyte can be reversibly adsorbed on the 

electrode surface. Hence, the charge is electrostatically stored in the EDL similar to that of a 

conventional dielectric capacitor. A supercapacitor, which stores charge utilizing purely non-

Faradaic processes (by the formation of EDL) are known as EDLCs, whereas, the one involving 

fast-surface Faradaic processes are known as pseudocapacitors (Figure 1.14b).35 The 

electrochemical processes involved in a battery, EDLC, and pseudocapacitors are 

schematically represented in Figure 1.15.34 A supercapacitor can be either symmetric or 

asymmetric.33 The symmetric supercapacitor is one that uses the same electrode materials at 

each electrode with the same mass-loading (Figure 1.14a and b).35 An asymmetric 

supercapacitor is the one which uses a different type of electrode materials at each electrode. 

For example, an asymmetric supercapacitor, which uses an EDLC material as the negative and 

pseudocapacitive material as the positive electrode is represented in Figure 1.14c.33, 36 

 The amount of electrical energy stored in a capacitor or supercapacitor is called 

capacitance (C) and it is generally represented in the unit of Farad (F). The capacitance per unit 

mass, area, and volume are represented as F/g, F/cm2, and F/cm3, respectively. The special 

relationship between the quantities viz., the extent of charge acceptance (ΔQ), and the change 

of potential (ΔV) account for the capacitance (C). Therefore, the capacitance (C) is defined as 

the ratio of ΔQ/ΔV.34 This value should be almost constant within a fixed voltage or potential 
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Figure 1.16. Characteristic features of Faradiac and non-Faradaic energy storage. The 

characteristic features, types of materials, and electrochemical signatures (cyclic voltammetry 

and galvanostatic charge-discharge profiles) of EDLC, pesudocapacitor, and battery are 

compared. (Reproduced with permission from reference 37, Copyright © 2015 John Wiley & 

Sons, Ltd. All rights reserved). 

range for the electrochemical device to be called a capacitor. Provided that the value deviates, 

the electrochemical process is governed by diffusion and can be called a battery. For instance, 

in the case of a LIB, the redox reactions enabled by the insertion of Li+-ions mainly occur into 

the bulk of the electrode material and is diffusion controlled. These bulk Faradaic reactions 

contribute to the high energy density of LIBs. The charge-storage process proceeds through the 

electrostatic adsorption of electrolyte ions onto the surface of electrode materials in an EDLC 

is presented in Figure 1.15.9 The absence of any redox reactions allows a rapid response to the 

changes in potential without diffusion limitation. This is the underlying reason behind the high-

power density displayed by EDLCs. However, in EDLCs, the charge is confined to the surface 

unlike the bulk in the case of a battery, which makes them less energy-dense than the batteries.

 In a commercial EDLC, AC is used as the electrode material with high-voltage 

nonaqueous liquid electrolytes exhibiting an energy density between 5-10 Wh/kg. Compared 

to the low power density value between 2000-3000 W/kg exhibited by commercial LIBs, the 

EDLC counterpart is characterized by a power density value ≈ 10000 W/kg. Based on the 
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Figure 1.17. (a) Li+-ion conduction mechanism in a PEO-based SPE (Republished with 

permission of Royal Society of Chemistry, from reference 9, permission conveyed through 

Copyright Clearance Center, Inc); (b) preparation of an SPE film by solution casting method 

for LMB fabrication (the ex situ process) (Reprinted from Publication in reference 40, 

Copyright 2017, with permission from Elsevier). 

electrochemical signals obtained from potentiostatic and galvanostatic experiments, an EDLC 

and the battery can be distinguished. In the case of an EDLC, the cyclic voltammetry (CV) 

profiles are characterized by a classic rectangular shaped voltammogram (Figure 1.16).9, 37 

Besides, at a constant-current (galvanostatic) mode, a linear time-dependent change in potential 

can be observed (Figure 1.16).37 In the case of a battery, the CV features are extremely 

different, which are characterized by peaks corresponding to bulk-Faradaic redox reactions 

(Figure 1.16).9, 37 These peaks are associated with phase transitions in the electrodes and are 

often separated by large voltage differences between 0.1 and 0.2V. In the galvanostatic 

experiments, the phase changes appear as voltage plateaus (Figure 1.16).9, 37 In the case of 
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EDLC, electrode materials with high surface areas are always preferred. As already mentioned, 

the commercial EDLCs use AC with a high surface area beyond 2000 m2/g as the electrode 

material. Other carbon morphologies such as graphene, carbon nanotube (CNT), carbon nano-

fiber (CNF), and carbon nano-particles are also explored in EDLCs. 

 In the 1970s, the phenomenon of psuedocapacitance was observed by Conway et al., as 

the reversible redox reactions occurring at the surface of certain materials leading to EDLC-

like electrochemical features (Figure 1.15).9 Since the redox reactions are Faradaic in origin, 

these pseudocapacitive materials can display enhanced charge-storage compared to the 

traditional EDLCs. However, it should be noted that the energy density of pseudocapacitors 

cannot match with that of batteries, but can be considered as a bridge between batteries and 

EDLCs. In the case of pseudocapacitive electrodes, due to the presence of Faradaic redox 

processes, it could be right to say that they behave more-or-less similar to battery type 

materials. However, the electrochemical signatures do not resemble that of the battery-type 

materials with sharp redox peaks in the CV but a (quasi)-rectangular CVs resembling more to 

that of an EDLC-type (Figure 1.16).37 Besides, at galvanostatic conditions, the voltage vs. time 

profile in the case of a pseudocapacitor is also more or less similar to EDLC (Figure 1.16).9, 37 

Metal oxides and conducting polymers are the most popular pseudocapacitive materials used 

for the fabrication of pseudocapacitors. The examples of pseudocapacitive materials include 

RuO2, MnO2, polyaniline (PANI), Poly(3,4-ethylenedioxythiophene) (PEDOT), etc. Certain 

metal oxides such as V2O5 and LiCoO2, which exhibit battery-like features in bulk-scale, when 

reduced in size to less than 10 nm, also act similar to pseudocapacitive materials.9 This is 

because, at nanoscale dimensions, a large fraction of sites for the storage of cation by Faradaic 

reaction is on the surface.  

1.2.6 Conclusive remarks on batteries and supercapacitors 

 The discussion on batteries, EDLCs, and pseudocapacitors can be concluded with a 

general discussion on the commonly used electrolytes.4, 6 Generally, all the commercial EEDs 

employ liquid electrolytes despite the recent trend of undergoing a transition from liquid 

electrolytes to SSEs. In the case of the commercial LIBs, Li-ion conducting nonaqueous liquid 

electrolytes are used. As already mentioned, the state-of-the-art liquid electrolytes used in LIBs 

are not useful in the fabrication of LMBs due to HSAL induced cell-failure. Due to the 

spontaneous reaction of Li-metal and water, aqueous electrolytes are also unsuitable for LMBs. 

For realizing efficient LMBs, a different category of electrolytes called SSEs is indeed 

important. Section 1.3 is dedicated to explaining the types of SSEs and especially emphasizing 

the polymer electrolytes in the context of this chapter and thesis. In terms of the new technology 
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of the nonaqueous LMBs, the thesis addresses the gradual transition from aqueous to 

nonaqueous liquid electrolytes and then to nonaqueous polymer electrolytes. The importance 

of this transition is already explained in Section 1.2.4. 

 When it comes to supercapacitors, depending on the electrode materials, a variety of 

electrolytes such as aqueous electrolytes (acidic, alkaline, neutral), organic solvent-based 

nonaqueous electrolytes exhibiting various types of ion conduction (Li+, Na+, etc.,), or even 

ionic liquids can be used.4 Many of the nonaqueous carbonate solvent-based liquid electrolytes 

used in LIBs are employed in supercapacitors as well. The advantage of using the aqueous 

electrolytes is associated with their high ionic conductivity (0.5 to 1 S cm-1 at 25oC), 

environmental benignity, and easy handling, which simplify the device assembling processes. 

However, the aqueous electrolytes are not employed in commercial supercapacitor devices due 

to their low electrochemical stability window (Figure 1.10). In any supercapacitor device, the 

energy density value is accounted by Equation 1 as follows,38 

E = (
1

2
) CV2 (Equation 1) 

Here, ‘C’ is the specific capacitance and ‘V’ refers to the operating voltage window of the 

supercapacitor device. Therefore, it is clear that if the voltage of the supercapacitor with 

capacitance C is doubled, a four-fold increment in energy density can be achieved. Compared 

to the aqueous electrolytes, nonaqueous electrolytes are electrochemically stable and can be 

operated beyond a voltage window of 2.5 V.38 Therefore, high-voltage supercapacitors can be 

realized with the help of nonaqueous electrolytes. This is the reason behind the commercial 

EDLCs based on AC use nonaqueous electrolytes. However, nonaqueous electrolytes are 

moisture sensitive and the ionic conductivity is less compared to the aqueous counterparts. 

Also, they demand complex purification procedures as well as a controlled environment for 

handling. This may add to the cost of the nonaqueous supercapacitors. Therefore, the aqueous 

electrolytes can be used for bringing down the cost of the supercapacitor devices. In this aspect, 

the aqueous electrolytes can be more suitable for the pseudocapacitive materials. The high 

capacitance of the pseudocapacitors compared to EDLCs offset the low-voltage window 

imposed by the aqueous electrolytes. It should be noted that such pseudocapacitors are yet to 

be commercialized. 

1.3 Solid-State Electrolytes (SSEs) 

In the past sections, a detailed overview of the EEDs is provided with a brief discussion on the 

commonly employed liquid electrolytes. The difference between aqueous electrolytes and 

nonaqueous electrolytes is explained in line with the various EEDs. The importance of the  
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Figure 1.18. Preparation of an SPE film by UV-light induced free-radical polymerization for 

the LMB fabrication (the ex situ process) (Reprinted from Publication in reference 41, 

Copyright 2017, with permission from Elsevier). 

transition from liquid electrolytes to SSEs is also covered. This section on SSEs is intended to 

provide a brief overview of their types and importance in the context of the batteries and 

supercapacitors. 

1.3.1 Polymer Electrolytes 

Solid polymer electrolytes 

An SPE exhibits the property of the conduction of ions within a solid polymeric matrix. 

Here, the polymer matrix acts as a solid-solvent, which can dissociate the salt into ions similar 

to the role of a liquid-solvent in the liquid electrolytes. The dissociation of the salt occurs by 

the Lewis base functional moieties present in the polymer framework. In SPEs, the ionic 

conduction is generally accepted to follow the hopping mechanism. The hopping of ions can 

be coupled or decoupled with the segmental motion of the polymer chains (also called polymer 

chain dynamics), in particular, above the glass transition temperature (Tg) of the polymer. The 

mechanism of Li+-ion conduction in polyethylene oxide (PEO)-Li+ SPE is depicted in Figure 

1.17a.7 The first-ever reported SPE was semi-crystalline PEO-based Li+-ion conducting, 

proposed by P.V. Wright et al. in the 1970s.39 In PEO, the oxygen atoms act as the Lewis base 

sites facilitating the salt dissociation. However, the generally used PEO and several other 

polymer matrices (polymethyl methacrylate (PMMA), PVDF-HFP, polyvinyl acetate (PVAc), 

polyacrylonitrile (PAN), etc.]) are highly crystalline, or in other words, the Tg values of the  
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Figure 1.19. Generally used polymer hosts for the preparation of SPEs and GPEs by the ex 

situ method. The mentioned polymer hosts can be dissolved in a volatile solvent followed by 

casting over a flat surface. Once the solvent is evaporated off, the polymer film can be peeled 

off. The polymer film can be swollen in a suitable liquid electrolyte to prepare GPE. The 

preparation of SPEs using similar polymer hosts is already depicted in Figure 1.17b. 

SPEs are very high. This results in restricted chain dynamics and leading to very low ionic 

conductivity. The ionic conductivity of the PEO-based SPEs displays lies in the order of 10−8 to 

10−4 S cm-1 at room temperature (RT). This value is very low compared to the conventional 

Li+- ion conducting nonaqueous liquid electrolytes (10-2 to 10-3 S cm-1 at RT). There have been 

continuous efforts dedicated to developing novel polymer hosts with low Tg value, which can 

be used for the preparation of SPEs exhibiting ionic conductivity in par with liquid electrolytes. 

Despite these attempts have been resulted in a pool of new polymer hosts that can surpass the 

classical PEO and several other polymer hosts, elevating the ionic conductivity of SPEs 

matching with that of liquid electrolytes is yet to be achieved.  

In Figure 1.17b, the conventional method used for the preparation of the PEO-based 

Li+-ion conducting SPEs by the solvent casting method is presented.40  In this method, the 

polymer host and the electrolyte are first dissolved in a volatile solvent such as acetonitrile 

(ACN) to form a viscous solution. Later, the viscous solution is cast on a flat surface followed 

by the evaporation of the solvent to deliver an SPE film. This process involves multiple steps 

and also it is time-consuming. Recently, another simple method of SPE preparation in a single-

step by free-radical polymerization is also receiving popular attention. In this method, instead 
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of using a polymer host directly, the electrolyte salt is dissolved in the constituent monomer(s) 

that are polymerizable in the presence of a free-radical initiator to form a reactive mixture. The 

reactive mixture can be later cast on a flat surface followed by triggering the polymerization 

by light or heat to give the SPE films. This process is illustrated in Figure 1.18, where the 

cross-linked SPE is prepared by the photopolymerization of a reaction mixture made of allyl 

ether monomer and lithium salt(s).41 Apart from the allyl ether monomers, the acrylate-based 

monomers are also heavily employed for this purpose. The two processes explained in Figure 

1.17b and Figure 1.18 involve the preparation of an SPE film in a separate step followed by 

the EED fabrication (in this case an LMB is fabricated). The aforementioned strategy of 

polymer electrolyte preparation is referred by the term ex situ polymer electrolyte preparation 

or ex situ method. The fabrication of EEDs by using the polymer electrolytes prepared by the 

ex situ method is called as the ex situ process. 

As already mentioned, the primary role of an electrolyte in any EEDs is to mediate the 

transfer of charge in the form of ions. How fast the energy can be released or stored (this is 

known as power capability or rate capability or more specifically power density) depends on 

the rate of mobility of ions between a pair of electrodes. As per the current status, the low ionic 

conductivity of SPEs restricts their utility in EEDs, which are ought to display high power 

capability. For the same reason, the applicability of SPEs in supercapacitors is very limited. In  

the case of LIBs also, the low rate capability incited by SPEs is commonly observed. However, 

for micro-EEDs such as micro-batteries and micro-supercapacitors, the potential application of 

SPEs can be envisaged, although not much explored. In the case of micro-EEDs, the sleek 

nature of SPEs used can help in providing a short diffusion path for ion transport, which can 

offset the limitation associated with low ionic conductivity. Most of the SPEs are nonaqueous 

electrolytes and are designed for LMB applications. SPEs, which can conduct other ions such 

as Na+, Mg2+, and Zn2+ are also known, but rare. As already explained, SPEs can inhibit HSAL 

growth in LMBs. However, it is very challenging but important that the physical and 

electrochemical properties of SPEs can be further tuned so that it can completely replace liquid 

electrolytes as a universal choice for all types of EEDs. 

Gel polymer electrolytes   

 The concept of gel polymer electrolytes (GPEs) is suitable to overcome the 

several limitations imposed by SPEs. GPEs can be considered as a special case of SPEs 

in which the polymer matrix encompasses a liquid phase (plasticizer) along with the  

conducting species. Both the aqueous and nonaqueous solvents can be used as the 

plasticizer for the gelation of the polymer matrix. The use of water as the solvent  
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Figure 1.20. (a) Preparation of a GPE film by UV-light induced free-radical 

polymerization for LMB fabrication (the ex situ process) (Reprinted with permission 

from reference 42. Copyright (2016) American Chemical Society); (b) preparation of 

aqueous GPE solutions (e.g. aq. PVA/H2SO4, aq. PVA/LiCl, etc.,) by dissolving a linear 

polymer host in an aqueous electrolyte solution. By changing the aqueous electrolyte to 

a nonaqueous electrolyte solution, a nonaqueous GPE solution can be also prepared 

(e.g. PMMA/PC-LiClO4). 

provides the opportunity to realize proton (H+) and alkaline (OH-) ion conducting GPEs, 

which is often not possible with SPEs. Therefore, the application of GPEs is rather broad 

compared to SPEs. 

  In the case of nonaqueous GPEs, owing to the presence of the liquid phase, the 

Tg value of the macromolecular system is decreased, or in other words, the amorphous 

character is increased. As already explained, the reduced crystallinity facilitates the 

segmental motion/dynamics of the polymer chains compared to that in a classical SPE. 

Any polymer hosts, which have been employed in SPEs, in combination with suitable 

liquid phase can be used for the preparation of GPEs as well. The commonly employed 

polymer hosts for the polymer electrolyte (both SPE and GPE preparation) preparation 

are presented in Figure 1.19. Among them, polyvinyl alcohol (PVA) is the most sought 

after for aqueous GPEs and widely employed in supercapacitors. Other polymer 

matrices are generally used for nonaqueous SPE and GPEs that can be used EEDs. 

Especially, when the polymer hosts with low Tg values are used, nonaqueous GPEs with  
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Figure 1.21. Illustration of electrode|electrolyte interface achieved with different types of 

electrolytes in EEDs. (a) in the case of a liquid electrolyte maximum utilization of the active 

material can be achieved or in other words, the best electrode|electrolyte interface; (b) in the 

case of the SPE films or ISE pellets, the electrolyte is not capable enough to infiltrate into the 

bulk and small-pores within the electrode material. Hence, the poorest electrode|electrolyte 

interface is exhibited by the SPE-films or ISE-pellets; (c) the GPE films can exhibit an 

intermediate electrode|electrolyte interface. Due to the presence of a liquid phase and a certain 

degree of softness compared to ASSEs, limited infiltration into the bulk and pores within the 

electrode material is possible. 

ionic conductivity values close to that of liquid electrolytes can be achieved. Compared 

to SPEs, the potential of GPEs in facilitating different types of ion conduction make 

them suitable for the fabrication of all types of EEDs (supercapacitors, LIBs, LMBs, 

post-lithium batteries, etc.,), and even several electrochemical energy conversion 

devices (fuel cells, DSSC, etc.,). 

The ex situ method of polymer electrolyte preparation as explained in the context of 

SPE films applies to GPEs as well. The preparation of a Li+-ion conducting free-standing GPE 

film by UV-light induced free-radical polymerization is shown in Figure 1.20a.42 Here, the 

only difference compared to the SPE film preparation explained in Figure 1.18 is that the 

reaction mixture contains a plasticizer (PC is used as the plasticizer) along with the monomers, 

lithium salt, and the initiator. During the polymerization, the PC is trapped inside the polymer 

matrix without compromising mechanical stability. Compared to the SPE counterpart, such a 

GPE film can exhibit high ionic conductivity due to the presence of the liquid phase. UV-light 

induced polymerization for the preparation of aqueous GPEs is rarely attempted in the 
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literature. The most commonly used strategy for the preparation of a dimensionally unstable 

aqueous GPE solution is depicted in Figure 1.20b. In this method, a high-molecular-weight 

linear polymer such as PVA is dissolved in an aqueous electrolyte solution (aq. H2SO4, aq. 

KOH, an aqueous solution of LiCl, etc.,). This highly viscous GPE solution can be applied over 

the electrode surface and can be used for the EED fabrication in the presence or absence of a 

separator. By changing from water to organic solvents, nonaqueous GPE solutions can be also 

prepared (e.g. PMMA/PC-LiClO4). However, the GPE solutions compromise the ultimate aim 

of achieving high performing mechanically stable polymer electrolytes. Therefore, the GPE 

solutions do not attract the research community beyond the lab scale. The difference between 

such GPE solutions and the advantage of mechanically stable GPEs are addressed in Chapter 

2 and 3. 

1.3.2 Inorganic Solid Electrolytes (ISEs) 

Inorganic solid-state electrolytes (ISEs) are inorganic materials such as inorganic 

crystalline, polycrystalline and amorphous solids, ceramics, glasses, and glass-ceramics, which 

possess mobile ions.8 The movement of mobile-ions in crystalline ISEs is proven to take place 

via the hopping mechanism between the rigid crystal lattices. The mechanism of ion conduction 

in the amorphous ISEs are yet to be well established. Unlike SPEs, several ISEs are possessing 

room temperature ionic conductivity in par with that of liquid electrolytes. For instance, the 

room temperature (RT) ionic conductivity of several sulfide glasses, thio-LISICON, and glass-

ceramics are in the order of 10-2 ~ 10-3 S cm-1.22 However, compared to the SPEs, ISEs demands 

tedious synthesis and processing steps, which make them expensive for EEDs. Most of the 

ISEs are also used in the form of pellets separating the respective electrodes. This approach 

allows only the utilization of the active materials on the surface of the electrode coating, but 

not the bulk. Therefore, the electrode|electrolyte interface (electrode|electrolyte interface refers 

to the extent of contact between electrolyte and electrode materials) is comparatively poor in 

the case of ISEs. The poor electrode|electrolyte interface result in low-active material 

utilization and high charge-transfer resistance.43 Besides, most of the ISEs are Li+ or Na+-ion 

conductors, which restrict their practical utility in EEDs other than the related batteries. The 

application of ISEs for supercapacitors is rarely reported in the literature (few reports are 

available for micro-supercapacitors). The lack of flexibility associated with ISEs compared to 

ISEs remains a grave concern for its wide-spread applicability in flexible EEDs. 

1.4 Electrode|Electrolyte interface and their challenges in EEDs 

The discussion regarding the EEDs and electrolytes underlines the importance of the 

polymer electrolytes over the liquid electrolytes in the futuristic EEDs. Among the polymer  
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Figure 1.22. (a) The schematic representation of the improved electrode|electrolyte interface 

that can be obtained with the in situ process; (b) the fabrication of EDLC by adopting the in 

situ process. Here, the reactive mixture is composed of acrylate monomers, UV-initiator, and 

aq. H3PO4 as the electrolyte. AC is used as the electrode material; (c) the electrode|electrolyte 

interface obtained with the PVA-based GPE solution (the ex situ process) is compared with 

that of (d) the in situ processed counterpart ((Reprinted with permission from reference 44. 

Copyright (2016) American Chemical Society).   

electrolytes, in particular the GPEs are of prime importance due to their wide applicability. In 

any EEDs, one of the main parameters defining the electrochemical performance is the nature 

of the electrode|electrolyte interface. As already mentioned in the context of ISEs, 

electrode|electrolyte interface is a measure of how much electrode material has been accessed 

by the electrolyte. Hence, a good electrode|electrolyte interface indicates a better infiltration of 

the electrolyte into the electrode material. Owing to the inherent free-flowing nature and low 

viscosity of the liquid electrolytes (aqueous and nonaqueous), their impregnation deep into the 

bulk and sub-micro regimes of the electrode material is rather easy (Figure 1.21a). Therefore, 

undoubtfully, the best electrode|electrolyte interface and the maximum active material 

utilization are observed with the liquid electrolytes. In the case of SPEs (or ISEs), as it is 

depicted in Figure 1.21b, the electrode|electrolyte interface is confined only on the surface of 

the electrode material since it used as a film prepared by the ex situ method.44 Due to the 

presence of a certain amount of liquid phase, compared to the SPE-films, the 

electrode|electrolyte interface in GPE-films is superior but inferior to the liquid electrolytes. 

The limitations about electrode|electrolyte interface in SSEs become more severe when the 

electrode material possesses high micro-porosity or coated over the current collector with high 

areal mass-loading (thick electrodes). The best electrode|electrolyte interface achievable with 
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the liquid electrolytes is one of the main reasons for the superior performance displayed by the 

liquid electrolyte-based EEDs over the SSE-based ones.  

If the complete replacement of the liquid electrolytes by SSEs has to be progressed, the 

aforementioned intricacy of the poor electrode|electrolyte interface offered by SSEs should be 

addressed. The tuning of the electrode|electrolyte interface in the polymer electrolytes can be 

achieved by moving away from the conventional ex situ process of device fabrication to a new 

and effective strategy of in situ process. In this method, instead of casting the polymer 

electrolyte as a film as in the case of the ex situ process, the possibility of direct generation of 

GPE or SPE over the electrode surface in line with the device fabrication can be attempted. 

The schematic representation of the in situ process is presented in Figure 1.22a. For this 

purpose, similar to the ex situ process, a reactive mixture containing polymerizable monomers, 

a polymerization initiator (photo, thermal, or even ionic initiators can be used), and the 

electrolyte salt (and plasticizer if any) is prepared. Depending on the presence or absence of 

the electrolyte solvent, GPEs or SPEs can be prepared. The reactive mixture being in a liquid-

state can easily infiltrate into the bulk regions and pores of the electrode materials. Once the 

polymerization is triggered by light or heat, the reactive mixture undergoes polymerization 

within the electrode material ensuring an extended electrode|electrolyte interface. Since the 

electrode|electrolyte interface formation and polymer electrolyte generation occur in a single 

step, this technique is known as the in situ process. Adopting the in situ process for the EED 

fabrication can help in achieving electrochemical performance comparable to the liquid 

electrolytes with the additional advantage of improved safety associated with the use of the 

polymer electrolytes. For instance, the electrode|electrolyte interface in a high-surface-area 

porous carbon with a polymer electrolyte prepared by the ex situ method and in situ method is 

compared in Figure 1.22b-d.44 In the ex situ process using PVA/H3PO4 GPE solution, the 

infiltration of the polymer electrolyte into the micro-pores of the AC electrode is hindered. 

However, in the in situ counterpart, maximum utilization of the electrode material is achieved 

with an extended electrode|electrolyte interface. The advantage of the in situ process for 

improving the performance of supercapacitors and ZMBs is addressed in Chapters 2 and 5, 

respectively. 

1.5 Conclusion, scope, and objectives of this thesis 

In conclusion, this introductory chapter provided a detailed overview of the two most 

important electrochemical energy storage technologies viz., batteries, and supercapacitors. The 

chapter explains the fundamental differences leading to the difference in the electrochemical 

signatures of batteries and supercapacitors emphasizing the difference in the electrochemical 
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process occurring at the interface between the electrode and electrolyte. The diffusion-

controlled slow-Faradaic reactions lead to the high energy density, but low power density of 

the batteries. Whereas, the high-power density associated with the supercapacitors is the result 

of ultrafast Faradaic and non-Faradaic processes occurring at the electrode surface rather than 

the bulk. The chapter also discusses the importance of the transition from the liquid electrolytes 

to the solid-state counterparts such as polymer electrolytes, which is the core theme of the 

thesis. Apart from the safety perspective, high-energy EEDs such as rechargeable LMBs can 

be realized only with the help of SSEs, where the polymer electrolytes are the frontrunners. 

The importance of the post-lithium batteries over LBs is addressed by taking the example of 

rechargeable ZMBs. Finally, the important concept of electrode|electrolyte interface is 

established, which is decisive in the performance of any EEDs. The inherent limitation 

associated with ensuring a proper electrode|electrolyte interface with the ex situ processed SSE-

based EEDs prevents the maximum utilization of the active electrode materials. To mimic the 

electrode|electrolyte interface close to that of a liquid electrolyte, EEDs can be fabricated using 

the in situ process. With the aforementioned background information in hand, this thesis is 

designed to fuel the prospects of the polymer electrolytes for EEDs.  

If the current literature reports are considered, proton-conducting GPE solutions based 

on PVA are extensively used for the supercapacitors. However, the GPE solutions do not 

interest the research community beyond the lab scale due to their lack of dimensional stability. 

To improve the prospects of safe and flexible supercapacitors, mechanically stable proton 

conducting GPEs that can be easily prepared and integrated into the supercapacitor devices are 

indeed important.   

• The second chapter of this thesis deals with the preparation of a proton-conducting 

GPE film by UV-light induced free-radical polymerization to be used in PANI-based 

pseudocapacitors (the ex situ process). The phosphoric acid-enriched H+-ion 

conducting GPE film exhibiting polyelectrolyte characteristics is termed as water-in-

acid GPE. The superiority of the developed water-in-acid GPE films over the 

conventional dimensionally unstable PVA-based GPEs was proven through 

physicochemical as well as electrochemical characterizations. 

Similarly, in the context of the high-voltage nonaqueous supercapacitors, nonaqueous 

GPEs are indeed important to ensure safety and flexibility. Unlike the case with a liquid 

electrolyte, when commercial-grade electrode materials such as AC with high surface area (≈ 

2000 m2/g) and micro-porosity are used in nonaqueous EDLCs, the conventional GPE-films or 

GPE solutions (PMMA-PC/LiClO4) cannot ensure maximum utilization of the electrode 
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material. Therefore, a new strategy to design the polymer electrolyte-based EDLCs should be 

developed, which can mimic the electrode|electrolyte interface as in the case of a liquid 

electrolyte.  

• In the third chapter of this thesis, the preparation of a novel nonaqueous GPE is 

attempted by using UV-light induced free-radical polymerization. The Li+-ion 

conducting nonaqueous GPE is later used for the fabrication of EDLC devices with 

high electrode mass-loading by the in situ process. The device could be operated at a 

voltage window of 2.5 V. The capability of the in situ process to improve the 

electrode|electrolyte interface in the nonaqueous GPE-based EDLC is proven by 

comparing the electrochemical performance with the ex situ counterpart (GPE film and 

PMMA-PC/LiClO4 GPE solution). 

Nonaqueous electrolytes are also inevitable in the case of LIBs as well. To improve the 

low energy density of LIBs, the graphite-based intercalation anode can be replaced by Li-metal 

so that LMBs can be designed. However, the conventional liquid electrolytes are not suitable 

for the rechargeable LMBs as they incite dendrite-growth over the Li-metal anode and 

consequent failure of the cell. To realize safe rechargeable LMBs, the polymer electrolytes can 

be used. To be used along with high-voltage cathodes based on Ni, Co, etc., the polymer 

electrolytes should possess high oxidation stability, preferably above 4V vs. Li|Li+. 

• In the fourth chapter, high-voltage Li+-ion conducting nonaqueous GPEs are 

developed for LMBs, again using UV-light induced free-radical polymerization. The 

series of cross-linked polymer electrolytes prepared display high oxidation stability 

beyond 4.2 V vs. Li|Li+ depending on the concentration of the lithium-salt present in it. 

The compatibility of the polymer electrolytes in LMB full-cells is evidenced by using 

high-voltage (NCA) as well as low-voltage (LFP) cathodes. The NCA||Li cell with the 

optimized GPE could be operated beyond 1000 cycles with more than 55% specific 

capacity retention at 20oC. 

Along with the LB technology, concomitant development of post-lithium battery 

technologies must be progressed. The aqueous electrolyte-based rechargeable ZMBs have 

attracted prominent interest among the electrochemists within the past few years. To improve 

the operating voltage window of ZMBs, nonaqueous electrolytes can be employed. However, 

the Zn2+-ion conducting nonaqueous liquid electrolytes and polymer electrolytes are rarely 

reported. 
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• In the final working chapter of this thesis, the applicability of UV-crosslinked Zn2+-ion 

conducting nonaqueous polymer electrolytes in high-voltage ZMBs is demonstrated. 

The polymer electrolyte with high room temperature ionic conductivity in the order of 

10-3 S/cm possessed high oxidation stability beyond 2.5 V vs. Zn|Zn2+. This chapter 

further emphasizes the advantage of the in situ process as a tool to leverage the 

electrode|electrolyte interface in ZMBs. 

In a nutshell, the present thesis underlines the importance of interdisciplinary research, 

especially in the field of electrochemistry and polymer science. The synergy between 

electrochemistry and polymer science can help in developing efficient and reliable EEDs, 

which can accelerate the race towards energy sustainability. 
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Chapter 2 

Water-in-acid Gel Polymer Electrolyte Realized through a 

Phosphoric Acid-Enriched Polyelectrolyte Matrix toward 

Solid-State Supercapacitors 

The simple and scalable ultraviolet (UV)-light-assisted synthesis methodology for producing a 

water-in-acid gel polymer electrolytes (GPEs) for solid-state supercapacitor application is 

introduced in this chapter. The synthesis of the copolymer matrix possessing polyelectrolyte 

behavior, followed by swelling in minimally diluted bottle-grade commercial H3PO4 (15.1 

M/88 wt.% aqueous solution), lead to the formation of a high proton-conducting, self-standing, 

and mechanically stable polyelectrolyte GPE 

(PGPE). Retention of high mechanical stability 

despite the presence of a large amount of liquid 

species makes it a promising candidate for 

replacing conventional GPEs. The high proton 

conductivity (9.8 × 10−2 S cm−1) of the PGPE at 

an ambient temperature of 303 K is attributed to 

the high concentration of the conducting species 

present in the polymer matrix. The PGPE-based 

polyaniline (PANI) supercapacitor device 

(PANI-1) with a mass-loading of 1.0 mg cm−2 exhibits a high specific gravimetric capacitance 

of 385 F g−1 at a current density of 0.25 mA cm−2. At the same current density, the PANI-5 

device retains high gravimetric and areal capacitance values of 258 F g−1 and 1288 mF cm−2, 

respectively. The low equivalent series resistance value of 0.78 Ω (for the PANI-5 device) 

further proves the excellent electrode|electrolyte interface formed by the water-in-acid GPE. 

A 100% capacitance retention even after 9000 continuous charge-discharge cycles strongly 

indicates the feasibility of adopting water-in-acid GPEs in future supercapacitors.  

 

Contents in this chapter are published in the article: DOI: 10.1021/acssuschemeng.8b01175. 

Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-

12640). Copyright (2018) American Chemical Society. 
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2.1 Introduction 

Polymer electrolytes are recently being widely adopted instead of liquid 

electrolytes in supercapacitors (SCs) to improve their safety and flexibility.1,2 In the case 

of conventional proton-conducting gel polymer electrolytes (GPEs) based on inorganic 

acids such as H3PO4 and H2SO4, a considerable amount of water is used for dilution, 

and it is appropriate to call them acid-in-water GPEs. They are unsuitable for long-term 

use since the gradual evaporation of water from the polymer matrix deteriorates the ionic 

conductivity, shelf life, and cycling stability in the SC devices.3,4 However, the high-

water content in the GPE has a significant role in facilitating the ionic conductivity 

through hydrogen bonding and proper dissociation of the acid molecules. There have 

been efforts where the water in the GPE is replaced with organic electrolytes to resolve 

the water evaporation problem in proton-conducting GPEs.5 However, this hampers the 

ionic conductivity because of the decrease in the degree of hydrogen bonding present in 

the final system. 

The highly viscous nature of the benchmark polyvinyl alcohol (PVA)-based 

GPEs is due to the lack of covalent crosslinks present in it. Besides, PVA chains fail to 

induce non-covalent interactions with the conducting species/solvent due to the absence 

of functional moieties other than the -OH group.3 Hence, the mechanical stability and 

solvent retention capability of the PVA matrix are compromised. The efforts to crosslink 

PVA with glutaraldehyde, in turn, deteriorate the degree of non-covalent interactions 

due to the lack of hydrophilic pendant groups in the long carbon chain. These attempts 

negatively affect the water retention capability compared to the already inferior PVA-

based acid-in-water GPEs.6 Despite the drawbacks of PVA, it is ubiquitously used for 

the preparation of mechanically unstable GPE solutions but do not incite interest rather 

than of mere academic purpose. Judicious selection of the polymer matrix as well as the 

conducting species are the key factors to overcome the above mentioned practical 

intricacies. The polymer matrix can be highly crosslinked such that it can possess a self-

standing nature along with enough number of various functional group moieties. The 

functional groups can induce non-covalent interactions within the polymer chains as 

well as between the polymer chain and the species incorporated inside (ion-conducting 

species and solvents).7 These non-covalent interactions can help in improving the 

mechanical stability and facilitating the ionic conductivity. They can ultimately effect 

in a mechanically stable GPE even with a high content of the liquid phase. 
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Several published studies are available regarding the use of H2SO4 for the 

preparation of GPEs for SC applications.3,8-11 However, the use of the H2SO4-based 

electrolytes cannot be extended beyond the lab from a commercial perspective due to 

their highly corrosive nature. Moreover, the high dilution required before the use of 

H2SO4 as an electrolyte is also not desirable owing to the gradual evaporation of water 

from the polymer matrix. Therefore, the peculiar property of neat H3PO4, unlike the 

other concentrated inorganic acids, becomes relevant, where it can exhibit extremely 

high ionic conductivity as a consequence of a network of frustrated, strong, and highly 

polarizable hydrogen bonds12-15 Even the minimally diluted bottle-grade commercial 

H3PO4 is reported to show high ionic conductivity which provides the opportunity to 

employ it as an electrolyte directly.15-17 Such bottle-grade conc. H3PO4 doped proton 

conducting membranes are already used for fuel cell applications.18,19 However, the 

concept has never been adopted to effect a GPE for SC applications. 

  In this work, for the first time, a mechanically self-standing polyelectrolyte GPE 

(PGPE) film with a high content of bottle-grade conc.H3PO4 (commercially available 

15.1 M/88 wt.% aqueous solution of H3PO4 is used throughout this work) encapsulated 

in a polyelectrolyte matrix is demonstrated. Here, a new term “water-in-acid GPE” is 

introduced for such a highly concentrated bottle-grade H3PO4-based electrolyte with 

relatively less amount of water present in it. The polymer matrix used here possesses a 

polyelectrolyte nature, which is synthesized by the ultraviolet (UV)-light assisted 3,7,20 

copolymerization of acrylate monomers, viz., 2-hydroxyethyl methacrylate (HEMA) 

and [2-(acryloyloxy)ethyl]trimethylammonium chloride (AOETMA).21,22 This 

copolymer swells on exposure to bottle-grade H3PO4, giving the highly conducting 

PGPE. The real-life application of this water-in-acid PGPE film is then demonstrated 

as an electrolyte in the solid-state SC, where polyaniline (PANI) is used as the active 

electrode material. Despite being used as a film, the PGPE can deliver an excellent 

electrode|electrolyte interface even at high-mass-loaded PANI electrodes with improved 

cycling stability compared to that of the highly viscous and mechanically unstable PVA-

based acid-in-water GPE solution. It is envisaged that the reported water-in-acid PGPE 

will be suitable for use along with other acid-stable electrode materials (carbon/metal 

oxides/conducting polymers) and can potentially replace the conventional GPEs in SCs. 

2.2  Experimental section 

2.2.1 Materials  
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Aniline (used after distillation), ammonium persulfate (APS), N-methyl-2-

pyrrolidone (NMP), 2-hydroxy-2-methylpropiophenone (HMPP), phytic acid, and [2-

(acryloyloxy)ethyl]trimethylammonium chloride (AOETMA) were purchased from 

Aldrich Chemicals. 2-Hydroxyethyl methacrylate (HEMA) was purchased from Fluka, 

and polyvinyl alcohol (PVA) (MW 115000) was procured from Loba Chemie Pvt. Ltd.  

Bottle-grade H3PO4 (88 wt.%/15.1 M aqueous solution) was purchased from Merck Life 

Science Pvt. Ltd., and a polypropylene membrane purchased from Celgard was used as 

the separator. Grafoil®, used as the current collector, was procured from the GrafTech. 

Kynar® PVDF (polyvinylidene fluoride) used as the binder was procured from Global 

Nanotech. The UV chamber used contained four fluorescent lamps (Model: OSRAM L 

BL UVA 15 W/78). 

2.2.2 Preparation of Water-in-Acid PGPE 

The water-in-acid PGPE was prepared by immersing a pre-swollen film in 

concentrated bottle-grade H3PO4 (15.1 M / 88 wt.% aqueous solution of H3PO4) until 

equilibrium swelling. To prepare the pre-swollen film, a solution containing fixed 

volumes of the monomers HEMA and AOETMA (volume ratio of the monomers is 

HEMA: AOETMA = 2:1) along with 30% v/v of H3PO4, in the presence of a UV-

initiator HMPP was subjected to UV-curing for 15 min. In a typical procedure, 560 μl 

of HEMA and 280 μl of AOETMA monomers were mixed with 360 μl of bottle-grade 

H3PO4. About 2 μl of UV initiator was also added. The precursor solution was then 

transferred into a flat plastic mould with a dimension of 7 cm (length) × 2 cm (width) × 

0.5 cm (height). On UV irradiation, the pre-swollen film, represented as He-Ao-Ac-

30%, was formed and could be easily peeled out from the mould. ‘He’ and ‘Ao’ 

correspond to the monomers HEMA and AOETMA, respectively, whereas ‘Ac’ and 

‘30%’ correspond to the term ‘acid’ and the volume of bottle-grade H3PO4 present in 

the specimen, respectively. The pre-swollen film was then again immersed in 500 ml of 

bottle-grade H3PO4 for about 24 h. to get the final water-in-acid PGPE (He-Ao-Ac-sw), 

where ‘sw’ indicates that it is ‘swollen’. A pre-swollen film was also prepared without 

H3PO4 and represented as He-Ao-Ac-0%. Here, ‘0%’ indicates the absence of H3PO4 in 

the matrix. The term ‘P(HEMA-co-AOETMA)’ used throughout the paper represents 

the copolymer matrix present in the PGPE. 

2.2.3 Preparation of PVA-H3PO4 Acid-in-Water/Water-in-Acid GPE solutions 

To prepare the conventional acid-in-water PVA-H3PO4 (PVA-AIW) GPE 

solution, 1.0 g of PVA was weighed and added into an RB flask containing 10 ml of de-
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ionized (DI) water and heated at 80 oC with constant stirring until a clear solution was 

obtained. The solution was then cooled to room temperature, followed by the addition 

of 1.0 g of concentrated bottle-grade H3PO4 and further stirred for 30 min. The obtained 

GPE solution was used for SC fabrication. For the preparation of the PVA-based water-

in-acid GPE solution (PVA-WIA), 5.0 g of PVA is dissolved in a solution of 50 ml of 

bottle-grade H3PO4 and 10 ml water. The resultant water-in-acid GPE solution was 12.8 

M/78.8 wt % aqueous solution of H3PO4 in PVA. 

2.2.4 Preparation of PANI 

In a typical procedure, 400 μl of distilled aniline and 960 μl of phytic acid were 

added to 10 ml of DI water in a beaker of 20 ml capacity. The beaker was then kept in 

an ice bath with stirring followed by the addition of 286 mg of APS to trigger the 

polymerization. The stirring was continued for about 10 h to obtain the highly 

conducting emeraldine form of PANI. The obtained PANI was filtered and washed with 

DI water several times followed by drying in a vacuum oven at 60oC for 2 h. The 

physical characterizations were carried out by X-ray diffraction (XRD), Raman 

spectroscopy, Brunauer−Emmett−Teller (BET), and field emission scanning electron 

microscope (FESEM) analyses. 

2.2.5 Electrode Preparation and SC Device Fabrication  

To prepare the electrodes, a slurry containing 95 and 5 wt % of the PANI and 

PVDF binder, respectively, in NMP was prepared and coated over 1 cm2 area of a grafoil 

current collector. The volume of the slurry coated over the current collector was varied 

to get electrodes with mass-loading ranging from 1 to 5 mg cm-2. Two such electrodes 

were used to sandwich the 1.5 mm-thick water-in-acid GPE to affect the final SC device 

generally designated as PANI-x, where ‘x’ corresponds to the loading of PANI in the 

electrode (x= 1 to 5 mg cm-2). 

Similarly, for comparison purposes, PVA-H3PO4 GPE solution-based SC devices 

(with x = 5 mg cm-2) was also prepared for the studies. The water-in-acid and acid-in-

water GPE solution-based devices were represented as PANI-5-PVA-WIA and PANI-

5-PVA-AIW, respectively. To fabricate the devices, the GPE solution was applied on 

the PANI coated area of two electrodes (with PANI loading of 5 mg cm-2), which was 

then sandwiched together with a polycarbonate separator between them. All devices 

were sealed with adhesive tapes before testing. The area left uncoated with PANI on 

each electrode was used to provide the connection. 

2.2.6 Material Characterisation 
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Structure and morphology of PANI were analyzed with the help of a FESEM 

(Nova Nano SEM 450.). The specific surface area (SSA) of the PANI was determined 

by the BET adsorption method (Quantochrome Autosorb automated gas sorption 

analyzer). Powder X-ray diffraction (PXRD) data of PANI were collected using a 

Rigaku, MicroMax-007HF with high-intensity Microfocus rotating anode X-ray 

generator in the 2θ range between 2‒80o (Cu Kα (α = 1.54 Å)). Raman analysis for 

PANI was performed with the help of a LabRam spectrometer (HJY) equipped with a 

laser wavelength of 632 nm. Infrared spectra of the He-Ao-Ac-0%, He-Ao-Ac-30%, and 

He-Ao-Ac-sw were recorded using a Bruker FTIR spectrophotometer in attenuated total 

reflection (ATR) mode for the range of 4000-600 cm-1. The thermal stability of the 

specimens was analyzed using a PerkinElmer STA-6000 thermogravimetric analyzer 

(TGA) under nitrogen atmosphere. Dynamic mechanical analyzer (DMA) (RSA III, TA 

Instruments USA.) equipped with TA Orchestrator software (Version 7.2.0.4) was used 

for the uniaxial tensile measurements (static mode). For the uniaxial tensile 

measurements, He-Ao-Ac-30% and He-Ao-Ac-sw GPE specimens with a rectangular 

geometry of 5 mm width, 1.5 mm thickness, and 15 mm length were prepared. The 

specimens were clamped onto tensile grips with a constant torque of 20 cN.m, and the 

loads were applied at a speed of 1 mm min-1 up to failure. 

2.2.7 Electrochemical characterization of GPE and SC devices 

A BioLogic SP-300 Potentio-Galvanostat was used for electrochemical 

evaluations. Cyclic voltammetry (CV) measurements were taken at different scan rates 

from 10 to 500 mV s-1. The potential window was fixed in the range of 0 to 0.80 V. 

Charge-discharge (CD) measurement was carried out at different current densities from 

0.25 to 20 mA cm-2. Cycling stability was monitored by using charge-discharge 

experiments at a current density of 10 mA cm-2 for many thousand cycles. 

Electrochemical impedance spectroscopic (EIS) investigation for the SC device was 

performed from 106 to 0.1 Hz frequency against the open circuit potential with a sinus 

amplitude of 10 mV (Vrms = 7.07 mV).  

  Conductivity values of the pre-swollen film (He-Ao-Ac-30%) and water-in-acid 

GPE (He-Ao-Ac-sw) are obtained from the EIS investigation. Disc-shaped films were 

used for this purpose. GPE disc with a thickness of 0.1 cm and a radius of 0.75 cm was 

used for the measurement of ionic conductivity at ambient temperature (303 K). To 

determine the temperature-dependent ionic conductivity values, the thickness and radius 

of the discs used were 0.15 cm and 0.5 cm, respectively (thick films were used to avoid 
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the wear and tear of the GPE at high temperatures). The discs were kept in between two 

stainless steel plates, and the terminals were connected to the potentiostat through 

crocodile clips. The whole-cell assembly was then held in an Espec environmental test 

chamber to control the temperature. The EIS studies were carried out in a frequency 

range of 106 Hz to 1 Hz for room-temperature ionic conductivity measurements. For 

temperature-dependent ionic conductivity measurements, a frequency range of 106 Hz 

to 0.1 Hz was used. All the experiments were done against the open circuit potential 

with a sinus amplitude of 10 mV (Vrms = 7.07 mV). The x-intercept of the Nyquist plot 

is taken as the bulk resistance of the membrane, and the conductivity can be measured 

using Equation 2.5 and 2.6. The Arrhenius relationship is given in Equation 2.7. 

The swelling ratio (Q) of the PGPE is calculated from Equation 2.1 

𝑄 =
𝑊𝑠−𝑊𝑑

𝑊𝑑
× 100           (Equation 2.1) 

Ws = Mass of swollen specimen 

Wd = Mass of pre-swollen specimen 

Equation 2.2 is used for the calculation of specific gravimetric (F g-1)/areal capacitance (mF 

cm-2) from the charge-discharge method.  

𝐶 =
 2×(𝐼×∆𝑡)

∆𝑉∗𝑀 𝑜𝑟 𝐴
       (Equation 2.2) 

where, 

Δt = Discharge time 

ΔV = Potential window  

I = Constant current used for charging and discharging 

M = Weight of active material in one of the electrodes 

A = Active material coated area in the electrode.   

To get the single electrode capacitance, the obtained device capacitance was multiplied by a 

factor of 2, which is included in Equation 2.2. 

The gravimetric energy density (Ed) and power density (Pd) were calculated from the 

capacitance value obtained from the charge-discharge method. 

Energy density (Ed) ((Wh kg-1)) = 
𝐶𝑠

8×3.6
 𝑉2      (Equation 2.3) 

where, 

 ‘Cs’ is the specific capacitance calculated by the charge-discharge (F g-1) method, and ‘V’ is 

the voltage window. 
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Power density (Pd) ((W kg-1)) = 
𝐸𝑑

𝑡
        (Equation 2.4) 

where, ‘Ed’ is the energy density from Equation 2.3, and ‘t’ is the discharge time in hour 

calculated from the discharge curve. 

The ionic conductivity of the GPEs was calculated from Equation 2.5 and 2.6. 

𝜌 (Ω cm) =
𝑅𝐴

𝑙
        (Equation 2.5)     

𝜎 (𝑆 𝑐𝑚−1) =
1

𝜌
          (Equation 2.6) 

σ= Conductivity of the membrane 

ρ = Resistivity of the membrane 

R = bulk resistance of the membrane 

A = Area of the membrane 

l = Thickness of the membrane 

The Arrhenius relationship is given in Equation 2.7,  

σ = σo exp (−Ea/RT)        (Equation 2.7) 

In Equation 2.7, σ, σo, Ea, R, and T are the ionic conductivity, the pre-exponential factor, the 

activation energy for ion transport, the gas constant, and the absolute temperature, respectively. 

The activation energy calculated for He-Ao-Ac-sw is obtained from the linear fitting of the ln 

σ vs. 1/T plot. 

2.3 Results and discussion 

  Figure 2.1a schematically represents the general scheme adopted for the 

preparation of the water-in-acid PGPE (described as He-Ao-Ac-sw) from the precursor 

film He-Ao-Ac-30% (see Experimental Section 2.2.2 for the detailed synthetic 

procedure; 30% corresponds to the volume percentage of bottle-grade H3PO4 already 

present in the precursor solution used for the preparation of the He-Ao-Ac-30% film). 

The He-Ao-Ac-30% film prepared through the UV assisted polymerization of the 

precursor solution is immersed in 500 ml of bottle-grade H3PO4 till equilibrium swelling 

to prepare the H3PO4 rich water-in-acid PGPE. The digital images of the PGPE in its 

normal and stretched states are also presented in Figure 2.1a, qualitatively indicating 

its stretchability, self-standing character, and mechanical stability. Moreover, the water- 

in-acid PGPE obtained is transparent and self-standing. The large swelling ratio (see 

Equation 2.1)23 of about 2100% indicates the high H3PO4 content in the PGPE. These 

PGPEs are free of the electrolyte starvation that arises as a result of gradual electrolyte 
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evaporation from the polymer matrix, which is a severe drawback associated with the 

low-boiling solvents contained in conventional GPEs.3 

Figure 2.1. (a) Scheme illustrating the synthesis of water-in-acid PGPE (He-Ao-Ac-sw); (b) a 

schematic representation of the arrangement of the monomer molecules in the precursor 

solution for the He-Ao-Ac-30% film, polymer molecules in the pre-swollen film (He-Ao-Ac-

30% film) and the water-in-acid PGPE (He-Ao-Ac-sw). For simplicity, only PO4
3- and H+ ions 

are depicted. In addition to them, di-hydrogen phosphate (H2PO4
-) and mono-hydrogen 

phosphate (HPO4
2-) ions will be also present in the polymer matrix. (Reprinted (adapted) with 

permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-12640). Copyright (2018) 

American Chemical Society). 

  It is observed that the intrinsically flexible and elastic PAOETMA (polymerized 

form of [2-(acryloyloxy)ethyl]trimethylammonium chloride (AOETMA)) film swells 

uncontrollably, forming a viscous gel that is mechanically unstable (Figure 2.2a). The 

swelling of PAOETMA is attributed to its polyelectrolyte nature where the electrostatic 

repulsion between the N+ moieties present in the polymer chains facilitates the high 

H3PO4 intake.24,25 Partial dissolution of the PAOETMA in H3PO4 is also observed as a 

result of the lack of efficient covalent crosslinks in it. However, the tough and brittle 

PHEMA (the polymerized form of 2-hydroxyethyl methacrylate (HEMA)) exhibits 

insignificant swelling in H3PO4 (Figure 2.2b) since it does not possess any 

polyelectrolyte nature. Interestingly, the copolymer He-Ao-Ac-0% (He-Ao-Ac-0% is 

the copolymer formed by the UV polymerization of HEMA and AOETMA monomers 

in a volume ratio of HEMA: AOETMA = 2:1 without H3PO4; “0%” indicates the 

absence of H3PO4 in the obtained film) is found to exhibit significant swelling in H3PO4, 
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leading to a self-standing water-in-acid PGPE film with the desired mechanical 

properties (He-Ao-Ac-30%, before and after swelling, Figure 2.2c and d, respectively). 

Figure 2.2. The digital images of (a) PAOETMA gel, and (b) PHEMA gel before and 

after swelling in H3PO4; (c) pre-swollen He-Ao-Ac-30% film and (d) swollen He-Ao-

Ac-sw PGPE. (Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 

2018, 6, 10, 12630-12640). Copyright (2018) American Chemical Society). 

In the case of He-Ao-Ac-0%/He-Ao-Ac-30% pre-swollen films, the PAOETMA 

matrix favors the swelling while the tough PHEMA takes care of mechanical stability. 

Even in the absence of any external crosslinker, the covalent links that exist between the 

PHEMA and PAOETMA prevent the dissolution of PAOETMA, unlike when it is used 

alone. It is reasonable to say that the copolymer matrix (represented as P(HEMA-co-

AOETMA)) acts as a superabsorbent to H3PO4. The term water-in-acid PGPE is 

meaningful here since the amount of water present in the liquid phase entrapped in the 

PGPE is about 7 times less than the total amount of H3PO4 present in it. A similar 

concept of the water-in-salt electrolyte has been explored by Suo et al., where very high 

concentrations of a conducting salt dissolved in the water had to be used as electrolytes 

in aqueous lithium-ion batteries.26,27 

The swelling of the pre-swollen film (He-Ao-Ac-30%) on exposure to H3PO4 is 

due to the influx of the solvent into the free-volume available in the polymer matrix. 

The reason for using He-Ao-Ac-30% instead of He-Ao-Ac-0% for the preparation of  
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Figure 2.3. Tensile property of the (a) He-Ao-Ac-sw PGPE and (b) He-Ao-Ac-30% films; (b) 

ATR-FTIR spectra of the He-Ao-Ac-0%, He-Ao-Ac-30% pre-swollen films and the water-in-

acid PGPE (He-Ao-Ac-sw). (Reprinted (adapted) with permission from (ACS Sustainable 

Chem. Eng. 2018, 6, 10, 12630-12640). Copyright (2018) American Chemical Society). 

the water-in-acid PGPE is that the free-volume in the polymer matrix is expected to 

increase owing to the plasticizing effect of the pre-incorporated bottle-grade H3PO4 

(liquid-phase) in He-Ao-Ac-30%.28 As a result, the time required for equilibrium 

swelling of the He-Ao-Ac-30% pre-swollen film is lower compared to that needed for 

He-Ao-Ac-0%, which in turn, leverages the processability advantages. A schematic 

representation of the arrangement of the monomer molecules/polymer chains in the He-

Ao-Ac-30% and the swollen He-Ao-Ac-sw film is given in Figure 2.1b. It is seen that 

the presence of H3PO4 opens up more free-volume in the P(HEMA-co-AOETMA) 

copolymer matrix and in turn facilitates the rapid swelling of the He-Ao-Ac-30% on 

further exposure to H3PO4 to form the He-Ao-Ac-sw water-in-acid PGPE. 

The quantitative determination of the tensile strength of the He-Ao-Ac-30% and 

the He-Ao-Ac-sw films was carried out by dynamical mechanical analysis (DMA). The 

plots representing the tensile stress vs. strain for the He-Ao-Ac-sw PGPE specimen are 

given in Figure 2.3a. A similar plot corresponding to the pre-swollen film (He-Ao-Ac-

30%) and He-Ao-Ac-sw is given in Figure 2.3b. The He-Ao-Ac-30% film possesses a 
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tensile strength value of 1900 kPa and is stretchable to up to 700 % of its original length 

without any failure. However, the mechanical properties of the He-Ao-Ac-sw are found  

to vary significantly due to the presence of a large amount of H3PO4. The soft nature of 

the He-Ao-Ac-sw (tensile strength value of 3 kPa and stretchable up to 150 % of original  

length) compared to the tough He-Ao-Ac-30% film is due to the plasticizing effect 

induced by the extra H3PO4 introduced into it. Still, these values corresponding to the 

He-Ao-Ac-sw are promising enough to be used as a solid-state electrolyte in SCs. 

In addition to the influence of the polyelectrolyte nature of the polymer matrix, 

other non-covalent physical interactions such as the hydrogen bonding between the 

carbonyl group of the polymer matrix and H3PO4,
29 interaction of the N+ moiety with 

dihydrogen phosphate (H2PO4
-), mono-hydrogen phosphate (HPO4

2-) or normal 

phosphate (PO4
3-) ions from H3PO4

30,31 also play a key role in deciding the behavior of 

the PGPE film. These interactions favor the swelling as well as the retention of the 

desired mechanical stability of PGPE. Further proof for these interactions is given by 

the ATR-FTIR spectra (Figure 2.3c) captured for the pre-swollen films and the GPEs. 

The carbonyl peak at 1715 cm-1 corresponding to the He-Ao-Ac-0% film is found to be 

red-shifted to 1705 cm-1 in the case of He-Ao-Ac-30%. All the while, the very large 

amount of H3PO4 (He-Ao-Ac-sw) causes the disappearance of the sharp carbonyl peak 

and a new peak at 1627 cm-1 is observed. This can be due to the combined effect of 

protonation of the carbonyl group by the extremely high concentration of H3PO4 along 

with the hydrogen bonding induced by the interaction of H3PO4 with the carbonyl group. 

The partial protonation of the carbonyl oxygen gives more –OH characteristics to the carbonyl 

group and leads to the broad signal in the range of 2000-3500 cm-1. The broad nature of the 

spectra in the region between 2000 and 3500 cm-1 further underlines the enhanced 

hydrogen bonding in the presence of H3PO4.
32-35  

The superiority of the P(HEMA-co-AOETMA) copolymer matrix over the 

conventional PVA polymer matrix in realizing the mechanically stable water-in-acid 

GPE is also studied. To prepare the PVA-based water-in-acid GPE, 5.0 g of PVA is 

tried to be dissolved in 50 ml of bottle-grade H3PO4. However, it is observed that PVA 

is insoluble in the aforementioned concentration of H3PO4 and further dilution is indeed 

required. Figure 2.4a shows the digital image of the PVA-based GPE solution obtained 

by dissolving 5.0 g PVA in 50 ml of 15.1 M H3PO4 further diluted with 10 ml water (the 

resultant PVA-based water-in-acid GPE solution contains 12.8 M aqueous solution of 

H3PO4 in it). The viscous nature and the brownish color (because of prolonged heating 
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Figure 2.4. (a) Highly viscous nature of the PVA-based water-in-acid GPE solution; 

(b) FTIR spectra of the pristine PVA powder and the PVA-AIW GPE solution; (c) the 

thermogravimetric analysis (TGA) profiles of the pre-swollen films (He-Ao-Ac-0% and 

30%), and the water-in-acid PGPE (He-Ao-Ac-sw); (d) Nyquist plots corresponding to 

the He-Ao-Ac-30% pre-swollen film and, the He-Ao-Ac-sw PGPE (only the high-

frequency region of the Nyquist plot is shown); (e) ln σ vs. 1/T plot for He-Ao-Ac-sw. 

(Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 

12630-12640). Copyright (2018) American Chemical Society). 

PVA-H3PO4-water mixture for the complete dissolution of PVA) of the PVA-based 

GPE are also not desirable. This observation further demonstrates that the P(HEMA-co-

AOETMA) copolymer matrix is the best fit for realizing the water-in-acid GPE. To 

prove the limited hydrogen bonding interactions associated with the PVA matrix, we 

have compared the FTIR spectra of pristine PVA powder and the conventional PVA-

based acid-in-water GPE solution (PVA-AIW). The corresponding plots are given in 

Figure 2.4b. From the figure, it is observed that the broad peak in the region of 3000-

3700 cm-1 corresponding to the hydrogen-bonded –OH group in the case of the pristine 

PVA powder is narrowed with the addition of the acid species. This trend is extremely 

different from the He-Ao-Ac-sw water-in-acid PGPE where the addition of the acid 

species is found to further improve the hydrogen bonding/other non-covalent 

interactions. Lack of the abovementioned interactions leads to the inferior 

mechanical/electrochemical properties of the PVA-based GPE solutions. 
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The results of the thermogravimetric analysis (TGA) of the pre-swollen films 

(He-Ao-Ac-0% and 30%) and the water-in-acid PGPE (He-Ao-Ac-sw) are summarized 

Table 2.1. The ionic conductivity of the proton conducting GPEs already reported in 

the literature and the acid-in-water GPE reported in this work are compared and 

summarised. (Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 

2018, 6, 10, 12630-12640). Copyright (2018) American Chemical Society).    

in Figure 2.4c. In the plot corresponding to He-Ao-Ac-0%, weight losses are observed 

at 300 and 420oC. However, the addition of H3PO4 (as in the case of He-Ao-Ac-30%) 

changes the nature of thermal degradation in such a way that the rate of thermal 

degradation is decreased. This can be attributed to the stabilization facilitated by the 
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interaction between the H3PO4 and the polymer matrix.36 The effect is even more 

prominent in the case of He-Ao-Ac-sw, where the sharp degradation peaks are absent 

owing to the high H3PO4 content present in it. However, in the case of both He-Ao-Ac-

0% and He-Ao-Ac-30%, weight loss occurred below 200oC and can be attributed to the 

loss of the water molecules as well as free H3PO4 present in the polymer matrix. 

EIS analysis is used to study the ionic conductivity behaviour of the specimens. 

The ionic conductivity of the freshly prepared He-Ao-Ac-sw and the He-Ao-Ac-30% 

film is calculated from the equivalent series resistance (ESR) values (0.50 and 71 Ω for 

He-Ao-Ac-sw and He-Ao-Ac-30%, respectively) obtained from the corresponding 

Nyquist plots as given in Figure 2.4d (only the high-frequency region of the Nyquist 

plot is shown). It is worth mentioning that the water-in-acid PGPEs reported in this 

work exhibit far higher ionic conductivity (9.8×10-2 S cm-1) value than the conventional 

GPE solution and many other free-standing solid-state GPEs reported in the literature 

(summarized in Table 2.1).3,5,6,37-44 Compared to the other GPEs mentioned in Table 

2.1, the presence of a high degree of functional group moieties which can favour 

hydrogen bonding along with a high concentration of the encapsulated proton-

conducting species in P(HEMA-co-AOETMA) facilitates high ionic conductivity of He-

Ao-Ac-sw GPE. This is in accordance with the hydrogen bonding interactions proved 

from the FTIR spectra provided in Figure 2.3c and 2.4b. The low ionic conductivity 

(8×10-4 S cm-1) of He-Ao-Ac-30% is obviously due to the low H3PO4 content present in 

it. 

To predict the underlying mechanism for proton conduction in the GPE, the 

temperature (T) dependent ionic conductivity (σ) is measured. The plot of ln σ vs. 1/T 

(Figure 2.4e) follows the simple Arrhenius relationship (Equation 2.7) and the linear 

fit of the straight line gives an activation energy (Ea) value of 0.55 eV. The activation 

energy value obtained here is close to that obtained for liquid conc. H3PO4.
13 This 

underlines that the incorporation of conc.H3PO4 into the polymer matrix has not 

suppressed its ion transport properties. Considering the strong hydrogen bonding 

interactions that exist in the system and low activation energy required for proton 

conduction, it can be said that proton conduction takes place through the Grotthus-type 

mechanism operating in the PGPE.18,45 

The water-in-acid PGPE films (He-Ao-Ac-x%-sw) realized in this work manage 

to satisfy the most-desired features of a solid-state electrolyte, viz., high mechanical  
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Figure 2.5. (a) Pictorial representation for the PANI synthesis and device fabrication and (b) 

and (c) represent the FESEM images of the synthesised PANI sample; physical 

characterisation of the PANI sample: (d) XRD profile, (e) Raman spectrum, (f) BET 

adsorption-desorption isotherms, and (g) pore-size distribution profile of the PANI sample. 

(Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-

12640). Copyright (2018) American Chemical Society). 

stability accompanied by high ionic conductivity. These features open up opportunities 

for this water-in-acid PGPE film to be used for the fabrication of flexible SC devices. 

The PGPE reported here is envisaged to be used along with many acid-stable electrode 

materials already reported in the literature. Here, the potential use of the PGPE as an 

efficient solid-state electrolyte in the PANI-based flexible SC is thoroughly studied. It 

is worth mentioning that the dearth of published studies on the PANI SCs based on 

H3PO4 electrolytes makes this work relevant. 

The procedure adopted for the synthesis of PANI (see the Experimental Section 

2.2.4 for the detailed synthetic procedure) and the SC device fabrication strategy is 
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schematically represented in Figure 2.5a. The phytic acid-assisted synthesis of the 

crosslinked PANI has already been reported by several researchers.46-48 The as-

synthesised PANI was washed with DI water followed by vacuum drying at 60oC for 1 

h. The FESEM images of the PANI at different magnifications are presented in Figure 

2.5b and c, respectively. The XRD and Raman spectra of the PANI are given in Figure 

2.5d and e, respectively. The position of the peaks, which are labelled, confirms the 

formation of the highly conducting emeraldine form of the PANI.49-51 From the BET 

analysis, surface area and pore size distribution are also determined. PANI has a surface 

area of about 48 m2 g-1 with the majority of the pore-size distribution arising from meso-

pores. A small fraction of micro-pores is also present. The presence of meso-pores eases 

the electrolyte infiltration. It provides a buffer matrix to minimize the adverse effect of 

volume expansion during the redox process, which is expected to improve the cyclic 

stability of the final SC device. The plots of the adsorption-desorption isotherm and 

pore-size distribution are provided in Figure 2.5f and g, respectively.52 For fabricating 

the device, PANI was coated over 1 cm2 area of the Grafoil® substrate followed by 

sandwiching the water-in-acid PGPE film (1.5 mm) between both the electrodes to 

make the SC device. Figure 2.6a and b show the digital images of the components and  

the final device, respectively. In the device, the PGPE plays the role of a separator as 

well. 

Symmetrical SC devices with mass-loading of the active electrode material varying 

from 1 to 5 mg cm-2 were fabricated by using the He-Ao-Ac-sw water-in-acid PGPE film as 

the solid-state electrolyte. The CV profiles and the constant CD profiles for freshly prepared 

devices at a scan rate of 10 mVs-1 and current density of 0.25 mA cm-2 are presented in Figure 

2.6c and d, respectively. All the CV and CD profiles show the typical features of the PANI-

based symmetrical SCs. From Figure 2.6c, it is observed that, as the PANI loading in the 

electrode increases, a corresponding increase in the total area traced by the CV plot follows. 

All the while, the discharge time (from CD, Figure 2.6d) is also enhanced with increase in the 

active-material loading. No significant voltage drop is observed in the CD profile of the SC 

device (Figure 2.6d) even with a high mass-loading of 5.0 mg cm-2 on the electrode. These 

primary observations themselves indicate the high potential of the water-in-acid PGPE as an 

efficient mechanically stable GPE in solid-state SCs, with high as well as low mass-loading of 

the active electrode material. 

The origin of the excellent charge storage characteristics as mentioned above can 

be identified through EIS studies. From the Nyquist plot presented in Figure 2.6e, the  
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Figure 2.6. (a) The digital images of the various components viz., electrodes and the water-in-

acid PGPE used for the SC device fabrication and (b) digital image of the final device; 

comparison of the electrochemical performance of the PANI-x devices: (c) the CV profiles 

recorded at a scan rate of 0.25 mA cm-2, (d) the CD profiles recorded at a current density of 

0.25 mA cm-2, (e) the Nyquist plots, and (f) the plot summarizing the specific gravimetric and 

areal capacitance at a current density of  0.25 mA cm-2 for the PANI-1 to PANI-5 devices. 

(Reprinted (adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-

12640). Copyright (2018) American Chemical Society). 

ESR value for the PANI-1 device is as low as 0.61 Ω. Even the PANI-5 device can retain 

a very low ESR value of 0.78 Ω. These low ESR values are commendable as they 

directly indicate the ability of the solid-state GPE to establish an efficient 

electrode|electrolyte interface even with high mass-loading of the active electrode 

material. The very high ionic conductivity associated with the PGPE also favors the 

lowering of the ESR value, which in turn contributes to the high-power capability of the 
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SC devices. To get more insights into the electrochemical performance of the water-in-

acid PGPE-based devices, the specific capacitance values, normalized for the single 

electrode, for each device is calculated from the CD profiles obtained at different current 

densities. The plot representing the variation of the specific gravimetric and areal 

capacitance at a current density of 0.25 mA cm-2 with respect to change in electrode 

mass-loading is represented in Figure 2.6f. From the plot (Figure 2.6f), the PANI-1 

device is found to possess a high specific gravimetric capacitance value of 385 F g-1. All 

the while, even at a high mass-loading of 5 mg cm-2 (PANI-5), a high capacitance value 

of about 258 F g-1 is retained (67% retention). The high capacitance retention even at 

high mass-loading of the active material makes the water-in-acid PGPE the main 

contender as a possible alternative to the GPE solutions.  

The plots representing the change in gravimetric and areal capacitance values 

corresponding to the SC devices with mass-loading ranging from 1 to 5 mg cm-2 at 

various current densities are presented in Figure 2.7a and b, respectively. The PANI-1 

device exhibits a capacitance retention of 45% (corresponding to 175 F g-1) at a current 

density of 20 mA cm-2 compared to the value of 385 F g-1 obtained at 0.25 mA cm-2. As 

the electrode mass-loading is increased, the capacitance retention at higher current 

densities is also found to be improved. Thus, the capacitance retentions corresponding 

to the PANI-2, 3, 4, and 5 devices at 20 mA cm-2 current density compared to that at 

0.25 mA cm-2 are 54, 61, 62, and 64%, respectively. The high gravimetric capacitance 

retention at high loading and high current densities further consolidates the role of 

water-in-acid GPEs in the development of efficient and reliable SCs. The specific areal 

capacitance normalized for the single electrode for the PANI-1 device is found to be 

385 mF cm-2 at a current density of 0.25 mA cm-2. As the PANI mass-loading is 

increased, an obvious increment in the specific areal capacitance is observed. The PANI-

5 SC device exhibits very high areal capacitance of about 1288 mF cm-2 and 771 mF 

cm-2 at lower and higher current densities of 0.25 and 20 mA cm-2, respectively. Besides, 

the full CV and CD profiles for the devices (PANI-1 to 5) obtained at different scan rates and 

current densities are shown in Figure 2.8a-j. 

Cycling stability and shelf-life are the two desirable features required by SCs 

from a commercial perspective. The PANI-5 device with water-in-acid PGPE is found 

to retain 100% of its initial capacitance even after 9000 continuous CD cycles recorded 

at a current density of 10 mA cm-2 (Figure 2.9a). To demonstrate the excellent shelf-

life of the water-in-acid GPE-based device, the CD profile (at 0.25 mA cm-2) for the  
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Figure 2.7. (a) The plots representing the specific gravimetric capacitance corresponding to 

the PANI-x SC devices at various scan rates; (b) the plot representing the specific areal 

capacitance corresponding to the PANI-x SC devices at various current densities. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-12640). 

Copyright (2018) American Chemical Society). 

freshly prepared PANI-5 device and the same device after aging for 25 days (represented 

as PANI-5-aged) are compared. The comparative plots are given in Figure 2.9b. It is 

observed that the specific capacitance value of the aged device (272 F g-1) is almost 

equal to that of the fresh device (258 F g-1). The slight increment in the capacitance 

value for the PANI-5-aged device is expected to be due to the improved contact between 

the electrode material and the PGPE. This is also reflected in the ESR value which is 

found to be slightly improved from 0.78 to 0.67 Ω for the PANI-5 and PANI-5-aged, 

respectively (Figure 2.9c). The high shelf-life offered by the water-in-acid PGPE SC is 

thus validated from the above results.     

Finally, the electrochemical performance of the PANI-5 device is compared with 

the acid-in-water and water-in-acid PVA-H3PO4 GPE solution-based devices 

represented as PANI-5-PVA-AIW and PANI-5-PVA-WIA, respectively. The CV of the 

devices recorded at a scan rate of 20 mV s-1 is given in Figure 2.10a. It is observed that 

the He-Ao-Ac-sw water-in-acid PGPE-based SC devices show superior current-voltage 

characteristics compared to the PVA-based (both acid-in-water and water-in-acid) 

devices. The superior current-voltage characteristic of the PANI-5 over the other two 

devices is attributed to the high H3PO4 content present in the He-Ao-Ac-sw water-in-

acid GPE. The CD profile of the devices taken at a current density of 0.50 mA cm-2 is 

also shown in Figure 2.10b. The specific capacitances calculated from the CD profile 

are 242 F g-1 and 188 F g-1 for the PANI-5 and PANI-5-PVA-AIW devices, respectively.  
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Figure 2.8 (a) to (e) The full CV profiles for the devices (PANI-1 to 5) recorded at 

various scan rates from 10 mVs-1 to 200 mVs-1; (f) to (j) the CD profiles for the devices 

(PANI-1 to 5) recorded at various current densities from 0.25 to 5 mA cm-2. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-

12640). Copyright (2018) American Chemical Society). 

In the case of PANI-5-PVA-WIA device, the value is further reduced to 165 Fg-

1. Moreover, the voltage-drop associated with the PANI-5 device is found to be as low 

as 80 mV compared to the high voltage-drop of 170 mV and 200 mV associated with 

the PANI-5-PVA-AIW and PANI-5-PVA-WIA devices, respectively. This high 

voltage-drop is a direct indication of the low ionic conductivity as well as the inferior 

electrode|electrolyte interface formed in the case of the PVA electrolyte-based devices.3 

The above experiments underline the inferior nature of the conventional PVA-based 

acid-in-water GPEs and the inability of the PVA matrix to result in efficient water-  
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Figure 2.9. (a) Cycling stability of the PANI-5 device recorded at a current density of 10 mA 

cm-2; (b) the CV profile recorded at a scan rate of 10 mV s-1; (c) the CD profile recorded at a 

current density of 0.25 mA cm-2; (d) the Nyquist plots corresponding to the freshly prepared 

PANI-5 device and the same device aged for 25-days (PANI-5-aged); the inset of Figure 6d 

shows the zoomed high-frequency region of the Nyquist plots. (Reprinted (adapted) with 

permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-12640). Copyright (2018) 

American Chemical Society). 

in-acid GPE. The cyclic stability of the PANI-5-PVA-AIW device recorded at a current 

density of 10 mA cm-2 is shown in Figure 2.10c and is found to be far inferior to that of 

PANI-5 device (Figure 2.10a). While the PANI-5 device retains 100% of its initial 

capacitance for up to 9000 continuous CD cycles, the specific capacitance of PANI-5-

PVA-AIW device drops to 60% even before reaching 9000 cycles. In Figure 2.10d, the 

cycling stability of the PANI-5-PVA-WIA is also displayed.  

Among all the three devices under the study, viz., PANI-5, PANI-5-PVA-WIA, 

and PANI-5-PVA-AIW, the conventional acid-in-water GPE-based SC device (PANI-

5-PVA-AIW) exhibit the lowest cycling stability. Apart from the volume changes 

occurring in PANI during the redox reactions, the hydrolytic degradation of PANI by 

solvent (water) molecules is also known to derail the cycling stability of the PANI-based 

SC devices.53-56 Here, in both the acid-in-water and water-in-acid GPE-based SC 

devices, the volume change during the redox process will be low owing to the  
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Figure 2.10. Comparative CV (a) and CD (b) are the plots recorded at a scan rate of 20 mV s-

1 and a current density of 0.5 mA cm-2 for the PANI-5, PANI-5-PVA-AIW, and PANI-5-PVA-

WIA devices, respectively; (c) cycling stability of the PANI-5-PVA-AIW device recorded at a 

current density of 10  mA cm-2; (d) cycling stability of the PANI-5-PVA-WIA device recorded 

at a current density of 10 mA cm-2; (e) Ragone plots representing the gravimetric energy and 

power density of all the PANI-x devices under study. (Reprinted (adapted) with permission 

from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-12640). Copyright (2018) American 

Chemical Society). 

mesoporous structure of PANI (Figure 2.5g). The high stability of the water-in-acid 

GPE-based device compared to its acid-in-water counterpart may be attributed to the 

very low amount of water content present in such electrolytes. Owing to this, the 

hydrolytic degradation of PANI by the water molecules will be minimum in the case of 

the PANI-5 device which leads to its outstanding cycling stability. In the case of PANI-

5-PVA-WIA, despite its low capacitance value compared to the PANI-5-PVA-AIW, the 

low water content still facilitates high stability (Figure 2.10d).  

A Ragone plot representing the gravimetric energy and power densities of all the 

PANI-x devices is shown in Figure 2.10e. The PANI-1 device exhibits the highest 

energy density of 8.55 Wh kg-1 with a power density of 50 W kg-1. The highest power 

density exhibited by the same device is 3527 W kg-1 at an energy density of 3.9 Wh kg-

1. In the case of the PANI-5 device, the highest energy density (5.72 Wh kg-1) is obtained 

at a power density of 10.54 W kg-1 whereas the highest power density of 834 W kg-1 is 

exhibited at an energy density of 3.42 Wh kg-1. A table summarising the electrochemical 
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performance of the previously reported H3PO4 electrolyte-based PANI SCs is also given 

in Table 2.2.57-61                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Table 2.2. A table summarising the electrochemical performance of the previously reported 

H3PO4 electrolyte-based PANI SCs (some other electrode/electrolyte based SCs are also 

mentioned) compared to the water-in-acid GPE-based SC reported in this work. (Reprinted 

(adapted) with permission from (ACS Sustainable Chem. Eng. 2018, 6, 10, 12630-12640). 

Copyright (2018) American Chemical Society). 

 

Finally, to demonstrate the potential of the water-in-acid He-Ao-Ac-sw PGPE in 

flexible SC devices, the PANI-2 device dimension is scaled up (electrode dimension: 5 

cm (length) × 1 cm (width)) and the electrochemical performance at linear (PANI-2-

Linear) and bent (PANI-2-Bent) conditions are compared (Figure 2.11a-c). The specific 

areal capacitance values corresponding to the linear and bent devices calculated from  
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Figure 2.11. Comparative CV (a) and CD (b) plots recorded at a scan rate of 20 mV s-

1 and a current density of 0.50 mA cm-2 for the SC device at Linear and Bent states, 

respectively; (c) the Nyquist plots corresponding to the PANI-2-Linear and PANI-2-

Bent devices; (d) digital images of the PANI-2-Linear and PANI-2-Bent devices along 

with the real-life demonstration of lighting LED by a 2.4 V power-source (three 0.8 V 

SC devices connected in series.). (Reprinted (adapted) with permission from (ACS 

Sustainable Chem. Eng. 2018, 6, 10, 12630-12640). Copyright (2018) American 

Chemical Society). 

the CD-profiles obtained at a current density of 0.50 mA cm-2 are 426 and 396 mF cm-

2, respectively (Figure 2.11b). The obtained very low ESR value of around 0.8 Ω with 

both the bent and linear devices further confirm the retention of good 

electrode|electrolyte interface even under flexible conditions. The real-life 

demonstration of the SC device is demonstrated by lighting a LED by a 2.4 V power 

source (three 0.8 V SC devices connected in series). The digital images of the 

demonstration along with the PANI-2-Linear and PANI-2-Bent devices are given in 

Figure 2.11d. All the above results point towards the feasibility of replacing the 

conventional acid-in-water GPEs by the water-in-acid self-standing PGPEs to realize 

better-performing flexible SC devices with high cycling stability as well as improved 

shelf-life. 

2.4 Conclusion 

In summary, the concept of water-in-acid PGPE has been successfully 

demonstrated to be used in SCs. The simple and scalable synthesis of the novel-polymer 

matrix which can be used for the PANI-based SCs is being reported for the first time. 
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The polyelectrolyte nature of the copolymer matrix P(HEMA-co-AOETMA) along with 

the non-covalent interactions induced by the functional groups account for the high 

H3PO4 intake capability of the water-in-acid PGPE (He-Ao-Ac-sw). These interactions 

augment the overall mechanical as well as the thermal stability of the specimens as 

evidenced by the results of the ATR-FTIR and TGA studies. It is concluded that 

hydrogen bonding plays a major role in the retention of H3PO4 in the polymer matrix 

without compromising its self-standing structure. The excellent proton conductivity and 

the self-standing nature of the GPE make it a suitable candidate for being the solid-state 

electrolyte in SCs. When used in the PANI-based SCs, the water-in-acid PGPE is found 

to outperform the conventional PVA-H3PO4 GPE solutions. The PANI-1 (device with 1 

mg cm-2 active material mass-loading) device exhibits a high gravimetric specific 

capacitance value of 385 F g-1 at a current density of 0.25 mA cm-2. At the same current 

density, the high mass-loaded device (PANI-5, mass-loading of 5 mg cm-2) exhibits 

gravimetric and areal capacitance values of 257 F g-1 and 1288 mF cm-2, respectively. 

The high cycling stability (100 % capacitance retention even after 9000 continuous CD 

cycles) and shelf-life (stable performance even after aging for 25 days) of the water-in-

acid GPE-based device (PANI-5) is commendable whereas the PVA-H3PO4-based 

device (PANI-5-PVA-AIW) shows inferior cycling stability (60% capacitance retention 

after 8000 CD cycles). Based on the above-mentioned results, it is envisaged that the 

concept of water-in-acid PGPEs is extended to other acid-stable electrode materials and 

used as an alternative to conventional GPE solutions. 
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Chapter 3 

A High-Voltage Supercapacitor Possessing Nonaqueous 

Gel Polymer Electrolyte Prepared Using the In Situ 

Polymerization Process 

In this work, a mechanically stable nonaqueous gel polymer electrolyte (GPE) is prepared by 

using ultraviolet (UV)-light induced photopolymerization. The GPE composed of the liquid 

electrolyte (LiClO4 /propylene carbonate), which is entrapped in a poly(2-hydroxy-3-

phenoxypropyl acrylate) matrix, is used for the fabrication of high-voltage supercapacitors by 

the in situ polymerization process. The in 

situ process ensures an 

electrode|electrolyte interface extended 

to the inner and outer surface area of the 

electrode material. The SC devices are 

operable in the voltage window of 2.0 V 

with a high active material (activated 

carbon (AC), YP-80F, a high surface 

area porous carbon) mass-loading of 3.8 

mg cm-2. The SC device shows an 

equivalent series resistance (ESR) as low 

as 2.2 Ω, which is close to that of the device fabricated from the corresponding liquid 

electrolyte and is far better than that of the conventional polymer electrolyte (PE) films. The 

scalability of the process is demonstrated by fabricating a large area (area of 16 cm2 and loading 

of 4.0 mg cm-2) solid-state-flexible-supercapacitor (H-P-L-3M-S-4.0) device that can be 

operated at a potential window of  2.5 V.  The device was found to show a mass-specific 

capacitance of 111 F g-1 at a current density of 1 mA cm-2 (0.25 A g-1), with cycling stability 

over 10000 cycles. The potential of the in situ process to mimic the liquid-like 

electrode|electrolyte interface, augmented with the ability to tune further, opens up new 

horizons for energy storage devices.  

Contents in this chapter are published in the article: doi.org/10.1039/C7TA01514C. 

[J. Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society of 

Chemistry. 

https://doi.org/10.1039/C7TA01514C
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3.1 Introduction 

  Aqueous and nonaqueous electrolytes are being extensively used in 

electrochemical energy storage devices. The larger potential window offered by the 

nonaqueous electrolytes makes them the preferred candidates for high energy density 

commercial supercapacitors (SCs) 1-5 and batteries.2, 6,7 Once the advantages of the solid-

state electrolytes are conceived, in a realistic perspective, radical changes in the design 

aspects of the future flexible electronic gadgets in the application domain can be 

expected. Consequently, there has been a significant thrust in the research interest in 

developing appropriate nonaqueous solid-state electrolytes which hold the potential to 

replace the conventional liquid electrolytes in SCs and Li-ion batteries.7-13 Along with 

the anticipated performance enhancements from these solid-state electrolytes, safety and 

mechanical stability offered by them, in general, can also help to strengthen their 

demand potential.14-16 Despite a large number of reports, a solid-state electrolyte which 

retains the essential characteristics to mimic the advantages of the liquid electrolytes is 

still missing. In a solid-state form, it is a big challenge to develop a system that can 

simultaneously ensure high ionic conductivity,17 good electrode|electrolyte interface 

formation ability18,19, etc., and yet retaining its excellent mechanical stability.8 Thus, the 

development of such solid-state electrolytes that hold the conductivity and 

processability advantages like their liquid-state counterparts is giving both challenges 

as well as opportunities.  

  The process by which the solid electrolytes are synthesized has an important role 

in deciding the mechanical properties and ionic conductivity of the systems. At the same 

time, the process used to fabricate the device determines the electrode|electrolyte 

interface formed. Initial reports on the nonaqueous polymer electrolytes came up with 

mechanically stable dry polymer electrolytes in which a conducting salt is dissolved in 

a polymer matrix such as PEO (poly(ethyleneoxide)), PAN (poly(acrylonitrile)) etc.8,9 

To overcome the hurdle of low interface formation and poor ionic conductivity of the 

dry polymer electrolytes, gel polymer electrolyte (GPEs) have come into the limelight. 

GPEs are a physical blend of a high molecular weight polymer (PMMA, PVDF-HFP, 

PVA, etc.)7-9, 20 with a conducting salt dissolved in an aqueous/nonaqueous solvent. 

Although they perform better than the dry polymer electrolytes in terms of ionic 

conductivity, mechanical stability is generally found to be compromised. Therefore, 

considerable efforts have been made to improve the mechanical stability of GPE with a 

particular interest in mimicking the liquid-like electrode|electrolyte interface. In this 
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direction, ionic-liquid incorporated tri-block co-polymer GPEs,21 organic electrolyte 

swollen GPE22,23, etc. have been used for SCs. However, the low mass-loading, high 

ESR, and very low capacitance as well as capacitance retention at high current densities 

dent their credibility and limit the scalability of the process. The other approach is the 

porous architecting of the electrode to enhance the interface with the GPE.18, 24,25 Even 

though, this improves the interface, difficulties to prepare such electrodes and 

controlling the thickness obstacle the commercialization potential. Thus, conventional 

nonaqueous GPEs fail to provide the liquid-like electrode|electrolyte interface mainly 

due to the lack of proper device fabrication strategies. These practical intricacies 

necessitate the development of an efficient nonaqueous GPE and a proper device 

fabrication process which can essentially assure a liquid-like electrode|electrolyte 

interface formation at high active mass-loading states of the electrode material. Such a 

process will contribute towards minimizing the equivalent series resistance (ESR), 

which is a highly critical parameter as the power rate of the device is determined by the 

relation Pmax = V2/4R, where, ‘V’ and ‘R’ represent the operating potential and ESR, 

respectively.    

  In this work, a new nonaqueous GPE has been realized by integrating the 

qualities of liquid, dry polymer electrolytes in the same system. The high ionic 

conductivity, mechanical stability as well as the ability to mimic the liquid electrolyte-

like electrode|electrolyte interface is achieved by an in situ process.19 The process 

involves the UV curing of a precursor solution containing an acrylate monomer, liquid 

electrolyte, and a photo-initiator to affect the generation of the GPE. The monomer 2-

hydroxy-3-phenoxypropyl acrylate (HPA), owing to the presence of the functional 

groups (-OH and phenyl group), is found to be the best candidate for the preparation 

nonaqueous GPEs. The GPE is found to encapsulate about 80 (v/v) % of the liquid 

electrolyte (3M LiClO4/propylene carbonate (PC)) in it. The functional groups present 

in the polymer, viz. poly(2-hydroxy-3-phenoxypropyl acrylate) (PHPA) and the solvent 

(PC) is found to interact with each other through the Li+ ions from the conducting salt 

LiClO4. Such non-covalent interactions operating in the GPE along with the polymer 

matrix provide high solvent holding ability while retaining excellent mechanical 

stability without hampering the intrinsic ionic conductivity. These kinds of non-covalent 

interactions facilitated through inorganic ions are well-known for various mechanically 

stable polymer hydrogels,26,27 but are explored the first time in a nonaqueous GPE.  
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The SC device fabrication by the in situ process over the high surface area porous 

carbon electrode with micro-porosity to mimic the liquid-like electrode|electrolyte interface 

has been previously reported from our group.19 However, the proton conducting GPE detailed 

in the above-mentioned work imposes a limitation on the operable potential window beyond 

1.2 V as higher potentials can trigger electrolyte decomposition.11, 28 This leaves an undesirable 

restriction in devising high energy density SCs. In the present work, a high energy density, 

nonaqueous SC which could be operated at a potential window of 2.0 V or beyond is devised 

using the in situ process. The system is found to have the potential to replace the conventional 

liquid and dry polymer electrolytes, with the capability to display electrochemical performance 

close to that of the systems based on the liquid electrolytes. The process is envisioned to be 

used in the fabrication of other electrochemical systems such as lithium-ion batteries, metal-air 

batteries, etc. 

3.2 Experimental Section 

3.2.1  Materials 

Activated carbon (AC, YP-80F) used in this study was purchased from Kuraray 

Chemical Co., Japan. Conducting carbon filler was procured from Alfa Aesar. 

Kynar®PVDF (polyvinylidene fluoride) was used as a binder and this was procured 

from Global Nanotech. N-methyl-2-pyrrolidone (NMP), 2-hydroxy-2-

methylpropiophenone (HMPP), and propylene carbonate (PC) were purchased from 

Aldrich Chemicals. The monomer, 2-hydroxy-3-phenoxypropyl acrylate (HPA) (MW: 

222.24 g) was also purchased from Aldrich Chemicals.  Polypropylene membrane 

purchased from Celgard was used as the separator. Grafoil®, used as the current 

collector, was procured from the GrafTech. The UV chamber used contained four 

fluorescent lamps (Model:  OSRAM Blue UVA / Colour 78). 

3.2.2 Preparation of the electrode 

A slurry of the activated carbon, conducting carbon, and Kynar® PVDF binder was 

made by mixing them in a weight ratio of 80:15:5 in NMP, followed by stirring the 

slurry for about 6 h. It was then probe sonicated for half an hour and a bar coater was 

used for coating the slurry over the grafoil sheet. The grafoil sheet coated with the 

electrode material was dried for about 12 h at a temperature of 80 oC in an oven followed 

by hot pressing at the same temperature for 30 min. It was subsequently dried overnight 

at about 180 oC in an oven. 
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3.2.3 Preparation of GPEs by UV curing 

 A series of PHPA based GPEs were prepared and are designated with the general 

representation as H-P-L-xM-y%, where ‘x’ stands for the molarity of LiClO4 and ‘y’ 

denotes the volume percentage of the liquid electrolyte in the GPE.  In a typical 

synthesis, 80% (v/v) of 3 M LiClO4 in PC was uniformly mixed with HPA and the 

desired amount of UV initiator (HMPP) is added. Disc-shaped GPE films and 

cylindrical shaped GPEs were prepared by UV curing (21 minutes of exposure) for 

performing ionic conductivity measurements and mechanical characterizations, 

respectively. To study the role of LiClO4, the gel polymer was also prepared without 

incorporating the LiClO4 salt and the corresponding samples are represented as H-P-

y%. 

3.2.4 Preparation of the PMMA-based GPE solution 

For an effective comparison of the present system, a conventional GPE solution 

composed of LiClO4, PMMA, and PC was also prepared. In a typical procedure, 1.6 g 

PMMA is added to 5 mL electrolyte solution of 3.0 M LiClO4/PC. Followed by vigorous 

stirring at 115oC, PMMA gets dissolved in the electrolyte. Subsequently, the mixture 

was allowed to cool slowly to room temperature to obtain a highly viscous GPE solution 

(shown in Figure 3.4c and d).  

3.2.5  SC device fabrication 

The SC devices fabricated employing the in situ process using the H-P-L-xM-

80% GPE is hereafter termed as H-P-L-xM-S-z, where, ‘S’ stands for the solid device 

and ‘z’ stands for the electrode mass-loading. In a typical device fabrication process, 

about 125-150 μl of the respective pre-polymerized solution (electrolyte-monomer-

initiator mixture before polymerization) was applied uniformly on the surface of a 4 cm2 

electrode and the specimen was kept in a desiccator under vacuum for 2 h and 

subsequently cured under UV light for 46 min. Two such electrodes were sandwiched 

each other followed by perfect sealing with adhesive tape and the requirement of a 

separator in the system was also eliminated. The system was then kept for 2 days in a 

desiccator for the effective joining of the electrodes by the in situ polymerized GPE 

layer. All the experiments were done in sealed conditions to avoid any undesirable 

effects. Hence formed devices with an electrode mass-loading of 3 mg cm-2 and 3.8 mg 

cm-2 are represented as H-P-L-xM-S-3.0 and H-P-L-xM-S-3.8, respectively. The digits 

‘3.0’ and ‘3.8’ represent the respective electrode mass-loading of the devices.  
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For the comparison purpose, SC device was fabricated using the conventional 

device fabrication process (the ex situ process) by using the PMMA-PC-LiClO4 GPE 

solution. In a typical procedure, the two electrodes (mass-loading of 3.8 mg cm-2 and 

active area of 4 cm2) were directly soaked in the highly viscous PMMA-PC-LiClO4 gel 

electrolyte solution and the excess solvent was slowly evaporated at 100 oC for 4 h in a 

vacuum oven to get a polymer electrolyte film on the electrodes. These electrodes were 

then sandwiched by keeping a separator in between and sealed using an adhesive tape 

to make the final device. Henceforth, the device thus formed is termed as PMMA-PC-

L-S-3.8, where, ‘S’ stands for the solid device and ‘3.8’ stands for the electrode mass-

loading of the device.  

Also, the precursor solution-based liquid-state devices (polypropylene separator 

is soaked with the precursor solution and placed in between the electrodes) were also 

fabricated and are represented as H-P-L-1M-L-3.0, H-P-L-2M-L-3.0, and H-P-L-3M-L-3.0. 

Here ‘L’ stands for liquid-state and ‘3.0’ for the electrode mass-loading in the unit of mg cm-

2. Similarly, H-P-L-3M-L-3.8 device was also fabricated and tested. To demonstrate the 

scalability of the in situ process, larger area devices (16 cm2) with two different 

electrode mass-loadings of 2.5 and 4.0 mg cm-2 were also prepared. The H-P-L-3M-

80% GPE was employed for this purpose as it was found to exhibit desired mechanical 

stability as well as electrochemical performance when used in the device. The amount 

of pre-polymerized solution used was about 500-600 μl. The devices with a mass-

loading of 2.5 and 4.0 mg cm-2 are represented as H-P-L-3M-S-2.5 and H-P-L-3M-S-

4.0, respectively, where the digits ‘2.5’ and ‘4.0’ represent the respective mass-loading 

of the scaled-up devices. The SC device was fabricated using an ex-situ process where 

the H-P-L-3M-80% GPE film (thickness = 0.25 mm) was prepared first in a Teflon mold 

and then sandwiched in between two electrodes as in the case of device fabrication using 

the conventional dry polymer electrolytes. The hence prepared device is hereafter 

termed as H-P-L-3M-S-ex-situ, where, ‘S’ stands for the solid-state device. The 

electrode mass-loading was 3.0 mg cm-2. 

3.2.6 Material characterization 

The structure and morphology of YP-80F were analyzed with the help of a 

Hitachi S-4200 field emission scanning electron microscope (FE-SEM). Zeiss Ultra Plus 

scanning electron microscope coupled with energy dispersive X-ray (EDX) 

spectrometry (OXFORD Instruments, X-Max) was used for cross-sectional FE-SEM 

imaging and EDX mapping of the device.  The specific surface area (SSA) of the 
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material was determined by Brunauer-Emmett-Teller (BET) method at 77 K using a 

Quantachrome Quadraorb automatic volumetric instrument. Before the N2 gas 

adsorption-desorption measurements, activation of the sample was done at 100 oC (for 

36 h) under ultrahigh vacuum (10-8 mbar). Infrared spectra were recorded using a Bruker 

FT-IR (ATR mode) spectrophotometer in the range of 4000-600 cm-1. 13C-NMR spectra 

were recorded on a Bruker-AVANCE 200 MHz spectrometer. 

3.2.7  Electrochemical characterization of GPE and the devices 

Electrochemical evaluations were carried out using a BioLogic SP-300 Potentio-

Galvanostat. In the device, the uncoated space of the grafoil sheet was used for providing 

electrical connections. Cyclic voltammetry (CV) measurements were taken at different 

scan rates from 50 to 500 mV s-1 by fixing a potential window in the range of 0 to 2.0 

V. Charge-discharge measurement was carried out at different current densities from 2 

to 20 mA cm-2. Cycling stability was monitored by using charge-discharge experiments 

at a current density of 10 mA cm-2 for many thousand cycles. Further details on the 

electrochemical measurements are given in Section 3.1.8 including the equations used 

for calculating various performance assessment parameters. Electrochemical impedance 

spectroscopic (EIS) investigation was performed from 106 to 0.01 Hz frequency against 

the open circuit potential with a sinus amplitude of 10 mV (Vrms = 7.07 mV). The 

conductivity of the GPE films was measured by keeping them between two stainless 

steel discs and connecting the terminals through crocodile clips. The whole cell 

assembly was kept in an Espec environmental test chamber to control the temperature. 

The x-intercept of the Nyquist plot is taken as the bulk resistance of the membrane and 

the conductivity can be measured using Equation 3.4 and Equation 3.5 as given in 

Section 3.2.8. 

3.2.8 Equations used for Electrochemical Characterization 

Equation 3.1 is used for the calculation of Gravimetric capacitance (F g-1) from the charge-

discharge method.19  

 

𝐶 =
 2×(𝐼×∆𝑡)

∆𝑉∗𝑀
      (Equation 3.1) 

 

where, 

Δt = Discharge time 

ΔV = Potential window  
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I = Constant current used for charging and discharging 

M = Weight of active carbon material in one of the electrodes 

 

The obtained device capacitance was multiplied by a factor of 2 to get the single electrode 

capacitance which is included in Equation 3.1. 

The gravimetric energy density (Ed) and power density (Pd) were calculated from the 

capacitance value obtained from the charge-discharge method. 

Energy density (Ed) (Wh kg-1) = 
𝐶𝑠

8×3.6
 𝑉2         (Equation 3.2) 

where, 

 ‘Cs’ is the specific capacitance calculated by the charge-discharge (F g-1) method and ‘V’ is 

the voltage window. 

Power density (Pd) (W kg-1) = 
𝐸𝑑

𝑡
      (Equation 3.3) 

where ‘Ed’ is the energy density from Equation 3.3 and ‘t’ is the discharge time in hour 

calculated from the discharge curve. 

The ionic conductivity of the GPEs films was calculated from equation (5). 

 

𝜌 (Ω cm) =
𝑅𝐴

𝑙
        (Equation 3.4)     

𝜎 (𝑆 𝑐𝑚−1) =
1

𝜌
      (Equation 3.5) 

 

σ= Conductivity of the membrane 

ρ = Resistivity of the membrane 

R = bulk resistance of the membrane 

A = Area of the membrane 

l = Thickness of the membrane 

3.2.9  Mechanical characterization of PHPA, H-P-80%, and GPEs 

Dynamic mechanical analyzer (DMA) (RSA III, TA Instruments USA) equipped 

with the TA Orchestrator software (Version 7.2.0.4) was used for uni-axial tensile 

measurements (static mode) and dynamic compression measurements (dynamic mode) 

of the H-P-L-xM-y% GPEs. The uni-axial un-confined compression and cyclic 

compression measurements were performed with cylindrical H-P-L-3M-80% and H-P-

80% gels of 15 mm diameter and 15 mm height using a single column tabletop 

electromechanical material testing station of 1 kN load cell capacity (Model: Instron 
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5943, Instron Ltd., MA, USA), equipped with cylindrical compression platens of 50 mm 

diameter and Bluehill 3 software with TestProfiler module for recording as well as 

analyzing the data. For the uni-axial tensile measurements, H-P-L-3M-80% GPE specimens 

with a rectangular geometry of 5 mm width, 0.8 mm thickness, and 15 mm length were 

prepared. The specimens were clamped onto tensile grips with a constant torque of 20 cN.m 

and applied the load at a speed of 1 mm min-1 up to failure. Dynamic mechanical measurements 

were performed on cylindrical specimens (8 mm dia. x 8 mm height) of neat PHPA, H-P-80% 

and H-P-L-xM-80% (x = 1,2 and 3) GPEs. Initially, the linear visco-elastic region (LVR) of 

the gels was identified by performing linear strain sweep measurements followed by frequency 

sweep analysis to measure the modulus of the specimens in the range 0.1 to 10 Hz at ambient 

temperature. 

For the uni-axial tensile measurements of the electrodes, two sets of electrodes were 

prepared. One set of electrodes coated with carbon and another set with carbon as well as a 

photo-polymerized gel electrolyte. Electrode dimensions were 20 mm width, 0.5 mm thickness, 

and 40 mm height. Electrodes were loaded onto the tensile grips of universal testing machine 

(Model: Instron 5943, Instron Ltd., MA, USA) with the aid of elastomeric strips on both side 

of the electrodes to avoid slippage during measurements. A pre-load to 0.01 N is applied to 

rectify the alignment and the tensile test is performed up to rupture at the cross-head speed of 

3 mm/min. 

Uni-axial un-confined compression and cyclic compression measurements were 

performed with cylindrical H-P-L-3M-80% and H-P-80% gels of 15 mm diameter and 15 mm 

height using single column tabletop electromechanical material testing station of 1kN load cell 

capacity (Model: Instron 5943, Instron Ltd., MA, USA), equipped with cylindrical 

compression platens of 50 mm diameter and Bluehill 3 software with TestProfiler module for 

recording as well as analysis of data sets. To prevent slippage and displacement of gels during 

the measurements, both the compression plate surfaces were glued with sand-coated paper of 

grade 100 (Multicut Paper, Vinal Abrasives, India). A pre-load of 0.01 N is applied before 

compression measurements to attain uniform contact between the surface of gels and 

compression platens. A cross-head speed of 10 mm min-1 is used for all compression 

measurements with ±0.1% speed and position accuracy. A minimum of 3 samples was 

measured and representative histograms were plotted. 
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Figure 3.1. Scheme illustrating the synthesis of the GPE by UV-curing. ([J. Mater. Chem. A, 

2017, 5, 8461-8476] - Reproduced by permission of The Royal Society of Chemistry). 

Uni-axial compression was performed on H-P-L-3M-80% and H-P-80% gels up to 98% 

compression or till specimen failure, whichever is earlier. Two sets of the uni-axial cyclic 

compression measurements were performed on cylindrical H-P-L-3M-80% and H-P-80% gels 

with the first set of measurements comprising of a sequence of 8 or 9 cyclic measurements with 

varying compressive strain starting from 10 to 80 or 90 %. The second set of cyclic 

measurement involves continuous 200 cycles of compression at constant 70 or 90% 

compressive strain without interval.  The samples used were having a dimension of hysteresis 

energy is calculated from the histogram of compressive stress versus compressive strain 

following Equation 3.629 given below: 

𝑈90% =
∫ 𝐹d𝑠

0.9𝑙𝑜𝑎𝑑𝑖𝑛𝑔
0

−∫ 𝐹 d𝑠
0.9𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

0

𝜋𝑟2      (Equation 3.6) 

where ‘U90%’ represents the dissipated energy for 90% compressive strain, ‘F’ is the loading, 

‘s’ is the displacement to the corresponding strain and ‘r’ is the radius of the gel.  

3.3 Results and Discussion 

3.3.1 NMR and ATR-FTIR characterizations of HPA-based GPEs. 
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Figure 3.2. The 13C-NMR spectra of the (a) HPA monomer and (b) PHPA polymer. ([J. 

Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society 

of Chemistry). 

  Photo-assisted free radical polymerization of the monomer (HPA) and PC with 

LiClO4 salt dissolved in the presence of a UV initiator, HMPP, is used to prepare the 

GPEs. The scheme illustrating the synthesis of HPA-based GPE is given in Figure 3.1. 

Besides, 13C-NMR spectra of the HPA monomer and the PHPA polymer with their 

characteristic peaks assigned are given in Figure 3.2a and 3.2b, respectively. The 

chemical shift values corresponding to the olefin carbons in the monomer, Ca = 131.68 

ppm and Cb = 127.90 ppm, are found to be moved to Ca = 36.44 ppm and Cb = 41.90 

ppm, respectively, in the case of the PHPA polymer. This stands out as valid evidence 

on the complete polymerization achieved upon the UV irradiation. To study the 

interactions existing between the different moieties present in the GPE such as the 

polymer matrix, solvent, and electrolyte ions, ATR-FTIR spectra of the monomer HPA,  
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Figure 3.3. (a) ATR-FTIR spectra of HPA, PHPA, PC, and the other GPEs investigated 

in this study; (b) the zoomed region between 1600-2000 cm-1 from Figure 3.3a. ([J. 

Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society 

of Chemistry). 

neat-polymer PHPA, solvent PC, and GPEs containing 80% of the liquid electrolytes 

were recorded and the corresponding spectra are presented in Figure 3.3a and b. On 

comparing the FTIR spectra of the monomer and neat PHPA, the peak corresponding to 

the C=C stretching at 1629 cm-1 is present in the monomer, whereas, it is absent in the 

case of the polymer PHPA. The C=O stretching band of the monomer is observed at 

1717 cm-1, whereas, in the polymer, it is shifted to a frequency of 1729 cm-1. This is due 

to the difference between the α,β-unsaturated conjugated carbonyl in acrylate double 

bonds and the α,β-saturated conjugated carbonyl in the polymer.30
  This further confirms 

that the polymerization is complete which is already been proved from NMR.  In the 

spectrum of H-P-80%, the peak corresponding to the carbonyl group of the polymer 

matrix of PHPA shows a shift from 1729 cm-1 to 1737 cm-1. This blue shift can be 

attributed to the hindrance to the hydrogen bonding present in the polymer matrix, once 

the plasticizer solvent (PC) is introduced into the system. In the case of pure PC, the 

FTIR data shows a peak at 1781 cm-1, which is corresponding to the stretching mode of 
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Figure 3.4. (a) DMA studies of PHPA and the other polymer gel electrolytes; (b) 

mechanical stability and reversibility of the H-P-L-3M-80% GPE; (c) and (d) 

comparison of the nature of the H-P-L-3M-80% and PMMA-PC-L-S-3M-80% GPE 

solution. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The 

Royal Society of Chemistry). 

the C=O group of PC.31 In the GPEs, this peak (1781 cm-1) shows a gradual redshift as 

the concentration of the LiClO4 is increased. This is attributed to the interaction between 

the carbonyl group of PC and the Li+ cation. At the same time, it is observed that the 

peak at 1737 cm-1 also shows a shift towards lower frequency when the LiClO4 is 

introduced and on successive increment in the concentration of LiClO4, the peak is 

disappeared. The disappearance of the peak is due to the broadening of the peak 

corresponding to the carbonyl group of PC, where, it is merged with the carbonyl peak 

of the polymer matrix. Moreover, the amount of the solvent is excess in the system 

compared to the polymer, which also contributes to the disappearance of the carbonyl 

band of the polymer matrix. The increase in the intensity of the peak at 624 cm-1 as the 

concentration of LiClO4 increases in the gel polymer electrolyte is attributed to the 

increase in the amount of the free ClO4
- ions.  This confirms the improved dissociation 

of the conducting salt in the H-P-L-3M-80% gel polymer electrolyte compared to the 

others. 
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  In the GPEs, as the concentration of LiClO4 is increased, the carbonyl stretching 

frequency of both PC and the polymer matrix shows a gradual redshift. Thus, this gives 

strong evidence that the Li+ ion is interacting with the carbonyl group of the solvent 

(PC) and the polymer matrix (PHPA). Since Li+ is known to coordinate with more than 

one electron-donating groups at a time,32-35 it is expected that quite a large number of 

the Li+ ions in GPE are coordinated to the carbonyl groups of both the polymer (PHPA) 

and the solvent (PC) at the same instant (solvent-Li+-polymer interaction). Thus, Li+ 

acts as a non-covalent crosslinker between the polymer matrix and the solvent. 

Similarly, the solvent-solvent36-38 interaction established through the Li+ ion is also 

envisaged. It is also reasonable to assume that the polymer chains in GPE are also 

interacting each other owing to the numerous types of possible non-covalent interactions 

(hydrogen bonding,30 π-π stacking, etc.,39) in the polymer matrix, induced by the 

functional groups (-OH and phenyl groups) present in it. The Li+ assisted interaction 

helps the GPE to hold a large amount of the solvent, all the while, along with other non-

covalent interactions, contributing to their mechanical stability and flexibility. 

3.3.2 Mechanical characterization of HPA-based GPEs 

  The primary effect of PC in PHPA was determined using dynamic mechanical 

analysis (DMA) and the corresponding plots are given in Figure 3.4a. The hardness of 

pristine PHPA is evident from its elastic modulus (250 kPa), which is reduced to 3.4 

kPa in H-P-80% owing to the plasticizing effect of PC. The ability of HPA to form 

mechanically stable H-P-80% gel further proves the inherent ability of the polymer and 

PC to induce non-covalent interactions inside the polymer matrix, as explained through 

the ATR-FTIR analysis. As the concentration of LiClO4 is increased in H-P-80%, the 

elastic modulus value shows gradual improvement. The values of H-P-L-1M-80%, H-

P-L-2M-80%, and H-P-L-3M-80% are 6.9, 7.2, and 7.6 kPa, respectively. This is 

attributed to the secondary effect of Li+ in determining the elastic modulus of the formed 

gels. The improved elastic modulus is assumed to be due to the non-covalent 

crosslinking interactions induced by the Li+ ion in GPE, which is already evident from 

the ATR-FTIR spectra.33, 40 The degree of these interactions increases along with an 

increase in the LiClO4 concentration, exhibiting an improvement in the elastic modulus 

of GPEs. This Li+ assisted non-covalent crosslinking and other non-covalent 

interactions along with the covalently bonded interpenetrated network of PHPA  
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Figure 3.5. (a) Uni-axial compression of H-P-L-3M-80%; (b) sequential uni-axial 

compression cycles of H-P-L-3M-80% from 10 to 90% strain where the inset shows the 

maximum stress per cycle; (c) hysteresis energy of the sequential uni-axial compression cycles 

from 10 to 90% compressive strain for H-P-L-3M-80%; (d) tensile properties of H-P-L-3M-

80%. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal 

Society of Chemistry). 

prevents the exudation of the solvent from the solid electrolyte and improves its 

mechanical properties compared to the specimens without LiClO4. 

  The excellent mechanical stability as well as the reversibility of the gel 

electrolyte (H-P-L-3M-80%) is depicted in Fig. 3.4b, where it is shown that GPE attains 

its original dimensions even after mechanically compressing it up to 90% strain. The 

high withstanding ability of GPE to strain can be attributed to the self-recovery of the 

non-covalent bonds present in it. The non-covalent bonds act as sacrificial bonds that 

break and recover themselves when subjected to strain thereby protecting the covalent 

bonds in GPE.27, 41-42 A GPE is tried to be prepared using the conventional process22-23 

in which a PHPA block is kept soaked in PC for two days. It is observed that the PHPA 

is not able to absorb the PC to its interior network. This underlines the advantage of the 

single-step GPE synthetic process by UV curing in realizing robust GPEs with desirable 

mechanical properties. For comparison, the digital images of the H-P-L-3M-80% GPE 

and a PMMA-PC-L GPE solution are shown in Figure 3.4c and 3.4d, respectively. 

Being a mere physical mixture of the polymer with a liquid electrolyte and due to the  



CHAPTER 3 

 

 

92 AcSIR, CSIR-NCL | Vidyanand V 

Figure 3.6. (a) Sequential uni-axial compression cycles of H-P-80% from 10 to 80% strain 

where the inset shows the maximum stress per cycle versus the corresponding strain from 40% 

to 70% compression strain; (b) hysteresis energy of the sequential uni-axial compression 

cycles from 10 to 80% compressive strain for H-P-80%; (c) compressive stress vs. compressive 

strain plot recorded for 200 repeated cycles of uni-axial compression for the H-P-L-3M-80% 

GPE at an interval of 50 cycles; (d) compressive stress vs. compressive strain plot recorded 

for 200 repeated cycles of uni-axial compression for H-P-80% gel at an interval of each 50 

cycles; hysteresis energy of 200 repeated uniaxial compressive strain cycles, (e) at 90% 

compression for the H-P-L-3M-80% GPE and (f) at 70% compression for the H-P-80% gel. 

([J. Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society of 

Chemistry).    
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absence of any functional groups in the polymer matrix, the interactions between the 

different moieties in PMMA-PC-L are too weak.43 Therefore, the PMMA fails to hold 

large amounts of the solvent, and, by doing so, the mechanical property deteriorates 

(Figure 3.4d). 

The histogram of the uni-axial compression measurement performed on H-P-L-3M-

80% at a cross-head speed of 10 mm min-1 is given in Figure 3.5a. The maximum compressive 

stress attained by the GPE is 198.32 kPa without failure at 98% compressive strain. The GPE 

is not compressed beyond 98% due to the limitations of the testing station. Critical strain at 

which the stress shows the abrupt increase is found to be 92.24%, after which it exhibits a 

significant degree of strain hardening. In the viewpoint of the flexibility required during the 

end-use application of the all-solid-state SCs, compressibility (98%) of the GPE is an added 

advantage. Figure 3.5b shows the sequential cyclic compression measurements comprising of 

continuous 9 cycles of the compression with varying compressive strain sequentially, ranging 

from 10 to 90%. The maximum stress at 90% strain is 221.80 kPa, whereas at 10% strain it is 

0.96 kPa. The inset shows the increase in the maximum stress at each cycle, from 10 to 90% 

strain, wherein the critical strain is found to be 77.32%. The critical strain is the direct 

indication of the degree of flexibility the gel electrolyte can withstand during the bending and 

folding of the solid-state SC.  

Figure 3.5c shows the results of the hysteresis energy calculated from each sequential 

compression cycles as a function of the compressive strain. It is calculated after measuring the 

area between each loading and unloading cycle at respective compressive strain and applying 

Equation 3.6. Dotted lines are kept in between each value as a guide to the eye. It is evident 

from the histogram that the energy loss is virtually nil from 10 to 60% compressive strain and 

follows a plateau after which it shows an abrupt increase. As compared to the energy loss at 

60% compression, the loss at 70, 80, and 90% compressive strain shows approximately 3, 13, 

and 53 fold increase. Figure 3.5d shows the tensile stress vs. strain graph of the gel which 

exhibits stretchability up to 107% strain and possesses tensile stress of 5.8 kPa. Cyclic 

compression experiments were performed using the H-P-80% gels as well. Figure 3.6a shows 

the sequential cyclic compression experiments comprising of 8 cycles with varying strain from 

10 to 80%. Since the specimen breaks before 90% strain, the experiments could not be 

continued to this level. In comparison with H-P-L-3M-80%, the H-P-80% is unable to 

withstand 90% strain, which is a piece of direct evidence for the role played by the lithium salt 

in dissipating the energy effectively throughout the gel network during the stress. The 

hysteresis energy of the sequential uni-axial compression cycles from 10 to 80% compressive 
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strain for H-P-80% is presented in Figure 3.6b. The critical strain in the case of H-P-80% 

calculated from Figure 3.6a and b is found to be less than 60%, which is inferior to that of the 

H-P-L-3M-80%  specimen obtained from Figure 3.5 b and c (77.32 %).  

Figure 3.7. (a) to (c) The Nyquist plots of the polymer gel electrolytes blended with different 

weight percentages of the liquid electrolyte at different molar concentrations of the conducting 

salt; (d) to (f) plots of conductivity vs. volume percentage of the electrolyte present; (g) change 

in the ionic conductivity vs. temperature for the H-P-L-3M-80% polymer gel electrolyte; (h) ln 

σ vs. 1/T plot for H-P-L-3M-80%. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by 

permission of The Royal Society of Chemistry). 

The fatigue resistance associated with the UV cured GPE is an added advantage that is 

not exhibited by the GPEs prepared using the conventional strategies. The fatigue resistance is 

an important quality required for a GPE which decides the mechanical flexibility of the device 

when it is subjected to various degrees of physical strains. To study the role of the Li+ ion-

assisted non-covalent crosslinking interactions in the fatigue resistance and energy dissipation 

efficacy of H-P-80% and H-P-L-3M-80%, we have performed consecutive 200 cycles of 

compression measurements at a compressive strain of 90% for H-P-L-3M-80% and 70% for 
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H-P-80%. The compression cycles recorded for H-P-L-3M-80% GPE and H-P-80% gel at an 

interval of  50 cycles are given in  Figure 3.6c and Figure 3.6d, respectively. Corresponding 

hysteresis energy from Cycle 1 to 200 for H-P-L-3M-80% and H-P-80% at an interval of 25 

cycles is presented in Figure 3.6e and f, respectively, as a function of the number of the cycles. 

In both cases, it is evident that the hysteresis energy corresponding to the first compression 

cycle stands out among others because it is related to the irreversible fracture of the covalent 

bonds present within the gel network. In the case of the H-P-L-3M-80% GPE (Figure 3.6e), 

the energy loss in the successive cycles shows an equilibrium regime after 50 cycles followed 

by a slight increment in the hysteresis energy towards the end. This in turn throws light on the 

subsequent elastic behavior of the polymer network and the self-recovering nature of the 

system which is facilitated through the reversible non-covalent bonds involving the Li+ ion, the 

polymer matrix, and PC. The same non-covalent interactions help the system to withstand a 

compressive strain as high as 98 % (Figure 3.5a) by an effective dissipation of the applied 

energy throughout the gel network. Since the Li+ assisted non-covalent interactions are absent 

in the case of the H-P-80% polymer gel, even a compressive strain lower than 90% (Figure 

3.6a) causes the covalent bonds to be broken permanently and the lack of self-recovery is 

reflected in the gradual hysteresis energy loss as shown in Figure 3.6f. Therefore, it is 

confirmed that the reversible interactions present in H-P-L-3M-80% GPE underline the degree 

of flexibility the gel electrolyte can impart to the SC device. 

3.3.3 Ionic conductivity and activation energy of HPA-based GPEs 

  Conductivity measurements of the GPEs were carried out using EIS investigation 

at room temperature. The Nyquist plots of the GPEs with different volume percentages 

of the liquid electrolyte at different molar concentrations of the conducting salt are given 

in Figure 3.7a to c. It is observed that, as the liquid electrolyte amount is increased from 

60% (v/v) to 80% (v/v), the internal resistance (x-intercept of the Nyquist plot) gradually 

decreases for all the GPEs under study. The trend is common in the case of the GPEs 

where the conductivity increases with an increase in the amount of liquid electrolyte. In 

other words, more plasticized GPE gives more conductivity.44,45 The conductivity 

values are calculated for the GPEs from the ESR values obtained from the Nyquist plots 

(Figure 3.7a to c) and the plots of the conductivity vs. volume percentage of the liquid 

electrolyte present in the GPE are given in Figure 3.7d to f. It is observed that in all the 

cases, the conductivity value is highest for the GPEs with 80% (v/v) of the liquid 

electrolyte in it. As the concentration of the salt is increased in the system, the  
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Figure 3.8. (a) Schematic representation and digital images of the solid-state SC device 

fabricated using the in situ process, and (b) pictorial representations on the difference 

between the nature of the electrode|electrolyte interface in the case of the in situ process 

and conventional ex situ systems. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - 

Reproduced by permission of The Royal Society of Chemistry). 

conductivity also increases which is due to the improved LiClO4 dissociation due to the 

interactions existing in the GPE as explained with the help of the ATR-FTIR spectral 

investigation (Figure 3.3). H-P-L-3M-80% shows the maximum conductivity value of    

4.7×10-3 S cm-1, which is comparable to the conductivity of the various conventional 

liquid electrolytes used in batteries and SCs.6, 46-49 This value is superior to the 

conductivity of many of the dry polymer electrolytes, and GPEs previously reported.22, 

50-53  

  It is observed that the increase in the amount of PC in the GPE leads to more 

plasticized GPE, which in turn reduces the crystallinity of the polymer and provides 

more free volume around the polymer chains. Due to the amorphous nature of the 

plasticized GPE, the segmental motion of the polymer chains also increases. These 

effects facilitate the improvement in the ionic conductivity when more amount of PC is 

introduced in the GPE.54-55 Moreover, as the amount of PC is increased in the system, 

the dissociation of LiClO4 is enhanced because of the high dielectric constant of the 
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solvent as well as the interaction of the Li+ ion with the carbonyl group of the solvent. 

The coordinate bonds formed by the Li+ ion with the carbonyl group of the polymer 

matrix also helps to improve the dissociation of LiClO4, thereby reducing the ion-pairing 

effect.40, 56-58 These combined effects result in the improved conductivity of H-P-L-3M-

80% compared to its 1 M and 2 M counterparts. The origin of these interactions has 

already been discussed using ATR-FTIR spectral investigations (Figure 3.3). 

  The activation energy of GPE towards the ion conductivity for H-P-L-3M-80% 

was also calculated from the conductivity values of the GPEs taken at different 

temperatures from 30 to 80 oC. The plot representing the change in the conductivity with 

respect to the change in temperature for H-P-L-3M-80% is given in Figure 3.7g. At 

higher temperatures, the carrier ions attain higher mobility and the vibration and 

expansion of the polymer chain are also promoted. Therefore, the ions can move much 

easily compared to the conditions at lower temperatures which is reflected in the 

increased conductivity at higher temperatures. Besides these factors, the dissociation of 

the LiClO4 salt is also favored at higher temperatures which also contributes to the 

conductivity enhancement.40 From the linear behavior of the ln σ vs. 1/T plot for H-P-

L-3M-80% given in Figure 3.7h, it is clear that the relationship between the logarithm 

of the ionic conductivity and temperature follows the simple Arrhenius relationship11, 

40, 59,60 as given in Equation 3.7 below: 

 

σ = σo exp (−Ea/RT)        (Equation 3.7) 

 

 In the above equation, σ, σo, Ea, R, and T are the ionic conductivity, the pre-

exponential factor, the activation energy for ion transport, the gas constant, and the 

absolute temperature, respectively. The linear nature of the plot underlines that the 

mechanism of the ionic conduction could be from the hoping of the Li+ ions associated 

with the improved segmental motion of the polymer chains. The segmental motion of 

the polymer chains enhances the hopping of the Li+ ions from one site to the other and 

the increased free volume in the polymer matrix helps in facilitating a much better 

pathway for the free movement of the Li+ ion.42, 59,60 The activation energy calculated 

for H-P-L-3M-80% is 0.23 eV, which is obtained from the linear fitting of the ln σ vs. 

1/T plot. The value obtained is comparable to several other lithium conducting GPEs 

and liquid electrolytes that have been reported in the literature.55-57, 61 
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Figure 3.9. (a) FESEM image of YP-80F; (b) EDAX of YP-80F; (c) N2-adosption 

isotherm of the carbon (YP-80F) used for preparing the electrode for the SC; (d) pore-

size-distribution profile of the carbon powder used for making the device; (e) optimized 

conformation of the monomer (HPA) at PBE/TZVP level of theory (distances between 

the hydrogen atoms are given in Angstrom (Å) unit). ([J. Mater. Chem. A, 2017, 5, 8461-

8476] - Reproduced by permission of The Royal Society of Chemistry).    

3.3.4 Electrochemical characterization of the supercapacitor devices 

Comparison between H-P-L-xM-S-3.0 and H-P-L-xM-L-3.0 devices ( ‘x’= 1, 2 and 

3) 

  The process of the in situ GPE generation in the inner and outer surface of the 

pores of the carbon (YP-80F) electrode is adopted for the SC device fabrication. The 

scheme illustrating the fabrication of the devices, generally represented as H-P-L- 



CHAPTER 3 

 

 

99 AcSIR, CSIR-NCL | Vidyanand V 

Figure 3.10. (a) to (c) Combined Nyquist plots (a),  CV profiles recorded at a scan rate 

of 50 mV s-1 (b), and CD profiles recorded at a current density of 2 mA cm-2 (c) for the 

supercapacitor devices: H-P-L-xM-S-3.0, where ‘x’= 1,2 and 3; d) to f) the combined 

CV profiles recorded at a scan rate of 50 mV s-1 (d), Nyquist plots (e), and the CD 

profiles recorded at a current density of 2 mA cm-2 (f) taken for the various liquid-state 

and solid-state devices under the study; (g) comparison of the specific capacitance 

values obtained for the various devices at a current density of  2 mA cm-2. ([J. Mater. 

Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society of 

Chemistry).      

xM-S (where, ‘x’ = 1, 2, and 3), is shown in Figure 3.8a. The schematic representation 

of the electrode|electrolyte interface formed in the in situ process and conventional GPE 

film-based SC device is also presented in Figure 3.8b.  The FE-SEM image and the 

energy-dispersive X-ray spectroscopy (EDX) data of YP-80F, presented in Figure 3.9a 

and b, quantify the morphology and elements present in the material, respectively. The 

hard carbon powder with a grain boundary between 2-5 μm contains about 99.9% carbon 

indicating the absence of any heteroatoms such as nitrogen, phosphorous, or oxygen. 

This confirms the absence of any pseudo-capacitive contribution from the active 

material and whatever the capacity obtained is from the pure double layer capacitance 
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of the active material. The BET adsorption-desorption isotherm of YP-80F and the 

corresponding pore size distribution profile are presented in Figure 3.9c and d, 

respectively. The SSA of the material is found to be about 2250 m2 g-1. The average 

pore-size distribution of YP-80F lies between 1-3 nm and the major contribution comes 

from the pores which have a size between 1-1.5 nm (Figure 3.9d). Full quantum 

mechanical calculations were done with density functional theory (DFT) at the 

PBE/TZVP62-63 level of theory using Turbomole 7.0 program64 to gain further insight 

into the dimension and geometry of the HPA monomer. The optimized geometry is 

shown in Figure 3.9e. The length of the monomer (HPA) used in this work is about 1.14 

nm (11.4 Å) as shown in Figure 3.9e (the XYZ coordinates of the PBE/TZVP optimized 

geometry are not shown in this chapter, and can be accessed at supplementary 

information of the following article, J. Mater. Chem. A, 2017, 5, 8461-8476). The 

maximum distance between the two terminal atoms (H (1) and H (3)) is 11.412 Å, which 

is very much less than that of the carbon pore size (10-15 Å). Therefore, the monomer 

is expected to go easily into the pores which are comparable in size to it.19  

  To show the excellent potential of the H-P-L-3M-80% GPE as a solid-state 

electrolyte in an SC device, the electrochemical performances of the devices, H-P-L-

1M-S-3.0, H-P-L-2M-S-3.0 are compared with that of H-P-L-3M-S-3.0. The combined 

Nyquist plots of the devices are presented in Figure 3.10a. The inset shows the high-

frequency region of the Nyquist plots, where it is observed that the ESR values of the 

H-P-L-3M-S-3.0, H-P-L-2M-S-3.0, and H-P-L-1M-S-3.0 devices are too close to each 

other (2.60, 2.70 and 2.90 Ω, respectively). This underlines the fact that the nature of 

the electrode|electrolyte interface formed in all three devices is comparable. The low 

ESR value associated with the H-P-L-3M-S-3.0 is following the high ionic conductivity 

value (4.7×10-3 S cm-1) obtained for the H-P-L-3M-80% GPE as already explained in 

Figure 3.7. The combined CV profiles of the three devices recorded at a scan rate of 50 

mV s-1 are presented in Figure 3.10b. The superior current-voltage characteristics of 

the H-P-L-3M-S-3.0 device compared to the other devices is attributed to the lower ESR 

associated with the device as well as the improved electric double layer formation due 

to the higher concentration of the conducting salt (3M LiClO4) incorporated in the H-P-

L-3M-80% GPE used for the device fabrication. The combined CD profiles recorded at 

a current density of 2 mA cm-2 for the three devices along with their gravimetric specific 

capacitance are presented in Figure 3.10c. The maximum capacitance of 123 F g-1 
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obtained for the H-P-L-3M-S-3.0 device further underlines the superiority of the H-P-

L-3M-80% GPE as the desired candidate as a solid-state electrolyte in a solid-state SC. 

  The electrochemical performance of the H-P-L-3M-S-3.0 device is then 

compared with the liquid-state devices, viz., H-P-L-1M-L-3.0, H-P-L-2M-L-3.0, H-P-

L-3M-L-3.0, and the ex-situ prepared device, H-P-L-3M-ex-situ. The combined CV 

profiles recorded at a scan rate of 50 mV s-1, Nyquist plots, and the charge-discharge 

profiles recorded at a current density of 2 mA cm-2 for the devices are summarised in 

Figure 3.10d-f. The ESR value (Figure 3.10a) of the H-P-L-3M-S-3.0 device and all 

the other liquid-state devices lies approximately in the close-range between 2.3-2.8 Ω. 

This shows the liquid-like electrode|electrolyte interface achieved in the H-P-L-3M-S-

3.0 solid-state device. However, the electrochemical performance of the H-P-L-3M-ex-

situ device is far inferior to the other devices. The very high ESR of 10 Ω obtained for 

the device underlines the inability of the ex-situ prepared GPE film to achieve an 

efficient liquid-like electrode|electrolyte interface. This shows the advantage of the in 

situ process in achieving high performing solid-state SC devices. The gravimetric 

specific capacitance values obtained for each device at a current density of 2 mA cm-2 

are summarised in Figure 3.10g. The specific capacitance (123 F g-1) obtained for the 

H-P-L-3M-S-3.0 device is in close agreement with the specific capacitance (115 F g-1) 

obtained for its liquid-state counterpart (H-P-L-3M-L-3.0). At the same time the value 

obtained is higher compared to the other two solid-state devices, viz., H-P-L-2M-S-3.0 

(102 F g-1), and H-P-L-1M-S-3.0 (71 F g-1). In the following sections, the superior edge 

of the in situ process in the supercapacitor device fabrication is thoroughly explored by 

using the H-P-L-3M-80% GPE and compared it with the conventional supercapacitor 

devices made out of the PMMA based GPE solution. 

Comparison between the in situ and conventional device fabrication strategies 

  The in situ polymerization of H-P-L-3M-80% is carried out on the electrode 

surface (active material loading = 3.8 mg cm-2) to form an inter-penetrated network of 

the polymer and the conducting medium favored by the interactions between donor 

atoms of PC and the monomer (HPA) through the Li+ ions as proved from the ATR-

FTIR studies. Combined CV profiles of the H-P-L-3M-S-3.8, H-P-L-3M-L-3.8, and 

PMMA-PC-L-S-3.8 recorded at a scan rate of 50 mV s-1 are given in Figure 3.11a. It is 

observed that the current-voltage characteristics of H-P-L-3M-S-3.8 give a perfect 

square behavior which matches with that of H-P-L-3M-L-3.8. However, the CV profile  
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Figure 3.11. Comparison of the electrochemical performance of H-P-L-3M-S-3.8, H-P-L-3M-

L-3.8, and PMMA-PC-L-S-3.8: (a) CV profiles recorded at a scan rate of 50 mV s-1; (b) Nyquist 

plots generated from the EIS studies; (c) CD profiles recorded at a current density of 2 mA cm-

2; (d) plots representing the mass-specific capacitance vs. the current density; (e) Ragone plot 

comparing the energy and power densities of H-P-L-3M-S-3.8; (f) cycling stability of H-P-L-

3M-S-3.8 at a current density of 10 mA cm-2. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - 

Reproduced by permission of The Royal Society of Chemistry).      

of PMMA-PC-L-S-3.8 deviates from the perfect square behavior and shows inferior 

current-voltage characteristics compared to the corresponding liquid and the in situ 

processed devices. In the conventional way of device fabrication using the GPE 

solution, the efficient utilization of the surface area of the active carbon electrode 

material is not possible unlike in the liquid electrolytes. The incomparable dimension of 

the micro-pores of the carbon and the higher molecular weight of the polymer in GPE 

solutions (in this case, PMMA-PC-LiClO4) prevent the effective infiltration of the 

electrolyte into the pores of the carbon. Therefore, the electrode|electrolyte interface 

formed in the case of PMMA-PC-L-S-3.8 will be inferior as represented schematically 

in Figure 3.8b, since, the outer surface of the electrode material is only accessible to 

the electrolyte. 

  In the case of the in situ polymerization process, both the inner and outer surfaces 

as well as micro-, meso- and macro-pores of the electrode material will be available to 

the electrolyte. When the pre-polymerized solution is applied on the electrode surface,  
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Figure 3.12. (a) The Nyquist plot associated with the YP-80F carbon-based SC device 

using standard nonaqueous electrolyte (3 M LiClO4/PC) representing its ESR value; (b) 

charge-discharge profile recorded for the YP-80F carbon-based SC device at a current 

density of 2 mA cm-2 in the standard nonaqueous electrolyte (3 M LiClO4/PC) at (b) 2.0 

V window, and (c) at 2.5 V window. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - 

Reproduced by permission of The Royal Society of Chemistry).      

these available pores are filled by the different species present in the solution. 

Occupancy of the PC molecules in the carbon micro-pores (1.0 to 2.0 nm) due to the 

interaction between the inner wall of the pores and solvent molecule is already explained 

in the literature.65-67 All the while, the non-covalent interactions operating between the 

PC and HPA monomer through the Li+ ions also facilitate the micro-pores which are 

already filled by the PC molecule to be occupied by HPA and Li+ ions as well. 

Therefore, in all the pores (including those pores having size > 2.0 nm), it is expected 

that all the moieties present in the pre-polymerized solution can exist simultaneously. 

Once all the pores are occupied, the remaining solution stays on the outer surface of the 

active material. Thus, during the UV curing process, the polymerization will take place 

inside the pores as well as on the outer surface of the pores and, hence, the interface 

formed is enhanced. Hence, the electrode|electrolyte interface formed will be similar to 

that formed by a liquid electrolyte. Therefore, the H-P-L-3M-S-3.8 shows a current-

voltage characteristic similar to that of the H-P-L-3M-L-3.8 whereas superior to that of 

the PMMA-PC-L-S-3.8. 

  Further confirmation on the liquid-like electrode|electrolyte interface in the case 

of H-P-L-3M-S-3.8 is obtained from the EIS studies. The Nyquist plots obtained for H-

P-L-3M-S-3.8, H-P-L-3M-L-3.8, and PMMA-PC-L-S-3.8 are superimposed and are 

given in Figure 3.11b. It is confirmed that the device with an area of 4 cm2, made using 

H-P-L-3M-S-3.8, provides an ESR of approximately 2.20 Ω which is comparable to that 

of the system based on H-P-L-3M-L-3.8 (2.40 Ω). The true capacitive behavior of the 
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supercapacitor device prepared from the in situ process (H-P-L-3M-S-3.8) is apparent 

from the vertical nature of the Nyquist plot where there is a sharp increase in the 

imaginary part of the impedance, which is similar to that of the device made using the 

pre-polymerized liquid electrolyte. The device made using the standard nonaqueous 

electrolyte viz., 3M LiClO4/PC was also found to be showing an ESR of 2.8 Ω (Figure 

3.12a)) which is also comparable to that of H-P-L-3M-S-3.8. On the other hand, in the 

case of PMMA-PC-L-S-3.8, the ESR is found to be 8.50 Ω, and the plot shows a larger 

deviation from its true capacitive behavior as evident from the nature of the Nyquist plot 

at lower frequencies. The obtained ESR in the case of the supercapacitor device prepared 

using the in situ polymerization process is better compared to many reports available in 

the literature where dry polymer electrolytes, GPE solutions, and liquid electrolytes are 

used for the supercapacitor device fabrication.21-23,68 The absence of any semi-circle in 

the high-frequency region of the Nyquist plot indicates the very low charge transfer 

resistance offered by the solid-state device (H-P-L-3M-S-3.8) realized using the in situ 

processed H-P-L-3M-80% GPE.  

  The charge-discharge profile for H-P-L-3M-S-3.8 taken at a current density of 2 

mA cm-2 is compared to that of the H-P-L-3M-L-3.8 and PMMA-PC-L-S-3.8 

counterparts. The superimposed plots are presented in Figure 3.11c. At a low current 

density of 2 mA cm-2, H-P-L-3M-S-3.8 shows a mass-specific capacitance of 113 F g-1, 

which is comparable to the performance of H-P-L-3M-L-3.8 (121 F g-1) and PMMA-

PC-L-S-3.8 (107 F g-1). The specific capacitance value obtained for H-P-L-3M-S-3.8 is 

well matching with that obtained for the device using the standard nonaqueous liquid 

electrolyte, 3M LiClO4/PC. The device with the standard nonaqueous liquid electrolyte 

is found to be showing mass-specific capacitances of 125 F g-1 and 113 F g-1 when 

operated at potential windows of 2.0 and 2.5 V, respectively (Figure 3.12b and c). The 

mass-specific capacitance obtained for the H-P-L-3M-S-3.8, H-P-L-3M-L-3.8, and 

PMMA-PC-L-S-3.8 devices obtained at various current densities are given in Figure 

3.11d. It is observed that the in situ processed device shows very high retention (81%) 

of the specific capacitance as the current density is increased form a lower value of 2 

mA cm-2 to a higher value of 20 mA cm-2. However, the PMMA-PC-L-S-3.8 system 

shows a drastic drop in the capacitance at higher current densities leading to poor 

capacitance retention of just 3 %. The IR drop associated with each device at 2 mA cm-

2 is depicted in Figure 3.11c, where ‘I’ and ‘R’ represent the applied current and the  
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Figure 3.13. EDX mapping of the carbon sample after the in situ polymerization: (a) 

electron microscopy image of carbon portion which is taken after the in situ 

polymerization from the device; (b)-d) elemental mapping of carbon (b), oxygen (c) and 

chlorine (d) which are corresponding to the area represented in (a). ([J. Mater. Chem. 

A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society of Chemistry).      

ESR, respectively.  This clearly shows the advantage of H-P-L-3M-S-3.8 over PMMA-

PC-L- S-3.8, where a low ESR is associated with H-P-L-3M-S-3.8 (IR drop of 50 mV) 

compared to PMMA-PC-L-S-3.8 (IR drop of 180 mV), which are also confirmed by the 

EIS analysis.  

  The high capacitance retention in the case of the in situ fabricated devices can be 

attributed to the low ESR associated with H-P-L-3M-S-3.8 as a result of the high 

conductivity of GPE  (4.7×10-3 S cm-1) along with the improved electrode|electrolyte 

interface formed during the in situ GPE generation. The fast ion transport owing to the 

high ionic conductivity associated with the in situ formed GPE also contributes to the 

excellent power capability of H-P-L-3M-S-3.8. The high ESR observed for PMMA-PC-

L-S-3.8 underlines the inefficient electrode|electrolyte interface achieved using the 

conventional GPE solution. The energy density and power density of the solid-state  
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Figure 3.14. (a) and (b) represent the FESEM images of the electrode|electrolyte 

interface retrieved from the H-P-L-3M-S-3.8 device; (c) and (d) correspond to the same 

in the case of PMMA-PC-L-3M-S-3.8 device. ([J. Mater. Chem. A, 2017, 5, 8461-8476] 

- Reproduced by permission of The Royal Society of Chemistry). 

supercapacitor device (H-P-L-3M-S-3.8) are also calculated and the corresponding 

Ragone plot is given in Figure 3.11e. The device is found to show a maximum energy 

density of 15.71 Wh kg-1 at a power density of 327 W kg-1.  The maximum power density 

obtained is 3550 W kg-1 at an energy density of 12.8 Wh kg-1. The cycling stability of 

the fabricated device (H-P-L-3M-S-3.8) was also studied using the charge-discharge 

experiments conducted at a current density of 10 mA cm-2 (Figure 3.11f). The device 

was found to retain 81% of its initial capacitance even after 9000 continuous charge-

discharge cycles. The stability is attributed to the highly interpenetrated GPEs along 

with the various covalent- and non-covalent interactions operating in the system. These 

interactions keep the conducting solvent inside the polymer matrix without exudation 

or evaporation. Thus, the high ionic conductivity of the GPE is preserved even after long  
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Figure 3.15. (a) CV profiles recorded at a scan rate of 50 mV s-1 of  H-P-L-3M-S-4.0 

under various flexible conditions as shown in the inset images; b) superimposed Nyquist 

plots obtained from the EIS analysis of H-P-L-3M-S-4.0 and H-P-L-3M-S-2.5; (c) the 

mass-specific capacitance values measured for H-P-L-3M-S-4.0 and H-P-L-3M-S-2.5 

devices as a function of increasing current density values; (d) the cycling stability of the 

H-P-L-3M-S-4.0 studied by continuous CD cycles at a current density of 15 mA cm-2 

(the image in the inset shows the dimensions of the H-P-L-3M-S-4.0); (e) combined 

Ragone plots comparing the energy and power densities of H-P-L-3M-S-2.5 and H-P-

L-3M-S-4.0 supercapacitor devices; (f) two H-P-L-3M-S-2.5 devices are connected in 

series to achieve a maximum voltage of 5.0 V and the corresponding CV plot (the image 

in the background shows the glowing of 19 LEDs powered by the device). ([J. Mater. 

Chem. A, 2017, 5, 8461-8476] - Reproduced by permission of The Royal Society of 

Chemistry). 

number of cycling. Moreover, the in situ generated GPE can help in the effective binding 

of the active electrode material in the current collector. This prevents the gradual 

delamination of the electrode material from the current collector on continuous CD 

cycles, hence, retaining the stability. 

Confirmation of improved electrode|electrolyte interface  

A small portion of carbon from the device (H-P-L-3M-S-3.8) is subjected to elemental 

mapping through EDX analysis (Figure 3.13a-d) to confirm the desired electrolyte 

infiltration into the carbon pores. The homogeneous distribution of chlorine and oxygen 

throughout the carbon region validates the uniform GPE infiltration of the electrolyte 

inside the carbon pores.  However, the high-resolution imaging was restricted due to the 
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polymer burning. The cross-sectional FESEM image of the H-P-L-3M-S-3.8 device at 

different magnifications is given in Figure 3.14a and b, respectively. The extended 

electrode|electrolyte interface in the case of H-P-L-3M-S-3.8 is visible from Figure 

3.14b. However, in the case of PMMA-PC-L-S-3.8 (Figure 3.14c and d), such an 

extended electrode|electrolyte interface is not observed. The GPE solution is found to 

be confined in the surface of the carbon-coated electrode. This experimental evidence 

supports the claim that the in situ GPE process provides a better electrode|electrolyte 

interface than the conventional GPE solutions. 

Table 3.1. The electrochemical performances among the GPE based supercapacitor 

devices already reported in the literature and the devices reported in this work are 

compared and summarised. ([J. Mater. Chem. A, 2017, 5, 8461-8476] - Reproduced by 

permission of The Royal Society of Chemistry).      

3.3.5 Scalability of the in situ process  

  The scalability of the in situ process in SC fabrication is demonstrated by the 

fabrication of large-area (an active area of = 16 cm2) prototype solid-state flexible 

supercapacitor devices with two different mass-loading of 2.5 mg cm-2 and 4.0 mg cm-

Active 

Electrode 

material 

 

GPE used 

 

Details of Device Fabrication 

 

ESR 

 

Specific 

Capacitance 

 

Ref. 

 

 

1. YP-80F 

 

Poly (HEMA-co-

MMA) with 

DPHPO4 

 

GPE film is used, Tested the device in 

Sweaglock Cell, Electrodes pre-soaked 

with Electrolyte, Electrode area = 1.28 

cm2, Active material loading = 2 mg 

cm-2. 

 

95 Ω cm2 

 

123 F g-1 at 

0.78 mA g-1 

 

11 

 

 

 

2. CNT 

 

 

Silica Nano-

Powder with 

[EMIM][NTf2] 

 

 

GPE solution pressed in between the 

electrodes, Electrode area = 1 cm2, 

Low Active material loading = 0.23 

mg cm-2. 

 

 

30 Ω 

 

 

135 F g-1 at 2 

A g-1 

 

 

21 

 

3. AC 

 

Poly (OEGMA-

co-BnMA) 

 

Organic electrolyte swollen GPE film 

is used, Area of the device = 1.13 cm2, 

Mass-loading = Mass-loading=3.1 mg 

cm-2. 

 

20 Ω cm 

 

24 F g-1 at 

0.8 A g-1 

 

23 

 

4. AC 

 

PEO-NaTFSI 

 

GPE solution, Electrode area= 1 cm2, 

Active material loading 4-5 mg, 

Device testing details are not provided. 

 

6.8 Ω 

 

 

25.6 F g-1 at 

200 mA g-1 

 

65 

 

5. CNT 

 

PS-PEO-PS tri-

block copolymer 

with 

[EMIM][NTf2] 

 

GPE solution spread over electrode, 

Device area = 1 cm2, Loading not 

mentioned. 

 

31.3 Ω 

 

50.5 F g-1  at 

1 A g-1 

 

66 

 

6. YP-80F 

 

H-P-L-3M-80% 

 

In situ GPE generation, Electrode Area 

= 16 cm2, Mass-loading= 4.5 mg cm-2 

 

2.2 Ω 

 

111 F g-1 

at 0.20 A g-1 

 

This 

Work 



CHAPTER 3 

 

 

109 AcSIR, CSIR-NCL | Vidyanand V 

2, which are respectively designated as H-P-L-3M-S-2.5 and H-P-L-3M-S-4.0. These 

devices are operated at a potential window of 2.5 V and their electrochemical 

performances are compared. Figure 3.15a represents the superimposed 

CV profiles (recorded at a scan rate of 50 mVs-1) for the H-P-L-3M-S-4.0 device at 

various flexible conditions. It is found to retain similar current-voltage characteristics in 

all the flexible conditions, as depicted in the inset of the figure. This confirms the 

mechanical flexibility imparted by the in situ process to the supercapacitor device. The 

excellent fatigue resistance associated with the in situ formed GPE as already shown in 

Figure 3.6c and e helps the device to withstand such large mechanical strain during the 

flexible conditions without the failure of the device. The superimposed Nyquist plots of 

H-P-L-3M-S-2.5 and H-P-L-3M-S-4.0 are represented in Figure 3.15b. A very low ESR 

of 2.20 Ω is obtained for both the devices. The ESR value is in close agreement to that 

of the small area device (H-P-L-3M-S-3.8) as already mentioned in Figure 3.11b. The 

retention of very small ESR even in the scaled-up condition proves the robustness of the 

device owing to the excellent device fabrication process adopted. This is a key 

advantage exclusive to the in situ polymerization process in achieving an effective 

electrode|electrolyte interface irrespective of the mass-loading of the active material.  

  The superimposed plots of the mass-specific capacitance obtained for the scaled-

up devices from the CD measurements at various current densities (in the scale of mA 

cm-2) are presented in Figure 3.15c. The H-P-L-3M-S-2.5 and H-P-L-3M-S-4.0 are 

found to show almost similar specific capacitance of 114 and 111 F g-1 at a current 

density of 1 mA cm-2. The cycling stability of H-P-L-3M-S-4.0 is studied by continuous 

CD cycles at a current density of 15 mA cm-2 (Figure 3.15d). It is observed that 80% 

of the initial capacitance is retained even after 11000 continuous CD cycles with a 

Coulombic efficiency of 99%. The Ragone-plot for both the devices is also shown in 

Figure 3.15e. The H-P-L-3M-S-4.0 device shows a maximum power density of 3255 

W kg-1 at an energy density of 6.51 Wh kg-1. The highest energy density obtained for 

the device is 24.1 Wh kg-1 at a power density of 200 W kg-1. The process adopted here 

could help in minimizing the complexity associated with the fabrication of the all-solid- 

state flexible supercapacitor devices without hampering their performance. This shows 

the viability of this novel process over the other tedious conventional device fabrication 

methods. The excellent electrochemical performance is attributed to the electrolyte 

robustness achieved during the GPE generation during the in situ process. The flexibility 

imparted to the device is also evident. A real-life demonstration is also shown by the 
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lighting of 19 LEDs using a 5.0 V device (two 2.5 V devices connected in series). The 

digital image of the demonstration is given in Figure 3.14f. The electrochemical 

performances among the GPE based supercapacitor devices already reported in the 

literature and the devices reported in this work are compared and summarized in Table 

3.1.11,21,23,65,66 

3.4 Conclusion 

In this work, the process of the UV assisted in situ GPE generation adopted for the 

fabrication of a solid-state, nonaqueous, flexible SC devices is found to mimic the 

electrode|electrolyte interface close in nature to that of a liquid electrolyte. The GPE 

shows excellent ionic conductivity (4.7×10-3 S cm-1) and mechanical properties. The 

higher solvent holding capability augmented with the excellent mechanical stability of 

the GPE arises as a result of the various covalent and non-covalent crosslinks operating 

in the GPE. The existing trade-off between the higher solvent holding ability of the GPE 

and the mechanical stability could be minimized to an extent by this work. The solid-

state flexible SCs fabricated using the above-mentioned process exhibits very low ESR 

(2.20 Ω) at higher (4.0 mg cm-2) and lower (2.5 mg cm-2) mass-loading of the active 

electrode material. Thus, it is concluded that an effective electrode|electrolyte interface 

is achievable irrespective of the electrode mass-loading when the in situ process is 

adopted for the supercapacitor device fabrication. Thus, even thicker electrodes can be 

used for the supercapacitor device fabrication, which is indeed important in the 

commercial aspect. A 4 cm2 device with an electrode mass-loading of 3.8 mg cm-2 (H-

P-L-3M-S-3.8), fabricated using the in situ process, is found to provide a mass-specific 

capacitance of 113 F g-1, when operated in a potential window of 2.0 V. The process is 

scaled-up to a large area (16 cm2) with high mass-loading of 4.0 mg cm-2 for the 

preparation of a solid-state flexible SC device (H-P-L-3M-S-4.0). The device is found 

to show a capacitance of 111 F g-1 at a current density of 1 mA cm-2 (0.25 A g-1) when 

operated at a voltage window of 2.5 V. The same device shows an energy density of 

6.51 Wh kg-1 at a power density of 3255 W kg-1. Even though in this report we have 

shown the viability of the process towards the SC design, it can be further extended for 

the fabrication of other electrochemical devices such as metal-ion batteries, metal-air 

batteries, etc. 
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Chapter 4 

Dioxolanone Anchored Poly (Allyl Ether)-Based 

Crosslinked Dual-Salt Polymer Electrolytes for High-

Voltage Lithium Metal Batteries  

In this chapter, novel crosslinked polymer electrolytes (XPEs) are synthesized by free radical 

co-polymerization induced by ultraviolet (UV)-light irradiation. The reactive solution is 

composed of a difunctional poly(ethylene 

glycol) diallyl ether oligomer (PEGDAE), 

a monofunctional reactive diluent 4-vinyl-

1,3-dioxolan-2-one (VEC), and a stock 

solution containing a lithium salt (LiTFSI) 

dissolved in carbonate-free non-volatile 

plasticizer, poly(ethylene glycol) dimethyl 

ether (PEGDME). The resulting polymer 

matrix can be represented as a linear 

polyethylene chain functionalized with 

cyclic carbonate (dioxolanone) moieties and crosslinked by ethylene oxide units. A series of 

XPEs are prepared by varying the [O]/[Li] ratio (24 to 3) of the stock solution in the polymer 

matrix and characterized using TGA-MS, DSC, NMR, and electrochemical techniques. Later, 

LiFSI salt is incorporated into the electrolyte system to produce a dual-salt XPE that exhibits 

improved electrochemical performance, a stable interface against lithium metal, and enhanced 

physicochemical characteristics to be used with high-voltage cathodes. Finally, the XPE films 

are assembled in a lab-scale lithium metal battery (LMB) configuration with carbon-coated 

LiFePO4 (LFP) or LiNi0.8Co0.15Al0.05O2 (NCA) as a cathode, and galvanostatically cycled at 

20, 40 and 60°C. Remarkably, at 20oC, the NCA based lithium metal cells displayed excellent 

cycling stability and good capacity retention (>50%) even after 1000 cycles.  

 

Contents in this chapter is published in the article: DOI: 10.1021/acsami.9b16348. 

Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). 

Copyright (2020) American Chemical Society. 
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4.1 Introduction 

Lithium metal anode based rechargeable batteries (LMBs) are proposed to be the 

potential candidates over the lower energy-dense state-of-the-art lithium-ion batteries (LIBs).1, 

2 However, the factor impeding the large scale employment of LMBs is associated with the 

lack of a suitable electrolyte. The conventional carbonate-based liquid electrolytes used in LIBs 

are not compatible with metallic lithium and can incite the deposition of high surface area 

lithium (HSAL)3 and related growth of dendrites during the charge/discharge process.4 Besides, 

cross-talk of soluble species from the cathode may harm the Li metal anode.5 These unwanted 

processes lead to performance deterioration and safety hazards, thus, it is inevitable to design 

suitable electrolytes that can be used against lithium metal anode for the fabrication of safe and 

reliable LMBs.  

In general, solid polymer electrolytes (SPEs) are considered as a safe alternative to the 

currently used organic carbonate-based liquid electrolytes, especially for LMBs.6 Most 

investigated Li+-ion conducting SPEs are consisting of a lithium salt dissolved in a polymer 

matrix such as polyethylene oxide (PEO) and others,7 which often possess low ionic 

conductivity due to the high crystallinity. An effective strategy to improve the ionic 

conductivity of the polymer electrolytes is to introduce the concept of quasi-solid-state 

behavior, which is realized in gel polymer electrolytes (GPEs).8 In GPEs, in addition to a solid 

polymer phase and a lithium salt, a liquid phase is also present. The liquid phase in most cases 

can be the electrolyte solvent itself and functions also as a plasticizer.9 Apart from improved 

ionic conductivity, the liquid phase in GPEs can induce effective wetting of the electrode 

surfaces providing an improved electrode-electrolyte interaction as compared to their SPE 

counterparts. The conventional approach for the preparation of GPE films sequentially follows 

the synthesis of a suitable polymer matrix, casting it into a free-standing film using a suitable 

solvent and swelling in a liquid electrolyte.10 Considering the practical intricacies associated 

with these tedious processes, the facile production of crosslinked polymer electrolyte (XPE) 

by ultraviolet (UV)-induced free-radical copolymerization (UV curing) is considered as an 

effective and solvent-free electrolyte production approach.11 In this method, the polymer 

electrolytes are prepared from a reactive solution composed of one or more polymerizable 

monomers or oligomers, conducting salts, plasticizer, and a free-radical initiator by exposing 

to photo- or thermal energy source. This method is commonly known as the in situ synthesis 

since the generation of polymer electrolyte takes place in a single step unlike multiple steps 

involved in the classical approach.12-14 Additionally, the in situ synthesis (direct deposition) is 
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handy in terms of improving the electrode-electrolyte interface when the polymer electrolyte 

is directly prepared on an electrode surface in line with the device fabrication.11-14 

Several classes of functionalities have been used for the synthesis of XPEs by free-

radical induced copolymerization approach, and among them, (meth)acrylate-based monomers 

are the most explored category.15, 16 However, the ester groups in acrylates may passivate the 

lithium metal surface with the formation of a ketol product. This makes them unsustainable to 

be used for a prolonged number of charge-discharge cycles against lithium metal anode.17 

Therefore, an alternate approach could be the designing of efficient ester-free polymer 

electrolyte systems which can be easily processed. The previous attempts in this line have been 

reported by Cui et al. where polyvinylene carbonate (PVCA-SPE) based polymer electrolytes 

are prepared by in-situ thermal polymerization.18, 19 However, the application in LMBs is 

achieved only using reinforcing the electrolyte with a cellulose-based separator and the 

preparation of PVCA-SPE takes more than 34 h. Several reports are also available on 

crosslinked and non-crosslinked poly(ethylene oxide carbonates)-based polymer electrolytes 

for LMBs.20, 21 However, these systems also involve tedious synthesis routes such as ring-

opening and condensation polymerization methods. In several recent works, glymes, allyl 

glycidyl ethers, allyl ethers, etc., are used for the preparation of crosslinked polymer 

electrolytes.22-24 Most studies are either limited to low-voltage cathodes or do not involve any 

cycling studies in LMB configuration. From the available literature, it can be seen that polymer 

electrolyte systems in which both PEO and cyclic carbonate moieties co-exist are rarely 

reported. An exception is a recent work by Itoh et al. in which Li+-ion conducting properties of 

alternating copolymers of vinyl ethers with methoxy oligo(ethyleneoxy)ethyl groups and 

vinylene carbonate are reported. However, no cycling studies have been carried out in lithium 

metal cells.25 

In this work, novel acrylate-free XPEs consisting of an interesting macromolecular 

architecture where both the cyclic carbonate and PEO moieties are integrated into a 

polyethylene-based polymer backbone is developed. The XPE membranes are prepared by 

photo-crosslinking of monomers viz., poly(ethylene glycol) diallyl ether (PEGDAE), and 4-

vinyl-1,3-dioxolan-2-one (VEC) in the presence of a non-volatile carbonate-free plasticizer 

(poly(ethylene glycol) dimethyl ether (PEGDME) and lithium salts (here LiTFSI and LiFSI are 

used). The XPE membrane composed of LiTFSI salt alone is represented as single-salt XPE 

(S-XPE) whereas the other category with both LiTFSI and LiFSI is termed as dual-salt XPE 

(D-XPE). The applicability of these XPE membranes is demonstrated by fabricating lab-scale 

lithium metal cells with Li[Ni0.8Co0.15Al0.05]O2 (NCA) or carbon-coated LiFePO4 (LFP) as 



CHAPTER 4 

 

 

120 AcSIR, CSIR-NCL | Vidyanand V 

cathodes. As of our understanding, this is the first report where a copolymer electrolyte matrix 

consisting of poly(vinyl ethylene carbonate) is crosslinked using ethylene oxide (EO) units and 

galvanostatically cycled against high-voltage cathodes in LMB configuration. 

4.2 Experimental section 

4.2.1  Materials 

Unless otherwise specified separately, all the materials used in this work were 

purchased from Sigma Aldrich. For the synthesis of the bifunctional crosslinker oligomer 

named poly(ethylene glycol) diallayl ether (PEGDAE), allyl bromide, sodium hydride (NaH) 

and poly(ethylene glycol) 400 (PEG, average Mn = 400 Da) were used. Dimethylformamide 

(DMF), dichloromethane (DCM), and deionized water (Millipore) were used as solvents during 

the synthesis. 4-Vinyl-1,3-dioxolan-2-one (VEC) was used as the monofunctional monomer. 

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium bis(fluorosulfonyl)imide 

(LiFSI) were used as the source of lithium ions. 2-Hydroxy-2-methylpropiophenone (HMPP) 

was used as the free-radical photo-initiator. The carbonate-free non-volatile plasticizer 

poly(ethylene glycol) dimethyl ether (PEGDME, average Mn = 500 Da) was purchased from 

Merck. Deuterated acetonitrile (CD3CN) was used as the solvent for carrying out 1H- and 13C-

NMR measurements. Carbon-coated lithium iron phosphate (C-LiFePO4, LifePower®) was 

purchased from Phostech Lithium Inc. and the binder polyvinylidenedifluoride (PVdF, 

Solef®5130) was from Solvay. Li[Ni0.8Co0.15Al0.05]O2 (NCA) was procured from Hunan 

Shanshan Energy Technology Co. Ltd. The carbon black, Super P® was purchased from 

TIMCAL and used as an electron conductive additive. 

4.2.2  Synthesis of PEGDAE 

The synthesis procedure of PEGDAE oligomer is adapted from the report of Boydston 

et al.26 In a typical synthesis, 3 g of NaH (75.00 mmol) was added to 20 ml DMF and kept for 

continuous stirring (1 h) to form a suspension in a two-necked flask placed in an ice bath. A 

solution of 5 g PEG dissolved in 10 ml DMF (12.50 mmol, 1.25 M) was added dropwise to this 

suspension under continuous stirring. Later, the reaction mixture was brought back to room 

temperature (RT) and continuously stirred for another 1 h. The reaction flask was again placed 

in an ice bath under stirring and 10.80 ml (125 mmol) of allyl bromide was added dropwise 

and the reaction mixture was stirred further for another 48 h during which the ice bath turned 

to RT. After 48 h, the ice bath was reinstated under stirring and 5 ml of distilled water was 

added drop-wise to the reaction mixture. Later, 100 ml of distilled water was further added into 

the reaction mixture and a combined organic layer was extracted with DCM (6×50ml) followed 

by drying with sodium sulfate (Na2SO4). Finally, the solvent was evaporated under vacuum to 
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get the crude product and pure PEGDAE was recovered by subsequent washing with hexane 

and acetone, respectively. 

4.2.3 Preparation of polymer electrolyte 

The sample preparation was carried out in an environmentally controlled dry-room (100 

m2, R.H. <0.02% at 20 °C). Before the preparation of the XPE membranes, stock solutions 

were prepared by dissolving various amounts of LiTFSI in PEGDME (precisely, 0.93, 1.86, 

2.80, 4.65, and 7.30 m of LiTFSI in PEGDME, where ‘m’ is the molality of LiTFSI in the 

solution). The prepared solutions were labeled as Li-P-x, where ‘x’ ranges from 1 to 5 with 

respect to the ascending order of [O]/[Li] ratio in PEGDME/LiTFSI stock solution (the 

formulation and [O]PEGDME/[Li] ratios of all LiTFSI/PEGDME bulk solutions are given in 

Table 4.1). [O]PEGDME and [Li] represent the number of moles of oxygen atoms from PEGDME 

and Li+-ions from LiTFSI, respectively.  Later, reactive solutions in the ratio of 

PEGDAE:VEC:Li-P-x in 1:1:2 by weight was prepared. Additionally, 5 wt.% of HMPP 

initiator was also added to this reactive mixture. The reactive solution was cast in between two 

Mylar films followed by a photo-polymerization process of 1 h using a UV lamp (Hoenle, 

UVACUBE 100). After the UV irradiation, the XPE films could be peeled off; later these films 

were punched into discs for further characterizations. The XPE membranes obtained by using 

the aforementioned process are termed as S-XPE-x (or simply S-XPEs). Here also ‘x’ has the 

values from 1 to 5 depending on the [O]/[Li] ratio of the PEGDME/LiTFSI stock solution used. 

The term ’S’ indicates that the XPE is prepared using a single-salt, LiTFSI, as the Li+-ions 

source. Similarly, D-XPE-x (or simply D-XPEs) samples were also prepared for comparison 

purposes where ‘D’ indicates the presence of dual-salt (in D-XPEs, small amounts of LiFSI 

were added along with LiTFSI). During the preparation of D-XPE-x membranes, 3 wt.% of 

LiFSI was added to the previously mentioned solution consisting of reactive monomers and 

Li-P-x (PEGDAE: VEC: Li-P-x= 1: 1: 2 by weight). The second series of the reactive solution 

was prepared using this mixture by the addition of 5 wt.% of HMPP initiator. The formulations 

of all the reactive solutions/S-XPE-x samples under investigation and their related [O]/[Li] 

ratio are given in Table 4.2. The same for all the D-XPE-x samples are also provided in Table 

4.3. For comparison purposes, a crosslinked polymer system that contains 

PEGDAE:VEC:PEGDME in the absence of lithium salt was also prepared and this sample is 

labeled as S-XPE-0, where ‘0’ represents the absence of Li+-ions. The average thickness of the 

XPE membranes used here for various investigations is about 200 ± 10 µm. 
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Table 4.1. The formulation and [O]PEGDME/[Li] ratios of all the LiTFSI/PEGDME (Li-P-x) bulk 

solutions. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 

1, 567-579). Copyright (2020) American Chemical Society). 

Sample name 
molality of 

LiTFSI (m) 

[O]PEGDME/[Li] 

ratio 

Li-P-1 0.93 24 

Li-P-2 1.86 12 

Li-P-3 2.8 8 

Li-P-4 4.65 5 

Li-P-5 7.3 3 

Table 4.2. The formulation of the S-XPE-x reactive solutions and the related [O]/[Li] ratios. 

(Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). 

Copyright (2020) American Chemical Society). 

Sample 

No of 

moles of O 

from 

PEGDME 

[O]PEGDME 

No of moles 

of O from 

VEC 

[O]VEC 

No of moles 

of O from 

PEGDAE 

[O]PEGDAE 

No. of moles 

of Li+-ions 

from LiTFSI 

[Li] 

[O]*/[Li] 

S-XPE-1 0.0085 0.006244 0.00445 0.00035 55 

S-XPE-2 0.0070 0.006244 0.00445 0.00057 31 

S-XPE-3 0.0059 0.006244 0.00445 0.000742 22 

S-XPE-4 0.0046 0.006244 0.00445 0.000948 16 

S-XPE-5 0.0034 0.006244 0.00445 0.0011 13 

Table 4.3. Formulations of the D-XPE-x reactive solutions/D-XPEs and the related [O]/[Li] 

ratios. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 

567-579). Copyright (2020) American Chemical Society). 

Sample 

No of moles 

of O from 

PEGDME 

[O]PEGDME 

No of 

moles of O 

from VEC 

[O]VEC 

No of moles 

of O from 

PEGDAE 

[O]PEGDAE 

No of moles 

of Li+-ions 

from LITFSI 

&LiFSI 

[Li] 

[O]*/[Li] 

D-XPE-1 0.00825 0.00606 0.00432 0.0004924 38 

D-XPE-2 0.00681 0.00606 0.00432 0.0007124 24 

D-XPE-3 0.00577 0.00606 0.00432 0.0008724 18.5 

D-XPE-4 0.00447 0.00606 0.00432 0.0010724 14 

D-XPE-5 0.00333 0.00606 0.00432 0.0012434 11 

[O]*= [O]PEGDME+[O]VEC+[O]PEGDAE (in both Table 4.2 and 4.3) 
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4.2.4 Characterization methods and techniques 

Differential scanning calorimetry (DSC) analysis was carried out using the Discovery 

DSC 2500, instrument (TA instruments). The sample preparation was carried out in a dry room 

to minimize moisture uptake and contamination. In a typical measurement, the samples were 

heated from 25 to 100°C and then cooled to −150°C, and then heated again up to 150 °C. The 

heating and cooling steps were carried out at a scan rate of 10°C min-1 under helium flux. From 

the DSC thermograms, the glass transition temperature (Tg) values of the respective specimens 

were extracted. Thermogravimetric analysis (TGA) was carried out using a Discovery TGA 

5500 instrument that was additionally equipped with a Discovery Mass Spectrometer (MS). 

The test was carried out in the presence of helium carrier gas at a flow rate of 25 ml min-1. The 

MS has the sensitivity to detect compounds and gases in parts per billion (ppb), which was 

ensured with a quadrupole detection system, including a closed ion source, a triple mass filter, 

and a dual (Faraday and Secondary Electron Multiplier) detector system. The weight of the 

sample used for the analysis was less than 2 mg. The 1H and 13C NMR measurements were 

performed by employing an Avance III HD spectrometer (Bruker, USA) at 400 MHz (1H) and 

a broadband probe (PA BBO 400 MHz, Bruker). The solvent used was CD3CN and SiMe4 was 

used as the primary standard.   

The ionic conductivity of XPE membranes and LiTFSI/PEGDME bulk solutions were 

determined by electrochemical impedance spectroscopy (EIS) analysis using an Autolab 

(PGSTAT204-FRA32M, Metrohm) potentiostat. To do this, the XPE was placed between two 

stainless steel blocking electrodes (area 1.54 cm2) in a 2032-coin cell assembly. Similarly, the 

Li-P-x solution-soaked glass fiber separator (200 µl electrolyte, thickness 300 µm, diameter 18 

mm) was assembled in between the stainless-steel current collectors of an EL-cell. The coin 

cells/EL-cells were assembled in a dry room. Before the EIS analysis, the cells were placed 

inside a climatic chamber (BINDER MK-53). The measurements were carried in the frequency 

range of 500 kHz to 1 Hz between 0°C and 70°C at open circuit potential (OCP). The 

impedance responses were taken at every 10 °C interval by maintaining the temperature 

equilibrium for 2 h. To calculate the ionic conductivity (, S cm-1) Equation 4.1 was used,22 

where ‘Rb’ is the bulk resistance, ‘l’ is the thickness, and ‘A’ is the area of the sample: 

 

𝝈 =  𝒍𝑨−𝟏𝑹𝒃
−𝟏     (Equation 4.1) 

The ionic conductivity values obtained at various temperatures were fitted with Vogel–

Tamman–Fulcher (VTF) equation (Equation 4.2).22 The VTF equation represents the 
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relationship between viscosity and temperature near Tg of the polymer matrix. Equation 4.2 is 

given below: 

 

𝝈 =  𝑨 𝐞𝐱𝐩(−
𝑬𝒂

𝑹(𝑻−𝑻𝒐)
)   (Equation 4.2) 

 

where A is the pre-exponential factor related to charge carrier concentration, ‘σ’ is the ionic 

conductivity, ‘Ea’ is the activation energy (Ea
VTF), ‘R’ is the gas constant, ‘T’ is the 

experimental temperature and ‘T0’is the temperature which is 50 °C below the Tg. 

The salt diffusion coefficient of the XPE membranes (DLi
+) was estimated using 

Equation 4.3.22 In this work, the XPE sandwiched lithium symmetrical cells were polarized at 

20 mV for 1 h. followed by keeping the cell at OCP until a stable state was achieved. Later, 

from the plot of the natural logarithm of potential (V) vs. time (t), the DLi
+ values were 

calculated using Equation 4.3: 

 

S𝒍𝒐𝒑𝒆 = (𝝅𝟐𝑫𝑳𝒊+)𝑳−𝟐   (Equation 4.3) 

 

where, the slope is obtained by the linear fitting of the plot of -ln (V) vs. t, ‘L’ is the thickness 

of the XPE specimen under consideration. 

The Li-ion transference number (TLi
+) of the XPEs were measured at 60°C by using 

combined AC impedance spectroscopy and DC polarization measurements using Equation 

4.4:22 

 

𝑻𝑳𝒊+ =  
𝑰𝑺𝑹𝑺(∆𝑽− 𝑰𝟎𝑹𝒄𝒕,𝟎)

𝑰𝟎𝑹𝜴,𝟎(∆𝑽− 𝑰𝑺𝑹𝒄𝒕,𝑺)
   (Equation 4.4) 

 

Here, V is the DC polarization voltage (10 mV), 𝑰𝟎  and 𝑰𝑺  are the initial and steady-state 

current responses during the DC polarization, 𝑹𝟎 and 𝑹𝒄𝒕,𝟎 stand for the bulk resistance and 

charge transfer resistance, respectively, which is obtained from the Nyquist plot before the DC 

polarization. Similarly, 𝑹𝒔 and 𝑹𝒄𝒕,𝒔 stand for the bulk and charge transfer resistance obtained 

after achieving steady-state conditions. 

The oxidation stability (anodic stability) of the XPE was evaluated by linear sweep 

voltammetry (LSV), and the reduction stability (cathodic stability) by employing cyclic 

voltammetry (CV) using a potentiostat (VMP3, Bio-logic, Switzerland). In both measurements, 
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a scan rate of 0.1 mVs-1 was employed. The LSV tests were run between OCP and 7 V vs. 

LiLi+, where aluminum (Al) or stainless steel (StSt) was used as the working electrode 

(LiXPEAl or Li|XPE|SS). A limiting current of 1 µA cm-2 was considered as the onset of the 

decomposition process and corresponding voltage was considered as the maximum application 

voltage in the case of LSV measurements. Similarly, the CV was carried out between OCP and 

-0.25V vs. Li|Li+ with copper (Cu) as the working electrode (Li|XPE|Cu). In both cases, lithium 

was used as a reference electrode. Galvanostatic lithium plating/stripping measurements were 

carried out in a symmetric cell configuration viz., Li|XPE|Li. Measurements were carried out 

at 60oC at a current density of 0.1 mA cm-2 (5h Li-plating and 5h Li-stripping). 

4.2.5 Quantum chemistry calculations 

Intrinsic oxidative stabilities have been computed for PEGDME and various clusters 

involving PEGDME and Li+. The calculations were performed with the Gaussian 16 package27 

at different levels of theory: For larger complexes involving a single PEGDME chain with 

monomers and multiple lithium ions, both the semi-empirical PM6 method28 and density 

functional theory (DFT) with the range-separated LC-ωPBE functional29 were used in 

combination with the 6-31+G(d,p) basis set. All calculations were performed using the SMD 

implicit solvation model30 with the parameters for “ether” contained in Gaussian 16. The 

oxidation potentials Eox were computed via the following equation:31 

 

𝑬ox =  
𝑮(𝑴+)−𝑮(𝑴)

𝑭
− 𝟏. 𝟒 𝑽   (Equation 4.5) 

 

where G(M) and G(M+) are the computed free energies of the non-oxidized and the oxidized 

molecule or cluster, respectively, F is the Faraday constant, and the shift of 1.4 V relates the 

absolute free energy differences to the Li|Li+ scale.32, 33 The geometry of the oxidized cluster 

was re-optimized such that the potentials correspond to adiabatic potentials.32 To validate the 

semi-empirical PM6 method and the LC-ωPBE function required to computationally tackle the 

larger clusters, additional calculations with the highly accurate but demanding G4MP2 

method12 were carried out for a PEGDME-Li+ complex with monomers and a single lithium-

ion. While G4MP2 yields Eox = 6.7 V vs. Li|Li+, values of 6.4 V vs. Li|Li+ and 7.0 V vs. Li|Li+ 

were obtained at the PM6 and LC-ωPBE/6-31+G(d,p) level, respectively. Although the  
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Figure 4.1. (a) The reaction scheme adopted for the synthesis of PEGDAE crosslinker 

monomer; (b) schematic representation of the preparation of XPE membrane from the reactive 

solution composed of monomers, plasticizer, lithium salt, and photo-initiator by UV-curing 

process; (c) representation of the various stages of free-radical polymerization mechanism 

induced by UV-light. (Reprinted (adapted) with permission from (ACS Appl. Mater. 

Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

absolute deviations are in the range of 0.3 V, we therefore have confidence that both 

computationally expedient methods yield satisfactory results. 

4.3 Results and discussion 

4.3.1 Synthesis of XPE membranes 

The PEGDAE crosslinker used here was synthesized via a simple reaction between 

poly(ethylene glycol), PEG, and allyl bromide in the presence of sodium hydride (NaH).26 The 

reaction scheme adopted for the synthesis of PEGDAE crosslinker is presented in Figure 4.1a. 

The scheme adopted for the synthesis of XPE membranes is presented in Figure 4.1b. Besides, 

a digital image of one of the representative membranes is shown in Figure 4.1b demonstrating 

its free-standing nature and high dimensional integrity. The photo-polymerization initiation 

mechanism is depicted in Figure 4.1c. Indeed, the photo-initiator absorbs UV-light and excites 

to a high energy state, which returns to a low energy state by decomposing into reactive free 

radicals. These free radicals react with an allylic functional group to form an initiating chain  
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Figure 4.2. (a) The 1H-NMR spectrum of the oligomer crosslinker PEGDAE; (b) 13C-NMR 

spectrum of the crosslinker monomer PEGDAE. (Reprinted (adapted) with permission from 

(ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical 

Society). 

which on continued addition (propagation) forms a three-dimensional crosslinked network. 

Besides, the NMR spectra (1H and 13C) of PEGDAE are also provided in Figure 4.2a and 4.2b, 

which confirmed the chemical structure and the purity of the synthesized PEGDAE oligomer. 

From the 1H-NMR spectra, the formation of PEGDAE is confirmed. The absence of peaks 

corresponding to any trace impurities underlines that PEGDAE is obtained in its purest form. 

Additionally, in the 1H-NMR spectrum, peaks corresponding to the -OH group is also absent 

further evidencing the complete conversion of PEG to PEGDAE. For instance, the peaks 

observed between 5.87-5.96 (m), 5.13-5.29 (m), and 3.97-3.99 ppm (m) are related to the 

protons from the terminal allyl ether groups (-OCH2-CH=CH2). At the same time, the broad 

peaks between 3.51-3.59 ppm correspond to the remaining 36 protons present in the ethylene 

oxide (EO) units in PEGDAE. The 13C-NMR spectrum also supports the structure elucidated 

from the 1H-NMR spectrum. 

Compared to the vinyl monomers such as acrylates, the free radical polymerization of 

allyl monomers is rather slow. The slow rate of polymerization is owing to the high stability of 

allyl free radicals, which leads to the inhibition of the propagating chain. The stabilization of 

allyl free radicals occurs via a well-known mechanism of ‘degradative monomer chain 

transfer’ in which the monomer is resonance stabilized by allylic hydrogen abstraction.34 

Owing to the low reactivity of the allyl monomers, an irradiation time of 1 h is necessary for 

achieving a complete monomer to polymer conversion. It is worth noting that the PEGDME 

used as a plasticizer is an inert molecule and it does not take part in the polymerization process, 

however, during the process, effectively embedded within the crosslinked polymer matrix. 



CHAPTER 4 

 

 

128 AcSIR, CSIR-NCL | Vidyanand V 

Figure 4.3. ATR-FTIR spectra of the reactive solution and the S-XPE-x samples from (a) 400 

to 4000 cm-1; the magnified spectra in the wavenumber regions of (b) 3045-3120 cm-1, (c) 

1605-1670 cm-1, and (d) 950-1030 cm-1, representing the disappearance of the peaks 

corresponding to the -C=C- bonds. (Reprinted (adapted) with permission from (ACS Appl. 

Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

The whole polymerization is carried out in a single step without the use of any processing 

solvents. The structure of the three-dimensionally crosslinked polymer matrix (Figure 4.1b) 

can be interpreted as a linear polyethylene chain functionalized with cyclic carbonate moiety, 

which is then crosslinked by ethylene oxide (EO) units. The composition of the 

LiTFSI/PEGDME bulk solutions (Li-P-x), single- (S-XPE-x), and dual-salt (D-XPE-x) 

polymer electrolytes are tabulated in Table 4.1-4.3. The PEGDME plasticizer acts as a mobile 

phase within the crosslinked polymer matrix and facilitates lithium ion transport through the 

synergy arising from the EO units of the polymer matrix and the plasticizer, indeed the carbonyl 

groups present in the polymer matrix can also take part in the ion transport process. 

4.3.2 Characterization of XPEs by ATR-FTIR spectroscopy 

The complete conversion of the monomer to polymer is confirmed by ATR-FTIR 

analysis (Figure 4.3a-d). The characteristic peaks at 993 (H-C=CH2, alkenyl C-H bend), 3087 

(H-C=CH2, alkenyl C-H Stretch), and 1646 cm-1 (-C=C-, stretching), which are present in the 

reactive solution are absent in the UV-cured XPEs. This underlines that almost all the 

monomers are converted to a complete polymer network. The ATR-FTIR peak corresponding  
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Figure 4.4. ATR-FTIR spectra representing the peak shifts associated with the stretching 

vibration of (a) >C=O, carbonyl group in S-XPE-x samples, (b) -C-O-C- band in Li-P-x 

samples (LP, MP, and RP), and (c) -C-O-C- band (LSX, MSX, and RSX) in PEGDAE and S-XPE-x 

samples; (d) DSC thermograms of PEGDME, Li-P-1, Li-P-2 samples, and (e) all S-XPE-x 

specimens. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 

1, 567-579). Copyright (2020) American Chemical Society). 

to the stretching of the free >C=O groups arising from the cyclic carbonate moieties of the 

polymer specimen (in the absence of LiTFSI salt, S-XPE-0) is observed in 1793 cm-1 (Figure 

4.4a). However, with the gradual increment in LiTFSI salt content (from S-XPE-1 to S-XPE-

5), the carbonyl peaks undergo a slight redshift. This indicates the interaction of the cyclic 

carbonate moieties with the Li+-ions.35-37 However, provided that the shift is very low, it can 

be elucidated that the solvation of the lithium salt by carbonate groups is not very prominent. 

Moreover, the absence of split bands in the peaks corresponding to the carbonate further rules  
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Figure 4.5. Digital images of the inversion tests of Li-P-X specimens showing the increment in 

viscosity with respect to an increase of LiTFSI content in PEGDME. (Reprinted (adapted) with 

permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) 

American Chemical Society). 

out the existence of any sort of significant ion-dipole interactions between Li+-ions and 

carbonyl oxygen.37 The aforementioned observations indicate that the solvation and ion-

transport predominantly occur through EO groups in XPE. 

It is observed that the position of the peak corresponding to the -C-O-C- stretching 

vibration in the case of pristine PEGDME (in the absence of LiTFSI salt) appears as a single 

broad peak centered at 1098 cm-1 (represented as MP in Figure 4.4b).38 However, in the case 

of Li-P-1, a set of two new shoulder peaks are appeared neighboring the broad MP peak. The 

triplet peak is directly related to the existence of the EO units in different physicochemical 

environments in the PEGDME:LiTFSI mixture.39, 40 For example, lower-order glymes 

(triglyme, tetraglyme, etc.) and PEO chains are known to complex with the Li+-ions in the 

crown ether and helix (single and double)-like conformations.41-43 Considering that PEGDME 

is nothing but a higher-order glyme, which is a structural equivalent to that of PEO, similar 

conformational changes can be expected in proximity with Li+-ions, which is also confirmed 

by the quantum chemical (QC) calculations (see Section 4.3.4). Additionally, the Li+-ions can 

act as intermolecular crosslinkers between the EO units, which further affect the local order of 

the polymer chains. The subsequent addition of LiTFSI into PEGDME is accompanied by 

apparent changes in the position and the intensity of the LP, MP, and RP peaks. The changes 

associated with the peak positions of all the Li-P-x samples are summarized in Table 4.4 and 

further explanations are given below. The single peak at 1098 cm-1 in between the wavelength 

region of 1040-1160 cm-1 as observed in the case of PEGDME is subjected to tremendous 



CHAPTER 4 

 

 

131 AcSIR, CSIR-NCL | Vidyanand V 

changes with the addition of LiTFSI into it. With the addition of LiTFSI into PEGDME (Li-P-

1), a set of two new shoulder peaks are appeared neighboring the broad MP peak at 1098 cm-1. 

These triplet peaks are positioned at 1133 cm-1 (LP), 1098 cm-1 (MP) and 1059 cm-1 (RP), 

respectively. From, the nature of these triplet peaks, it is possible to decipher the interaction of 

the Li+ ions with the EO units and the accompanying conformational changes that occurred in 

the system.  

Table 4.4. The changes associated with the LP, MP, and RP peak positions of the entire Li-P-x 

samples and their respective Tg values. (Reprinted (adapted) with permission from (ACS Appl. 

Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

Sample 

Peak position (cm-1) 

Tg (oC) 

LP MP RP 

Li-P-1 1133 1098 1059 -67 

Li-P-2 1133 1094 1058 -68 

Li-P-3 1133 1093 1056 -59 

Li-P-4 1134 1092 1057 -46 

Li-P-5 1133 1091 1058 -30 

Table 4.5. The changes associated with the LSX, MSX, and RSX peak positions of the entire series 

of S-XPE-x samples and their respective Tg values. (Reprinted (adapted) with permission from 

(ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical 

Society). 

Sample 

Peak position (cm-1) Tg(°C) 

LSX MSX RSX  

S-XPE-1 1133 1098 1059 -54 

S-XPE-2 1133 1094 1056 -52 

S-XPE-3 1133 1093 1054 -41 

S-XPE-4 1133 1093 1054 -30 

S-XPE-5 1133 1093 1053 -24 

The subsequent addition of LiTFSI into PEGDME is accompanied by apparent changes 

in the position and intensity of the LP, MP, and RP peaks. The redshift observed for the MP peak 

as we move from Li-P-1 to Li-P-5, and the Rp peak from Li-P-1 to Li-P-3 indicates an enhanced 

interaction between the oxygen atom of the EO units and the Li+-ions at high salt 

concentrations. However, in the case of the Li-P-4 and Li-P-5 samples, the effect is reversed 
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in such a way that the Rp peaks are observed at higher wavenumber values viz., 1057 and 1058 

cm-1, respectively. The observed blueshift compared to Li-P-3 may be associated with the 

reduced interaction between the Li+-ions and the EO units as a result of the formation of ion-

pair aggregates/ion clustering at very high salt content.44 

Apart from the peak positions, the intensity of the MP and RP peaks in each of the Li-P-

x samples can also give valuable information regarding the interaction between the EO and 

Li+-ions. As it can be seen from Figure 4.4b, the intensity of the MP peak is decreased with the 

successive addition of LiTFSI into PEGDME. At the same time, the RP peaks are sharp and 

more or less of the same intensity except for the Li-P-1 sample. The reduction in the MP peak 

intensity is associated with the decreased amount of free EO units in the respective samples 

owing to the concomitant enhancement in the coordination of more EO units with the Li+ ions. 

The evolution of sharp RP peaks in the case of the Li-P-2 to Li-P-5 samples compared to Li-P-

1 is directly related to the reduction in the MP peak intensity, where the intensity of the RP peak 

corresponds to the amount of interacting EO units. 

Followed by contemplating the trends in ATR-FTIR spectrum of the Li-P-x samples, 

similar wavelength regions in the S-XPE-x samples are also analyzed (Figure 4.4c). As already 

seen in the case of Li-P-1, the appearance of triplets in the case of S-XPE-0 is also due to the 

conformational changes induced in the polymer matrix. However, in the case of S-XPE-0, the 

conformational changes are induced using chemical crosslinks (interpenetrated networks of 

crosslinked PEGDAE (X-PEGDAE) through PEGDME matrix) rather than LiTFSI salt-

induced physical crosslinks. Considering the ATR-FTIR spectra of the S-XPE-1 and -2 

samples, it can be seen that the triplet peaks are retained with considerable intensity. The 

presence of intense MSX peaks, which indicates the presence of a significant amount of free EO 

units in S-XPE-1 and -2. The diminished peak intensity in the case of S-XPE-3, -4, and -5 

samples indicates that the amount of free EO chains is reduced in the presence of high salt 

concentrations. This is because the EO chains from X-PEGDAE are also utilized for 

complexing with the Li+-ions. This reduces the plasticizing effect induced by the EO units from 

X-PEGDAE making the polymer matrix stiff. The changes associated with the peak positions 

of all the S-XPE-x samples are summarized in Table 4.5.  In the region between 1040 and 1160 

cm-1, the ATR-FTIR spectrum of the crosslinker (PEGDAE, Figure 4.4c) looks similar to that 

of PEGDME with a broad peak centered at 1098 cm-1. This is obvious considering the structural 

similarity of both the molecules except at their terminals. Interestingly, in the case of S-XPE-

0, a broad triplet is observed with peak maximums at 1144 (LSX), 1098 (MSX) and 1060 cm-1  
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Figure 4.6. DSC thermograms of (a) Li-P-1, Li-P-2, and Li-P-3, and (b) S-XPE-0 samples; 

TGA profiles of (c) Li-P-x (x=1,3 and 5), and (d) S-XPE-x (x=1, 3 and 5) samples; AMU of the 

products released during the TGA−MS analysis. The graph is reported as the ion current vs. 

test time for different molecules expelled during the TGA analysis of (e) Li-P-1 salt, and (f) S-

XPE-1. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 

567-579). Copyright (2020) American Chemical Society). 

(RSX), respectively. This is already explained in the main text utilizing the chemical crosslinks 

induced by X-PEGDAE.  The triplet peaks are retained with the introduction of LiTFSI to form 

the XPEs. In the case of S-XPE-1 and -2, the intensity of the triplet peak is rather high compared 

to S-XPE-3,4 and 5. The physical observation of the increase in viscosity of the PEGDME 

solution with higher LiTFSI content further supports the aforementioned claims on the 

evolution of the ordered polymer matrix through physical crosslinks (see digital images of the 

inversion tests in Figure 4.5. 

The ATR-FTIR spectra of the Li-P-x and S-XPE-x samples also exhibit triplets similar 

to that of the PEO matrix.37, 45, 46 In PEO and related blends, these peaks are generally attributed 

to their crystalline nature and inter- or intramolecular interaction of EO with other species 

present in the polymer matrix. Unfortunately, there are not many reports available in the 

literature regarding the interactions of Li+-ions with higher-order glymes such as PEGDME as 
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used in this work. To support our findings, we have carried out quantum chemistry (QC) 

calculations of PEGDME-Li+ clusters and the results are reported in the following sections. 

4.3.3 Thermal analysis 

The differential scanning calorimetry (DSC) profile (Figure 4.4d) of pure PEGDME 

shows a sharp peak of crystallization (Tc) at 3°C during the cooling cycle, which is attributed 

to the transition of liquid PEGDME to a solid phase accompanied by the rearrangement and  

Table 4.6. Summary of ionic conductivity, transference number (TLi
+), diffusion coefficient 

(DLi
+), activation energy (Ea

VTF), and anodic stabilities values of the entire series of S-XPE-x 

samples. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 

567-579). Copyright (2020) American Chemical Society). 

Sample 

Ionic Conductivity 

(mS cm-1) 
TLi

+ 
DLi

+ 

(cm2 s-1) 

Ea
VTF 

(kJ mol-1) 

Anodic 

stabilty 

(V) 

vs. (Li|Li+) 
30oC 60oC 

S-XPE-1 
0.045 0.24 0.33 3.51×10-8 10.48 4.2 

S-XPE-2 
0.03 0.20 0.25 3.40×10-8 10.93 4.3 

S-XPE-3 
0.012 0.09 0.22 2.60×10-8 10.38 4.5 

S-XPE-4 
0.005 0.053 0.14 1.78×10-8 9.50 4.9 

S-XPE-5 
0.001 0.02 0.11 1.37×10-8 10.27 5.1 

crystallization of the EO chains.22 During the heating cycle, an endothermic peak 

corresponding to the melting (Tm) of the crystalline phase is observed at 11.7°C along with a 

glass transition temperature (Tg) value of -20°C. Considering the DSC thermogram, it can be 

concluded that the PEGDME is a viscous liquid at 20°C. The nature of the thermogram changes 

with the addition of LiTFSI salt in PEGDME (Figure 4.4d). It is observed that the Tc of Li-P-

1 is reduced and shifted towards lower temperatures noted as 3°C for Li-P-0 and -25°C for Li-

P-1. A concomitant decrease in Tm is also observed. A very low Tg value of -67oC underlines 

increased mobility of the liquid phase in Li-P-1 as compared to that of Li-P-0. 

The interactions between EO and the Li+-ion induce significant differences in the DSC 

profiles of other Li-P-x samples as well. Most importantly, the peak corresponding to Tc is 

absent in the case of Li-P-2 (Figure 4.4d), as the crystallization of the EO chains is completely 

hindered due to the complexation of the EO units with the Li+-ions. Ultimately, the Tg value of 

Li-P-2 is as low as -68°C, which emphasizes the presence of amorphous character similar to 

that of Li-P-1. However, at very high salt concentrations (Li-P-3, Li-P-4, and Li-P-5), the Tg 

values are found to be largely increased due to the formation of several physical crosslinks 

leading to a higher viscosity, which imparts stiffness to the plasticizer chains by the inter-chain 
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complexation of the PEGDME molecules by the Li+-ions. The Tg value of Li-P-3 is increased 

to -59oC, and in the case of Li-P-4 and Li-P-5, the values are -46 and -30oC, respectively 

(Figure 4.6a and Table 4.4). 

In the case of the S-XPE-x samples, the DSC thermograms do not exhibit any Tc peaks, 

which cement the effect of lithium salt in preventing the crystallization of the EO chains 

(Figure 4.4e). The Tg values of S-XPEs are in accordance with the trends observed from the 

ATR-FTIR and DSC data of the Li-P-x samples. In the case of the S-XPE-1 and -2 samples, 

which possess a comparatively greater number of free EO units, the Tg values are found to be 

at -54 and -52°C, respectively. All the while, other samples having a lower content of free EO 

units exhibit high Tg values (Table 4.6). DSC thermogram corresponding to S-XPE-0 is 

presented in Figure 4.6b and the persistence of the Tc peak in S-XPE-0 evidence that the 

presence of lithium salt is inevitable to hinder the crystallization of the EO chains. However, 

the shift of the Tc and Tg values to the lower temperature regions (compared to PEGDME) in 

the case of S-XPE-0 indicates the effect of UV induced chemical crosslinks in improving the 

amorphous character. 

The thermogravimetric analyses (TGA) of the Li-P-x and S-XPE-x samples are 

provided in Figures 4.6c and d respectively. The lithium salt-free samples, viz., Li-P-0 and S-

XPE-0, displayed thermal stability of 180°C, whereas the Li-P-5 and S-XPE-5 samples are 

stable above 300 and 250°C, respectively. Here, the gradual increment in the thermal stability 

of both Li-P-x and S-XPE-x with increased LiTFSI content is directly associated with the 

enhanced degree of physical and chemical crosslinks induced which also increases the viscosity 

of the respective systems. In the case of Li-P-1, three major weight loss regions are observed. 

It can be seen from the derivative plot that the broad weight losses that occurred in the region 

between 180-380oC correspond to the evaporation/degradation of PEGDME molecules present 

in Li-P-1.22 The inflection point associated with this process is recorded to be at 329oC. 

Interestingly, in the case of Li-P-3, the degradation associated with the PEGDME molecule is 

suppressed whereas the peak is completely disappeared in the Li-P-5 sample. In other words, 

the onset of thermal degradation at 180oC in the case of Li-P-1 is significantly improved to 

about 300oC in the case of Li-P-5. This proves the favorable effect of higher salt content in 

improving the thermal stability of the Li-P-x samples. This further supports the claims 

regarding the changes in the physicochemical properties of PEGDME utilizing the interactions 

with the Li+-ions. The peaks beyond 400oC in the case of the Li-P-x specimens are associated 

with the decomposition of LiTFSI.47 In the case of the S-XPE-x samples, the degradation peaks  
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Figure 4.7. Optimized geometries from quantum chemistry calculations of clusters in which 

PEGDME coordinates to (a) one, (b) two, and c) three Li+-ions (colour codes: green - Li+, 

blue - carbon, red - oxygen, white - hydrogen). The progressive coordination of lithium ions to 

PEGDME results in conformational changes of the backbone as well as an increase in the 

intrinsic oxidative stability; (d) schematic representation of the conformational changes 

occurred in PEGDME chains in the absence and at various concentration of LiTFSI salt; e) 

the putative double-layer structure at the cathode|electrolyte interface leading to an additional 

increase of the oxidation potential. (Reprinted (adapted) with permission from (ACS Appl. 

Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

corresponding to the PEGDME molecules are not very prominent. However, considering the 

onset of degradation at 180oC similar to the case of Li-P-1, it can be concluded that PEGDME 

degradation is occurring in the case of S-XPE-1 as well. In the case of the S-XPE samples also, 

the onset of PEGDME degradation is found to be increased with an increase in the LiTFSI 

content. Hence, the maximum thermal stability is exhibited by S-XPE-5 which is up to 250oC. 

This value is 50oC less than the thermal stability of the Li-P-5 sample and could be contributed 

from the degradation of the crosslinked polymer matrix, which is coupled with the degradation 

of PEGDME. Additionally, an inflection point at 368oC is observed in the case of S-XPE-1 

which could be due to the degradation of poly(vinyl ethylene carbonate) chains present in the 

crosslinked polymer matrix.18, 48 In the case of S-XPE-x specimens also, the weight losses 

beyond 400oC are attributed to LiTFSI decomposition. 

  The TGA data is further supported by temperature-dependent mass spectrometry (MS) 

analysis (Figure 4.6e and f), which is consistent with the role of lithium salt in increasing the 
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overall thermal stability. In both cases, as evidenced by the MS spectra, water is expelled until 

130°C for both Li-P-1 and S-XPE-1. Water was also evaporated from the system above 330°C 

due to the decomposition of the ether molecules. Small amounts of hydrocarbons are also 

escaped from both the samples only above 300°C. The main decomposition products of the 

LiTFSI salt were the fluorinated carbons such as CF3, and CF2 at respective AMUs above 

300°C. Thus, it can be concluded that the TGA results obtained are in agreement with the MS 

data with respect to assigning the stages of the sample decomposition.  

4.3.4 Quantum chemical calculations 

Selected optimized conformations of the PEGDME-Li+-ion clusters are displayed in 

Figures 4.7a-c. In addition to the motifs displayed in Figures 4.7a-c, also the coordination of 

a single lithium-ion by two PEGDME chains seems possible.49, 50 Even though the QC 

calculations cannot fully assess the conformational phase space of longer chains, we note a 

significant change in local conformation upon coordination of the Li+-ions. Such 

conformational changes can have a significant impact on the local order associated with the 

polymer chains as explained below. 

In the absence of any Li+-ions, the PEGDME molecules are randomly aligned in a linear 

fashion, which is perturbed once the Li+-ions are introduced into the system. In the presence of 

the Li+-ions, the PEGDME chains are coiled around the Li+-ions contributing to the formation 

of the PEGDME-Li+ complexes. In the case of the specimens with low salt concentrations such 

as Li-P-1 and -2, these complexes are isolated leaving vacant space (or free volume) between 

two successive PEGDME chains facilitating the transport of the Li+-ions by segmental motion. 

However, with further salt addition (as in the case of Li-P-3, -4 and -5), the coiling effect is 

increased. Moreover, when two PEGDME chains come close to each other, more and more 

physical crosslinks are generated between them using the Li+-ions. This reduces the free 

volume available for the ion-transport and arrests the segmental motion of the PEGDME 

chains. The overall effect of these interacting PEGDME chains contributes to the enhancement 

in crystalline-like properties as reflected from the increased Tg. Therefore, it can be concluded 

that the Li-P-1 and Li-P-2 samples possess a very low amount of ordered conformations in an 

amorphous rich phase. This phenomenon is schematically shown in Figures 4.7d and it directly 

influences the ion transport mechanism as explained in Section 4.4.1. Additionally, Figure 

4.7e represents the organization of ions at the electrode-electrolyte interface inside a real cell. 

The importance of such an electrode-electrolyte interface in deciding the oxidation stability of 

the XPE is explained in Section 4.4.2. 
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Figure 4.8. (a) Ionic conductivity vs. temperature plots of the Li-P-1 and -5 samples; (b) VTF 

fit of the same plots of Figure 4.8a using Equation 4.2 for the calculation of the activation 

energy (Ea
VTF); (c) plots representing the ionic conductivity values of the S-XPE-x membranes 

as a function of temperature between 0 and 70°C; (d) Vogel–Tammann–Fulcher (VTF) fit of 

Figure 4.8c; determination of Li+-ion transference number (TLi
+) using (e) 

chronoamperometry and (f) EIS measurements at 60 °C for a LiS-XPE-1Li symmetric cell. 

(Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). 

Copyright (2020) American Chemical Society). 

4.3.5 Ionic conductivity and related characteristics 

The plots representing the ionic conductivity values of the S-XPEs between 0 and 70oC 

are presented in Figure 4.8a. The ionic conductivity values of S-XPEs are decreasing as a 

function of an increase in salt concentration. The S-XPE-1 sample exhibits a maximum ionic 

conductivities of 0.045 and 0.24 mS cm-1 at 30 and 60oC, respectively. Similarly, for the S-

XPE-2 membrane, the ionic conductivity value is 0.03 mS cm-1 at 30oC. The high ionic 

conductivity values of the S-XPE-1 and -2 specimens can be directly correlated with the lowest 
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Tg values obtained as compared to the other S-XPEs. As expected, the lowest ionic conductivity 

of 0.001 mS cm-1 is exhibited by S-XPE-5 at 30°C, which is in agreement with the highest Tg 

value of -15°C and also the high viscosity. The ionic conductivity values of all the S-XPEs are 

summarized in Table 4.6.  

To understand the ion transport mechanism, the activation energy values of the S-XPE-

x membranes are calculated. The plot in Figure 4.8a is fit with Vogel–Tammann–Fulcher 

(VTF) equation (Figure 4.8b, Equation 4.2).22 The activation energy (Ea
VTF) values associated 

with S-XPE specimens lie within the error margin of ≈10.31±0.34 kJ mol-1 irrespective of the 

composition (Table 4.6). The Ea
VTF values of the S-XPE membranes are compared with the 

Ea
VTF values of the Li-P-x solutions. For this purpose, the two solutions with low and high Li+-

ion concentrations viz., Li-P-1, and Li-P-5 are chosen. The ionic conductivity vs. temperature 

plots of the Li-P-1 and -5 samples are presented in Figure 4.8c. The VTF fit of the same plot 

is provided in Figure 4.8d. The Ea
VTF values associated with the aforementioned solutions are 

7.5 and 10.60 kJ mol-1, respectively. Interestingly, the Ea
VTF value of the Li-P-5 is higher than 

Li-P-1 and lies within the error margin of the S-XPE membranes. This indirectly indicates that 

the Li+-ion transport mechanism in PEGDME is directly dependent on the salt concentration. 

As it is evident from Figure 4.7d, the physical crosslinks present in the polymer 

assisted by Li+-ions are responsible for arresting the segmental motion of the EO units. In the 

case of Li-P-1, such physical crosslinks are less in number due to the low concentration of the 

Li+-ions.51 However, facile coordination between the EO units and Li+-ions is possible.52, 53 

The less number of physical crosslinks leave a significant amount of free volume between the 

polymer chains so that persistent segmental motion is favored. Hence, the motion of the 

polymer chains can assist the easy hopping of the Li+-ions from one coordination site to 

another, or in other words, the ion transport is coupled with the segmental motion of the 

polymer chains. This process is energetically favorable, and it is considered as the most 

effective Li+-ion transport mechanism.54  Considering the low Ea
VTF value of Li-P-1, it can be 

concluded that Li+-ion transport occurs via the free volume model as explained above. Any 

deviation from the aforementioned ion transport model may lead to high Ea
VTF value as 

obtained in the case of the S-XPE membranes and PEGDME liquid-phase at high salt 

concentrations. 

In the presence of higher salt content, the LiTFSI/PEGDME solution behaves similarly 

to that of a chemically crosslinked S-XPE membrane. High LiTFSI content in the electrolyte 

results in an increased degree of physical crosslinks between the PEGDME chains. This also 

means that the number of simple EO-Li+ coordination sites are reduced in the polymer 
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electrolyte since a good number of the EO units are involved in physical crosslinks. Such 

physical or chemical crosslinks make the polymer chains stiffer thereby diminishing their 

segmental motion and availability of the coordination sites for inter-chain Li+-ion hopping. 

Therefore, it can be concluded that the S-XPE membranes as well as highly concentrated 

LiTFSI/PEGDME solutions follow more or less similar Li+-ion transport mechanisms which 

are partially decoupled from the segmental motion of the polymer chains. This in turn results 

in an increment in the Ea
VTF values compared to that of Li-P-1 in which the Li+-ion transport is 

coupled with the polymer chain segmental motion. This decoupling could be the reason for the 

comparatively low ionic conductivity observed for the XPE membranes than the targeted value 

of 10-3 S cm-1 at RT. However, in the recent reports by Bresser et al. and Agapov et al., 

decoupling of ionic conductivity and segmental motion is proposed to be an unconventional 

strategy for improving Li+-ion mobility in polymer electrolytes.55, 56 Despite the decoupled 

ionic conductivity and segmental motion, the low ionic conductivity of the XPEs as observed 

in the current work is indeed due to the absence of well-defined ion transport channels due to 

high degree of physical and chemical crosslinks. 

The Li+-ion transference number (TLi
+) associated with the S-XPE samples is calculated 

using the DC-polarization method as reported by Abraham et al.57 A high transference number 

is desirable for polymer electrolytes to prevent the buildup of anion concentration gradient, 

which may lead to salt precipitation and decomposition.22 At the same time, polymer 

electrolytes with high transference number have already proven to suppress HSAL,3 such as 

dendrite deposition.9 Data corresponding to chronoamperometry and impedance measurements 

at 60 °C on the S-XPE-1 membrane (in Li|S-XPE-1|Li configuration) are provided in Figures 

4.8e and f, respectively. The TLi
+ values achieved for all the S-XPE-x membranes are provided 

in Table 4.6. The highest transference number value of 0.33 is exhibited by S-XPE-1. The 

presence of higher wt.% of PEGDME in the S-XPE-1 sample can loosen the interaction of Li+ 

with the oxygen atoms from the EO chains present in the crosslinker units. This results in more 

Li+-ions available for facile charge carriage through the PEGDME liquid-phase contributing to 

a high transference number.  

The reduction in the TLi
+ values at a high concentration of lithium salt is obvious due to 

an increased number of physical crosslinks leading to increased viscosity as already explained 

in the previous section (Section 3.3), which reduces the mobility of the Li+-ions. The lithium-

ion diffusion coefficients (DLi
+) of the S-XPEs are determined by using the method suggested  
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Figure 4.9. (a) Determination of the electrochemical stability window (ESW) of S-XPE-x 

membranes. The Current vs. Potential curves associated with the oxidation and reduction 

stability of the S-XPE membranes against Al and Cu non-blocking electrodes, respectively, are 

presented; b) determination of oxidation stability of S-XPE-x membranes against stainless steel 

(StSt) as the working electrode. (Reprinted (adapted) with permission from (ACS Appl. Mater. 

Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

by Ma et al (Table 4.6).58 The highest DLi
+ value of 3.51×10-8 cm2s-1 is exhibited by S-XPE-1 

whereas S-XPE-2 possessed a value of 3.4×10-8 cm2s-1. This means that the DLi
+ value is 

decreased at a higher salt concentration, which is in agreement with the observed ionic 

conductivity and transference number. 

4.3.6 Electrochemical stability window (ESW) 

The oxidation stability of the S-XPEs is analyzed at 60°C against a working electrode (Al and 

stainless steel (StSt)) by LSV experiments. The results are shown in Figure 4.9a. During the 

anodic scan towards higher potential values, the onset of the current is directly related to the 

oxidative decomposition of the electrolyte. Here, the limiting oxidation current is set to be 1 

μA cm-2. The concentration of LiTFSI is found to have an influential role in deciding the 

oxidative stability of the S-XPEs. It is observed that the oxidation stability value of the S-XPE 

is increased as a function of an increase in salt concentration (Table 4.6). When S-XPE-1 
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Figure 4.10. (a) Current vs. potential (vs. Li|Li+) plots representing the oxidation stability of 

the D-XPE-x samples against Al; (b) current vs. potential (vs. LiLi+) plots representing the 

reduction stability of the D-XPE-x samples against Cu; (c) the plots representing the change 

in ionic conductivity of the D-XPE-x specimen with respect to temperature. (Reprinted 

(adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright 

(2020) American Chemical Society). 

exhibited stability of 4.2 V vs. Li|Li+, the oxidation stability of S-XPE-5 is found to be ≈5.1 V 

vs. Li|Li+. In the case of other S-XPEs, the oxidation stability recorded is 4.3, 4.5, and 4.9 V 

vs. Li|Li+, respectively for the S-XPE-2, -3, and -4 samples. In other words, if one looks at the 

sudden increase (onset potential) in the current density then all the samples evaluated here 

show oxidation stability above 5 V vs. Li|Li+, which is also dependent on the TFSI- anion 

concentration. The increase of the oxidative stability with the LiTFSI concentration can be 

rationalized with several arguments. For instance, the intrinsic oxidative stability of the 

PEGDME-Li+ complex is increased by the progressive coordination of the lithium ions. This 

is verified by the calculation of the oxidative stabilities of the individual clusters by QC 
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calculation in Figures 4.7a-c. For instance, the PM6 calculations estimate values of 5.4 V vs. 

Li|Li+ for isolated PEGDME, whereas this value increases to 6.2 V vs. Li|Li+, 9.0 V vs. Li|Li+ 

and 9.0 V vs. Li|Li+ for the PEGDME coordinating to one, two or three lithium ions, 

respectively. Comparable values of 5.8 vs. Li|Li+ and 6.2 vs. Li|Li+ values are found for 

PEGDME and PEGDME-Li+ (i.e. coordinating to a single lithium-ion) at the LC-ωPBE/6-

31+G(d,p) level. It has to be mentioned, however, that these values might be significantly 

lowered by the presence of anions in the bulk electrolyte or when taking electrochemical 

decomposition reactions (the deprotonation of the oxidized cluster that stabilizes the electron-

hole) into account.31, 32 

In addition to an increase in intrinsic electrochemical stability, a higher salt 

concentration additionally leads to an effective exclusion of all the ether molecular species 

except the anions from the first electrolyte layer in contact (inner-Helmholtz layer) with the 

cathode (Figure 4.7e).32 Since the TFSI anion is rather stable, the increased oxidative stability 

at high LiTFSI concentrations could thus be rationalized by the formation of a surface layer 

such as cathode electrolyte interphase (CEI), which is comparable to the stabilization of the so-

called water-in-salt electrolytes.59 The dependence of high LiTFSI content in an electrolyte 

suppressing the dissolution of the Al electrode by the formation of a surface layer is reported 

by several authors.60-64 It is known that conventional electrolytes with a low concentration of 

LiTFSI such as S-XPE-1 (or Li-P-1) enhance the Al current collector dissolution at higher 

potentials in liquid (low viscous) state.65 The reaction product (Al(TFSI)3) is soluble in the case 

of the liquid electrolytes (especially, for carbonate-based liquid electrolytes) leading to the 

gradual dissolution of Al,63 however, it is not soluble when the polymer electrolytes are used. 

This insoluble product may act as a surface protection layer and extends the overall continuous 

oxidation process when Al is used as the working electrode. Also, at higher potentials, 

decomposition of the TFSI- anion can induce the formation of LiF/AlF3/AlOF3 over the Al 

electrode and extend the decomposition potential of the electrolyte. This scenario is similar 

when a polymer or highly concentrated electrolytes are employed.66-68 In both processes, the 

type of salt and its concentration play a critical role when Al is used as the working electrode.  

The oxidation stability of the XPEs against the StSt electrodes is also as determined. 

The results are presented in Figure 4.9b. If one considers the limiting current as 1 µA cm-2, 

the obtained oxidation stability values are lower than the values obtained from the Al-based 

working electrode. A higher oxidation current value is observed before the large onset of the 

respective current density, which indicates that the formation of Al(TFSI)3 and related 

passivation is not occurring in the case of StSt, indeed a decomposition of the TFSI- anion may 
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occur.69 In the case of StSt, a current density of 6.8 µA cm-2 is observed for S-XPE-2 at 4.4 V 

vs. Li|Li+, which is about at least 6 times larger than what we observed on an Al electrode. This 

extra current could be coming from the partial decomposition of the polymer electrolyte 

components or the TFSI- anions. However, the real onset of current density is observed only 

above 5.0 V vs. Li|Li+ for all the analyzed samples. These results are in agreement with the 

results achieved here when Al is used as the working electrode and also with the other reported 

values,69 which indicate that the S-XPEs are stable above 4.2 V vs. Li|Li+. 

To determine the reduction stability of the S-XPEs, cyclic voltammetry analysis was 

employed at 60°C against Cu as the working electrode (Figure 4.9a). Clear and well-defined 

peaks corresponding to the plating and stripping process of lithium are observed for all S-XPEs. 

It is observed that the current density corresponding to the plating and stripping processes is 

the highest for the S-XPE-1 based cell, whereas it is the lowest for S-XPE-5. This reduced 

current intensity is directly related to the facile transport of Li+-ions through the S-XPE-1 

sample as compared to other S-XPE counterparts. The current consumed during the lithium 

plating and the current generated during the stripping process is directly proportional to the 

lithium ions available at the working electrode, which in turn is an indication of higher ion 

mobility. No other peaks are observed between the open circuit potential (OCP) and 0 V vs. 

Li|Li+ indicates the purity of the crosslinked electrolytes and the synthesized materials.  

Table 4.7. Ionic conductivity and anodic stability values of the entire series of D-XPE-x 

specimens. (Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 

1, 567-579). Copyright (2020) American Chemical Society). 

Sample 

Ionic 

Conductivity 

(mS cm-1) 

Transference 

No. 

(TLi
+) 

Anodic 

stability 

(vs. LiLi+) 30oC 60oC 

D-XPE-1 0.06 0.44 0.31 4.4 

D-XPE-2 0.023 0.17 0.26 4.4 

D-XPE-3 0.012 0.095 0.19 4.5 

D-XPE-4 0.004 0.06 0.14 5 

D-XPE-5 0.0006 0.012 0.11 5.2 

 

From the above experiments, it is concluded that, for high voltage applications beyond 

4.3 V, the S-XPEs with high LiTFSI content is suitable. To check with the possibility of further  
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Figure 4.11. Voltage vs. time plot obtained from lithium plating and stripping cycles of lithium 

symmetric cells constructed with the (a) S-XPE-1, S-XPE-2, and S-XPE-3, (b) D-XPE-2, and 

(c) D-XPE-3 membranes when a current rate of 0.1 mA cm-2 for 5 h has been used. (Reprinted 

(adapted) with permission from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright 

(2020) American Chemical Society).  



CHAPTER 4 

 

 

146 AcSIR, CSIR-NCL | Vidyanand V 

improving the oxidation stability, an additional 3 wt.% of LiFSI salt is introduced into the 

formulations and the obtained samples are termed as dual-salt XPEs (D-XPEs). Dual-salt 

electrolyte systems are well-known to enhance the interfacial/interphasial stability between the 

electrode and electrolyte depending on the type of lithium salt and its quantity and few reports 

also suggest their capability to improve the ESW of the electrolyte.16, 67, 70-72 The plots 

corresponding to the oxidation stability of all the D-XPE-x membranes are reported in Figure 

4.10a. Compared to S-XPE-1, the D-XPE-1 membrane displayed significant improvement in 

the oxidation stability from 4.2 to 4.4 V vs. Li|Li+. In all other cases, the oxidation stability 

value of D-XPE membranes either remained the same or improved slightly by an additional 

0.1 V compared to the S-XPE-x counterparts. As already proved by the QC studies, the 

screening of molecular species by means of the inner-Helmholtz layer occupied by the TFSI- 

anions helps in improving the oxidation stability in high concentrated single-salt polymer 

electrolytes. With the inclusion of relatively small-sized FSI- anions, we hypothesize that the 

inner- Helmholtz layer is modified and protects the cathode surface much effectively from the 

species prone to oxidation resulting in better oxidation stability values. The plots corresponding 

to the reduction stability of D-XPEs are provided in Figure 4.10b. Also, the plot representing 

the change in ionic conductivity with respect to temperature is provided in Figure 4.10c. Table 

4.7 summarizes the ionic conductivity, TLi
+, and oxidation stability values of all D-XPEs under 

investigation. 

4.3.7 Galvanostatic lithium plating/stripping 

To evaluate the performance of S-XPEs in LMBs, we have performed galvanostatic 

plating/stripping of lithium in Li|S-XPE|Li symmetric cells. A current density of  

0.1 mA cm-2 was applied for 5 h per half cycle, thus a total areal capacity of 0.5 mAh cm-2 was 

deposited and extracted. The voltage vs. time response of S-XPEs is presented in Figure 4.11a. 

In the case of the LiS-XPE-1Li cell, the cumulative overvoltage value for the plating and 

stripping process is 112 mV in the 3rd cycle. However, the overvoltage values are gradually 

getting larger with an increase in the number of cycles. If one notices the plating and striping 

profile of S-XPE-1 at different time intervals, it is evident that the diffusion of lithium ions is 

changing the plating/stripping characteristics, which may be induced by a change in the solid 

electrolyte interphase (SEI) layer thickness.73 In the 25th cycle, the value is increased to 259 

mV and 554 mV in the 34th cycle. In other words, about 400% increment in the overvoltage 

value is observed within the 35th cycle as compared to that of the 3rd cycle. These changes in 

overvoltage values are attributed to the incapability of the S-XPE-1 membrane to form a thin 

and effective SEI layer. The inability of low concentrated electrolytes to sustain stable and thin 
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SEI layer leading to an HSAL/dendrite induced cell failure is well known.74, 75 Despite the 

aforementioned limitations, the Li|S-XPE-1|Li cell could be cycled for 400 h without any cell 

failure.  

The performance of S-XPE-2 is observed to be superior to that of S-XPE-1. Although 

a cumulative overvoltage value of 190 mV is observed in the 3rd cycle, the increment in the 

overvoltage value in the subsequent cycles is lower as compared to that of S-XPE-1. For 

instance, in the 25th cycle, the overvoltage value is just 218 mV whereas in the 34th cycle it is 

only 241 mV (27% increment in overvoltage as compared to the 3rd cycle). Concomitantly, the 

Li|S-XPE-2|Li cell displays excellent stability for more than 500 h. The retention of similar 

overvoltage values throughout the plating/stripping processes as well as the improved cycling 

stability proves the formation of an effective SEI for the S-XPE-2 membrane. As already 

explained, an increase in the LiTFSI content of S-XPE-2 is, in fact, the rationale behind the 

improved interfacial stability/interphase behavior of S-XPE-2. 

In the case of the S-XPE-3 membrane, a very high overvoltage value of 345 mV in the 

3rd cycle is observed, which is higher than those of the S-XPE-1 and S-XPE-2 samples. Later, 

the value increases to 446 and 532 mV in the 25th and 34th cycles, respectively. This 

corresponds to a 53% increment in the overvoltage at the 34th cycle as compared to the same 

in the 3rd cycle. This cell could also be cycled beyond 400 h. It is worth mentioning that the 

percentage increment in the overvoltage value associated with the S-XPE-3 membrane is lower 

compared to that of the S-XPE-1 counterpart. This suggests, that the SEI formed in the case of 

S-XPE-3 is much effective than that of S-XPE-1. However, the low ionic conductivity limits 

the potential of S-XPE-3 to be employed for practical applications. Similarly, in the case of S-

XPE-4 and S-XPE-5, the plating/stripping experiment could not be carried out successfully 

beyond a single cycle owing to the constraints associated with low ionic conductivity, limited 

electrode wettability (contact) and the toughness of the membrane, and hence the data are not 

presented.60 Increased toughness and insufficient contact at the lithium metal-polymer 

electrolyte interface leading to a high polarization overvoltage, thus the inability to maintain 

an insufficient continuous contact during the operation results in cell failure. 

The aforementioned results suggest that the S-XPE-2 membrane could be a suitable 

choice for the LMBs among the single-salt polymer electrolytes with long-term cycling 

stability. Considering this fact, the galvanostatic plating/stripping characteristics of the related 

Li|D-XPE-2|Li cell are also studied. The impact of LiFSI as an additive in the LiTFSI based 

electrolytes to increase the effectiveness of the SEI is already known.76 The voltage vs. time  
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Figure 4.12. (a) Galvanostatic charge-discharge profiles of LFP|S-XPE-x|Li cells (60oC) at 

0.05 C current rate. (b)-(c) The specific capacity vs. cycle number plot corresponding to the 

entire LFP|S-XPE-x|Li cells (60oC) at different C-rates. (Reprinted (adapted) with permission 

from (ACS Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American 

Chemical Society). 

response profile of the cell for 600 h is presented in Figure 4.11b. In the 3rd cycle, the 

overvoltage is calculated to be 283 mV. On direct comparison with the Li|S-XPE-2|Li cell, it  

can be seen that the 3rd cycle overvoltage value associated with the Li|D-XPE-2|Li cell is 

slightly high. However, the 25th cycle overvoltage shows only a 25% increment to a value of 

354 mV, and even at the 50th cycle, the overvoltage value is 378 mV. This overvoltage at the 

50th cycle corresponds to a 33% increment as compared to the 3rd cycle overpotential of the 

same sample. If the 50th cycle overvoltage of Li|S-XPE-2|Li alone is considered (Figure 4.11a), 

the increment is ≈48% compared to the same at its 3rd cycle. Therefore, it can be concluded 

that the rate of increment in the overvoltage value associated with the D-XPE-2 membrane is 

minimal as compared to the S-XPE-2 counterpart. This underlines the formation of an effective 

SEI layer for D-XPE-2 owing to the presence of LiFSI salt as compared to that of S-XPE-2.77, 

78 

The superiority of the dual-salt XPEs is further reflected in the plating/stripping profile 

of the Li|D-XPE-3|Li cell (Figure 4.11c). In this case, the cell displayed excellent stability for 

1000 h as compared to Li|S-XPE-3|Li, despite exhibiting high overvoltage values. The 2nd, 50th  

and 100th cycle overvoltage values associated with the cell are 455, 612, and 810 mV, 

respectively. This means a 34% increase in the 50th cycle and a 78% increase in the 100th cycle.  
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Figure 4.13. The long-term cycling stability of (a) LFP|S-XPE-2|Li, and (b) LFP|D-XPE-2|Li 

cells at 0.2C and 40°C at 0.2 C current rate; the long-term cycling stability of (c) LFP|S-XPE-

1|Li and LFP|S-XPE-2|Li cells, (d) LFP|S-XPE-3|Li, (e) LFP|S-XPE-4|Li, and (f) LFP|S-XPE-

4|Li cells at 0.2C and 60°C. (Reprinted (adapted) with permission from (ACS Appl. Mater. 

Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

Considering the above results, the superiority of the D-XPE membranes over the S-XPE 

membranes in terms of interfacial stability with the lithium metal anode is confirmed.111In 

addition, the high ESW of the D-XPE membrane as explained in the previous section provides 

a superior edge over the S-XPE-2 in terms of practicality. 

4.3.8 Performance of XPE membranes in LMBs 

To demonstrate the suitability of the synthesized XPE membranes, several lab-scale 

LMBs are fabricated. Both LFP and NCA cathodes are used for this purpose. For the fabrication 

of the LFP based lithium metal polymer cells that operate at a voltage range of 2.5-4 V vs. 

Li|Li+, the S-XPE-x membranes are used. In the case of high voltage NCA based cells that 

operate in the range of 2.7 V-4.3 V vs. Li|Li+, D-XPEs with high oxidation stability is used. 

The cells are cycled at 60, 40, and 20oC. Figure 4.12a represents the galvanostatic charge-

discharge profiles (3rd cycle) corresponding to LFP|S-XPE-x|Li cells at 0.05 C (600C). It is 

observed that all the cells display a discharge capacity of about 156 mAhg-1, close to the 

practical specific capacity of the LFP cathodes (160 mAhg-1) provided by the supplier. 

However, it can be also seen that the voltage gap between the charge and discharge plateau is 

higher in the case of S-XPE-3, -4, and -5 as compared to S-XPE-1 and -2 based cells. This is 

in accordance with the diffusion coefficient and lithium plating/stripping responses of the XPEs 

as provided in Table 4.6.   
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Figure 4.14. (a) Galvanostatic charge-discharge profiles corresponding to the NCA|D-XPE-

x|Li cells at 0.1C (60oC); long term cycling stability profiles of (b) NCA|D-XPE-2|Li, (c) 

NCA|D-XPE-1|Li, and (d) NCA|D-XPE-3|Li  at 0.1C and 60°C; (e) long term cycling stability 

profile of NCA|D-XPE-2|Li at 0.1C and 20oC. (Reprinted (adapted) with permission from (ACS 

Appl. Mater. Interfaces 2020, 12, 1, 567-579). Copyright (2020) American Chemical Society). 

The specific capacity vs. cycle number plots corresponding to the LFP|S-XPE-2|Li 

(60oC) at various C-rates are presented in Figure 4.11b-f. It is observed that the LFP cells of 

S-XPE-1 and S-XPE-2 (Figure 4.12a) exhibited good cycling stability at 0.2 C (60oC) with 

more than 85% retention of the initial capacity even after 120 charge-discharge cycles. The 

specific capacity vs. cycle number plot associated with the other LFP|S-XPE-x|Li cells at 60oC 

is presented in Figure 4.12b-e. At 40oC, the LFP|S-XPE-2|Li cell (Figure 4.13a) found to 

deliver very low cycling stability (only 72% retention with respect to the initial capacity after 

40 cycles) with gradual capacity fading. The capacity fading can be attributed to the limitations 

associated with the S-XPE membrane where the interfacial stability with lithium-metal anode 
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is inferior as already been noticed from the plating/stripping investigations. However, this 

intricacy at low temperatures is found to be solved by the use of a D-XPE membrane. As it can 

be seen from Figure 4.13b, at 40oC, unlike the LFP|S-XPE-2|Li cell, the LFP|D-XPE-2|Li cell 

is characterized by 73% retention with respect to the initial capacity for over 130 cycles at 

0.2C. This improved cycling stability is in accordance with the results obtained from the 

plating/stripping analysis of the D-XPE-2 membrane providing better electrode-electrolyte 

interfacial stability inside the cell. Finally, the cycling stability of the other LFP|S-XPE-x|Li 

cells at 60°C is presented in Figure 4.13c-f, which are displaying ≈85% retention of the initial 

capacity after 120 cycles. Therefore, it can be concluded that the S-XPE membranes perform 

well with the LFP cathodes at 60oC and the cycling performance at low temperatures such as 

40oC can be improved using D-XPE membrane. It is also important to optimize the anode side 

of the cell for improved cell performance while using the LFP based cathodes. Considering the 

better interfacial/interphasial properties and ESW of the D-XPE membranes, the NCA|D-XPE-

x|Li cells are fabricated and cycled at 60 and 20°C.  

The galvanostatic charge-discharge profiles corresponding to the NCA|D-XPE-x|Li 

cells at 0.1 C (60°C) are presented in Figure 4.14a. All the cells exhibited discharge capacities 

above 180 mAhg-1 and a maximum capacity of 200 mAh g-1 is obtained with the D-XPE-1 

based NCA||Li cell. However, the long-term cycling stability of the D-XPE-x membrane-based 

cells at 60oC is found to be lower. It should be noted that the low Coulombic efficiency values 

observed in the initial cycles are associated with the formation cycles of the battery cell, which 

stabilizes once stable interphase is achieved. For instance, the NCA|D-XPE-2|Li cell shows the 

maximum capacity retention of 57 % of the initial capacity after 45 cycles (Figure 4.14b). At 

the same time, the D-XPE-1 (Figure 4.14c) and D-XPE-3 (Figure 4.14d) membrane-based 

cells displayed capacity retention of 53 and 47%, respectively. Despite the inferior performance 

of the D-XPE-x membranes at 60oC, the D-XPE-2 membrane exhibited excellent cycling 

stability when operated at a lower temperature of 20oC (Figure 4.14e). The cell displayed a 

maximum capacity of 110 mAh g-1 with retention of ≈ 95% of the initial capacity over 100 

cycles. It is worth mentioning that the capacity retention even after 1000 cycles is 53% of the 

initial capacity. The improvement in cycling stability sheds light on the conclusion that the 

degradation of XPE induced by NCA particles or high voltage is reduced at a lower temperature 

and the cycling of other high-voltage cathodes against the polymer electrolytes is an important 

parameter to be investigated further. The above results indicate that the reported S-XPE and 

D-XPEs are promising candidates for LMBs and a dual-salt approach could be a game-changer 

for already existing and well-investigated polymer matrices. Also, it is envisaged that judicious 
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modifications in the structure of the polymer matrix can help in improving the performance of 

XPEs while providing an opportunity to extend its applicability to SPEs. 

4.4 Conclusion 

In this work, the synthesis of a series of novel Li+-ion conducting single (S-) and dual 

(D-) salt crosslinked polymer electrolyte (XPE) membranes are reported based on a polymer 

matrix composed of poly(vinyl ethylene carbonate) crosslinked by EO units and plasticized by 

a high boiling oligomer poly(ethylene glycol dimethyl ether) (PEGDME). In S-XPE 

membranes, LiTFSI alone acts as a source of Li+-ions whereas the D-XPE membranes consist 

of LiFSI in addition to LiTFSI. QC calculations, thermal and ATR-FTIR spectroscopy analyses 

provided insights regarding the interactions between the Li+-ions and EO units in the XPE 

membranes. The ESW of the S- and D-XPE membranes are found to be increased as a function 

of salt concentration; indeed, a higher salt concentration favors wider oxidation stability. Wide 

electrochemical stability of 5.1 and 5.2 V vs. Li|Li+ is achieved for the S-XPE and D-XPE 

membranes, respectively. It has been understood that the concentration of salt plays an 

important role in the oxidation stability of the XPE and the cycling stability of the LMB full 

cells. However, more studies are required for the mechanistic understanding. Hence obtained 

XPEs are then used for the fabrication of lab-scale LMB unit-cells. The D-XPE membranes 

are found to be compatible with LiFePO4 as well as high-voltage NCA cathodes. At 20°C, the 

dual salt-based membrane in a LiNi0.8Co0.15Al0.05O2 based high voltage cell retained 95% of its 

initial capacity after 100 cycles all-the-while exhibiting 53% of capacity retention after 1000 

cycles. It is expected that the performance of the reported XPEs can be further improved by 

tuning the molecular weight of the allyl ether-based oligomer crosslinker, and at the same time 

the application of the reported polymer matrix can be extended to SPEs. 
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Chapter 5 

An In Situ Crosslinked Nonaqueous Polymer Electrolyte 

for Zinc-Metal Polymer Batteries and Hybrid 

Supercapacitors 

This work reports the first examples of nonaqueous zinc-ion conducting polymer electrolyte 

(ZIP) membranes synthesized using an ultraviolet (UV)-light induced photo-polymerization 

technique, with room temperature (RT) ionic conductivity in the order of 10-3 S cm-1. The ZIP 

demonstrated excellent physicochemical and electrochemical properties, including an 

electrochemical stability window of > 2.4 V vs. Zn|Zn2+ and dendrite-free plating/stripping 

processes in symmetric Zn||Zn cells. Besides, an in situ process is developed to produce ZIP, 

which is adopted for the 

first time to fabricate a 

nonaqueous zinc-metal 

polymer battery ((ZMPB), 

VOPO4|i-ZIP|Zn) and zinc-

metal hybrid polymer 

supercapacitor ((ZMPS), 

activated carbon|i-ZIP|Zn) 

cells. The VOPO4 cathode 

employed in ZMPB possess a layered morphology, exhibiting a high average operating voltage 

of ≈1.2 V. As compared to the conventional ex situ process assisted cell assembling approaches, 

the in situ processing of the cell is simple. Also, the in situ process enhances the overall 

electrochemical performance, which enables the widespread intrusion of ZMPBs and ZMPSs 

into the application domain. Indeed, considering the promising aspects of the proposed ZIPs 

and its easy processability, this work opens up a new direction for the emergence of the zinc-

based energy storage technologies.  

Contents in this chapter is published in the article: DOI: 10.1002/smll.202002528. 

Reprinted (adapted) with permission from (Small, 2020, vol. 16, no 35, p. 2002528).  

Copyright © 2020 John Wiley & Sons, Ltd 
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5.1 Introduction 

  Despite the advancements in the field of lithium-ion batteries (LIBs), which 

revolutionized our daily life for the past several decades, it is clear that a single 

technology alone cannot rely on all kinds of applications. Concomitant development of 

other types of energy storage technologies is also important to fuel the concept of 

‘technology diversity’ and its competence. In line with this,  so-called ‘post-lithium 

technologies’ are receiving tremendous attention toward realizing affordable and 

alternate rechargeable energy storage devices.1, 2 In recent times, rechargeable energy 

storage devices employing zinc-metal as the anode (negative electrode) in combination 

with a zinc-ion (Zn2+) conducting (aqueous/nonaqueous) liquid electrolyte and a 

suitable cathode (positive electrode) have gathered immense attention among 

electrochemists.3, 4 The relatively abundant supply of zinc, its low cost, stability, and 

safety (owing to less reactivity with water and other solvents) make the Zn-based 

systems attractive, perhaps even more than the other post-lithium technologies based on 

Na, Mg, etc.1, 5  

  Since zinc-metal is directly employed as the anode, such systems can be called 

‘zinc-metal cells.’ Among the zinc-metal cells, zinc-metal batteries (ZMBs) and zinc-

metal hybrid supercapacitors (ZMSCs) are the most popular choices. Both ZMBs and 

ZMSCs are characterized by similar electrochemical reactions taking place at the anode: 

reversible plating and stripping of Zn during the charge/discharge processes.6-8 Indeed, 

the electrochemical processes (see Figure 5.1a) at the cathode are different in which the 

ZMB follows the insertion/de-insertion (similar to alkali-metal ion batteries), whereas 

the ZMSC is identified by the simple adsorption/desorption (similar to supercapacitors) 

of ions.9-11 While ZMBs can be employed as high-energy devices, the potential of 

ZMSCs is relevant in terms of compensating any practical trade-offs in power 

capability.9 Therefore, investing the current ‘know-how’ regarding the energy storage 

devices toward improving the zinc-metal electrochemistry for rechargeable devices is 

rather important.   

  If the available reports are considered, zinc-ion conducting liquid (aqueous) 

electrolytes dominate the arena of zinc-metal cells.12, 13 The use of aqueous electrolytes 

is often constrained by the O2 evolution reaction (OER) occurring at 1.98V vs. Zn|Zn2+, 

which limits the operating voltage of the battery cell.5, 14, 15 Recently, highly 

concentrated aqueous electrolytes (e.g., water-in-salt electrolytes) are employed for 

improving the operating voltage of ZMBs beyond 2 V vs. Zn|Zn2+.15-17 However, the 
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Figure 5.1. (a) The operating mechanism of a zinc-metal battery and zinc-metal hybrid 

supercapacitor where VOPO4 and activated carbon (AC) are used as the positive 

electrodes, respectively; (b) the scheme representing the various components used for 

the UV-light induced synthesis of the zinc-ion conducting polymer electrolytes (ZIPs) 

(the digital image of a representative ZIP sample is also provided that exhibits self-

standing behavior and transparency). Reprinted (adapted) with permission from (Small, 

2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

water-in-salt electrolytes compromise the economic-aspects due to the high salt content. 

Moreover, the scarcity of high-voltage cathodes also hampers the prospect of realizing 

aqueous zinc-metal cells, especially ZMBs, with high average operating voltage (Eav).
3 

For example, when V2O5 is used as the cathode material, Eav is always <1 V, and if the 

material is changed to MnO2, then the voltage can be increased to  1.30 V.3, 4, 14 There 

are reports where Prussian blue-based cathodes are used for the fabrication of aqueous-
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ZMBs with Eav of 1.70 V; however, they have a limitation concerning their low 

deliverable specific capacity  (less than 100 mAh g−1).5, 13, 18 Therefore, the current 

research in zinc-metal cells should progress towards achieving better suitable 

electrolytes in terms of ionic conductivity, oxidation stability and safety, and compatible 

cathode materials with high-voltage operability. 

  Unlike aqueous electrolytes, nonaqueous solvent-based electrolytes possess 

improved electrochemical stability,19-21 which can be suitably adapted in the high-

voltage battery and supercapacitor chemistries, including zinc-metal cells. Recently, 

Burrel et al. reported acetonitrile (ACN) and propylene carbonate (PC)-based 

nonaqueous electrolytes, which favor reversible plating and stripping of Zn2+ ions. 

Indeed, this electrolyte has demonstrated high electrochemical stability of > 3.0 V vs. 

Zn|Zn2+ (Pt as a working electrode),22 which opened up the possibility to design organic 

solvent-based electrolytes for high-voltage zinc-metal cells. In line with this, Gewirth et 

al. have proposed several spinel structured cathode materials (ZnCo2O4 and 

ZnNixMnxCo2–2xO4) compatible with ACN-based liquid electrolytes for high-voltage 

nonaqueous ZMBs with Eav reaching up to of 1.50 V.23 In separate reports, Hong et al., 

and Vaughey et al., demonstrated the use of nickel hexacyanoferrate (Eav ≈ 1.20 V)24 

and δ-MnO2 (Eav ≈ 1.25 V),25 respectively as active cathode materials. Apart from the 

ACN-based electrolytes, it is expected that organic carbonate solvent-based liquid 

electrolytes can also be suitable for the zinc-metal cells considering their intrinsic 

features such as high boiling point, low flash-point, low viscosity, high dielectric 

constant and low-toxicity, improving the cell-safety aspects even though they are rarely 

explored. Despite these benefits, it should be noted that significant improvement in 

terms of Eav or electrochemical performance metrics in par with the aqueous zinc-metal 

cells is yet to be attained with their nonaqueous counterparts. 

  Since the field of nonaqueous zinc-metal cells is slowly evolving, considerable 

attention should be given toward the transition in electrolyte chemistry from liquid to 

solid-like systems, which can guarantee safe operability, flexibility, and higher energy 

density. Nonaqueous zinc-ion conducting polymer electrolytes (ZIPs) are anticipated to 

address these challenges, which may emerge during the ZMB/ZMSC development or 

commercialization. Zinc-metal cells employing polymer electrolytes can be called as 

‘zinc-metal polymer cells’ in general. There are enormous amounts of literature reports 

related to nonaqueous polymer electrolytes, which can conduct monovalent metal ions  
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Figure 5.2. The processing steps involving in the in situ process for the fabrication of 

the zinc-metal polymer cells and the schematic illustration of the difference between the 

cathode|electrolyte interfaces achieved in the case of the in situ and ex situ processes. 

Reprinted (adapted) with permission from (Small, 2020, vol. 16, no 35, p. 2002528). Copyright 

© 2020 John Wiley & Sons, Ltd. 

such as Li+ and Na+ ions for alkali-metal ion batteries,26-28 nevertheless, ZIPs are rarely 

explored. In this respect, solid- or quasi-solid-state ZIPs can facilitate the realization of  

zinc-metal polymer cells (zinc-metal polymer batteries (ZMPBs) and zinc-metal hybrid 

polymer supercapacitors (ZMPSs)), which can be easily integrated into flexible and 

printed electronic devices or large-scale energy grids. Moreover, compared to the liquid 

electrolytes, ZIPs may ensure safer operation of the device by eliminating the risk of 

leakage and fire hazards, especially if one considers nonaqueous liquid electrolytes for 

the high-voltage zinc-metal cells. 

  In this work, for the first time, we are reporting the preparation of crosslinked 

ZIPs by ultraviolet (UV)-light assisted free-radical polymerization and concomitant 

fabrication of nonaqueous zinc-metal polymer cells (Figure 5.1b and 5.2) through the 

in situ process. The superior cathode|electrolyte interface achieved in the case of the in 

situ processed cells is demonstrated through electrochemical impedance spectroscopy 

(EIS) and computed tomography (CT) analyses. For instance, the ZMPB (VOPO4 is 

used as the cathode) fabricated using the in situ process delivered a specific capacity of 
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≈ 60 mAh g-1 (0.20 Ag-1) with retention of 63% after 50 cycles. This value is higher than 

that obtained for the ex situ processed ZMPB (≈ 40 mAh g-1 with 48% retention) as well 

as a liquid electrolyte-based ZMB (≈23 mAh g-1 with 36% retention). The high Eav (1.20 

V) and energy density (96 Wh kg-1) associated with the ZMPB are also worth 

mentioning. Additionally, the high cycling stability over 600 cycles achieved for the 

ZMPS (AC is used as the cathode) further underlines the broad applicability of ZIP and 

the in situ process towards realizing efficient zinc-metal cells. 

5.2 Experimental Section 

5.2.1 Materials 

Unless otherwise specified separately, all materials used in this work were purchased from 

Sigma Aldrich. For the synthesis of the crosslinked polymer electrolyte, the acrylate monomers 

viz., 2-hydroxy-3-phenoxypropyl acrylate (HPA), poly(ethylene glycol) diacrylate (700 Da, 

PEGDA), poly(ethylene glycol) methyl ether methacrylate (1100 Da, PEGMA) were used. As 

a photo-initiator, 2-hydroxy-2-methylpropiophenone (HMPP) was used. Propylene carbonate 

(PC) was used as the plasticizer and zinc trifluoromethanesulfonate (Zn(OTf)2) as the ion-

conducting salt. For the reparation of VOPO4.2H2O, ammonium vanadate (NH4VO3) 

purchased from Sisco Research Laboratories Pvt. Ltd. was used as the precursor. Phosphoric 

acid (H3PO4, 85 wt. % in H2O) was purchased from Thomas Baker (Chemicals) Pvt. Ltd. 

Activated Carbon (AC, YP-80F) used in this study was procured from Kuraray Chemical Co., 

Japan. Carbon black (Super P®) was purchased from Alfa Aesar and used as the conductive 

electrode additive. Polyvinylidene difluoride (PVdF, Kynar®) was used as the electrode binder 

and Grafoil® (GrafTech) was used as the current collector substrate on which the electrode 

materials were coated. For the preparation of the electrode-slurry, N-methyl-2-pyrrolidone 

(NMP) was used as the solvent. Zinc-metal foils (50 µm) and glass fibre (Grade GF/F) were 

supplied by Global NanoTech Pvt. Ltd. The laboratory-grade UV chamber used for 

polymerization contains 8 fluorescent lamps in a metallic chamber (Model: OSRAM L BL 

UVA 15 W/78).         

5.2.2 Preparation of polymer electrolyte membranes 

In a typical synthesis procedure, a bulk solution containing 30 wt. % of the acrylate 

monomers (PEGDA: PEGMA: HPA in the ratio of 1: 9.5: 9.5 by weight) in PC was prepared. 

Here onwards, the aforementioned bulk solution is termed as PMH-C-3070. Later, PMH-C-

3070 was used to prepare 5, 10, 15, and 20 wt. % of Zn(OTF)2 salt solutions which are further 

on represented as PMH-C-3070-x. Here, ‘x’ represents the wt. % of the zinc salt present in the 

PMH-C-3070 stock-solution. Later, the reactive or precursor solution was prepared from PMH-
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C-3070-x stock solution with 5 wt. % of the HMPP initiator. Hence, the formed reactive 

mixture was cast between two Mylar Films, soon this setup was subjected to UV-irradiation 

for 15 min (Figure 5.1b). Depending on the wt. % (‘x’) of the Zn(OTF)2 salt in the PMH-C-

3070-x solution, the obtained polymer electrolytes (ZIP) are termed as ‘ZIP-x’. In Table 5.1, 

the composition of ZIP-x samples along with their [O]/[Zn2+] ratio is provided in detail. ZIP-0 

membrane as well as 0.08 m solution of Zn(OTf)2 in the PC-based liquid electrolyte 

(represented as ‘liquid’) is also used for several comparison studies. 

Table 5.1. Composition of the ZIP-x samples along with their corresponding [O]/[Zn2+] ratio. 

* [O] = number of moles of oxygen and [Zn2+] = number of moles of Zn2+-ions. Reprinted 

(adapted) with permission from (Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 

John Wiley & Sons, Ltd. 

 

 

 

 

 

 

 

5.2.3 Synthesis of vanadyl phosphate cathode (VOPO4. 2H2O) 

VOPO4. 2H2O nano-sheets were synthesized by adopting a simple reflux method. 

Ammonium metavanadate was used as the precursor for the synthesis. In a typical method, 1.5 

g of NH4VO3 was dissolved in a mixture of H3PO4 and deionized water (13.30 ml and 6.77 ml 

respectively) followed by sonication for 20 min. This mixture was later transferred into a 250 

ml round-bottom flask. The solution was refluxed with constant stirring at a temperature of 

110oC for 16 h. After the completion of the reaction, the color of the solution was changed 

from orange to greenish-yellow. The obtained material was later washed thrice in a centrifuge 

at 1000 rpm, for 5 min. The collected material was filtrated and dried overnight. The scheme 

adopted for the synthesis of VOPO4. 2H2O and the digital image of the final product obtained 

are presented in Figure 5.5. 

5.2.4 Electrode coating and fabrication of zinc-metal cells 

Polymer electrolyte-based lab-scale non-aqueous zinc-metal battery (ZMPB) and non-

aqueous zinc-metal hybrid polymer supercapacitor (ZMPS) cells were prepared by using 

VOPO4. 2H2O (VOPO4) and activated carbon (AC) as the cathodes, respectively. The cathode 

electrode is composed of active material (AC or VOPO4), binder (PVdF), and carbon black as 

Sample 
PEGDA 

(wt. %) 

PEGMA 

(wt. %) 

HPA 

(wt. 

%) 

PC 

(wt. 

%) 

HMPP 

(wt. 

%) 

Zn(OTf)2 

(wt. %) 

molality 

(m) 

*[O]/[Zn2+] 

ratio 

ZIP-5 1.35 13 13 63.18 5 4.5 0.13 199 

ZIP-10 1.28 12.2 12.2 59.85 5 9.5 0.28 89 

ZIP-15 1.21 11.5 11.5 56.53 5 14.25 0.46 56 

ZIP-20 1.14 10.83 10.83 53.20 5 19 0.65 40 
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Figure 5.3. (a) P-XRD profile of the obtained VOPO4. 2H2O sample; (b) and (c) show the 

FESEM images VOPO4. 2H2O at different magnifications; (d) the TEM image and (e) 

SAED pattern associated with the as synthesized VOPO4. 2H2O. Reprinted (adapted) with 

permission from (Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & 

Sons, Ltd. 

the conductive additive. For the preparation of the electrode, a slurry composed of the active 

material, PVdF, and Super P in a weight ratio of 90:5:5 in NMP solvent was prepared by probe 

sonication for 30 min. The obtained slurry was then cast on to a Grafoil substrate coated using 

a bar-coater followed by an overnight drying step at 60°C. Later, the coated electrodes were 

subjected to hot-pressing at 60°C for 15 min for ensuring an effective packing and integration 

of the electrode material on Grafoil® substrate. AC and VOPO4. electrodes with high mass- 

loading values of 2 and 3 mg cm-2 were achieved, respectively. These electrodes are later used 

for the fabrication of ZMPBs and ZMPSs by in situ process. 
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The fabrication of ZMPBs and ZMPS cells was carried out by means of an in situ 

process. The details are schematically represented in Figure 5.2. In this process, the polymer 

electrolyte precursor solution (reactive solution of ZIP-20) was directly coated over the 

electrode surface and subjected to UV-irradiation for 15 min. The formed polymer electrolyte 

integrated electrode is termed as ‘i-electrode’ where ‘i’ refers to the in situ polymerization. 

Later, circular discs of i-electrode (11 mm diameter) were punched out and used for the 

fabrication of ZMPB or ZMPS against a Zn-metal anode (11 mm diameter) in a CR2032 coin-

cell (two-electrode assembly). In these cells, the in situ generated polymer electrolyte plays the 

role of the separator as well. The in situ processed zinc-metal cells are denoted by VOPO4|i-

ZIP-x|Zn or AC|i-ZIP-x|Zn, where ‘i-ZIP-x’ represents the ZIP generated in the in situ process 

with ‘x’ wt.% of zinc-salt. 

For comparison purposes, ZIP film- and liquid electrolyte-based zinc-metal cells were 

also prepared. The ZIP film-based ZMPB is represented as VOPO4|ZIP-x|Zn. They are 

prepared by keeping the ZIP film between the respective electrodes (Zn and VOPO4) in a 

CR2032 coin-cell assembly. In the case of the liquid electrolyte-based cells (represented as 

VOPO4|liquid|Zn), a glass-fiber separator soaked in 0.08 m Zn(OTf)2/PC was used for the cell 

fabrication in the CR2032 coin-cell assembly. 

5.2.5 Characterization methods and techniques  

Differential scanning calorimetry (DSC) analysis was carried out using the Discovery 

DSC 2500, instrument (TA instruments). The DSC samples were prepared out in a dry room 

to minimize moisture uptake and contamination. The samples were first cooled down from the 

temperature of 25 to −150°C followed by heating up to 150°C. The cooling and heating steps 

were conducted at a scan-rate of 10°C min-1. All the processes were carried out under 

continuous helium flux. From the DSC thermograms, the glass transition temperature (Tg) 

values of the respective specimens were extracted.  

The morphology of the VOPO4. 2H2O sample was analyzed with a field emission scanning 

electron microscope (FESEM) instrument (Nova Nano SEM 450). Powder X-ray diffraction 

(P-XRD) data of the same samples were collected using a Rigaku, MicroMax007HF with a 

high-intensity Microfocus rotating anode X-ray generator in the 2θ range between 2° and 80° 

(Cu Kα (α = 1.54 Å)). A Tecnai T-20 instrument equipped with energy-dispersive X-ray 

spectroscopy (EDS) detector was used for the transmission electron microscopy (TEM) 

imaging (accelerating voltage of 200 kV). For characterizing the surface morphology of the  
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Figure 5.4. XPS profiles of the VOPO4. 2H2O sample representing the regions indicating the 

presence of (a) V, (b) P, and (c) O. Reprinted (adapted) with permission from (Small, 2020, 

vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

polymer electrolyte membranes, environmental SEM (ESEM) analysis was carried out with a 

Quanta 200 3D instrument. 

Uni-axial and compression studies of the polymer electrolytes were carried out using a 

universal testing machine (UTM) (Model: Instron 5943, Instron Ltd., MA, USA), equipped 

with 1 kN load cell. For this purpose, the polymer electrolytes (ZIP-x) were prepared in the 

cylindrical form with 15 mm diameter and 12 mm height. A cross-head speed of 2 mm min-1 

is fixed to carry out the uni-axial compression measurements, until a fracture was detected. 

Compressive stress and strain were recorded, calculated, and plotted for every sample. Young’s 

modulus was measured from the initial slope of the stress-strain curve. Toughness characterizes 

the work required to fracture the sample per unit volume, was calculated from the area below 

the stress-strain curve until fracture. 

Non-destructive 3D micro-tomography imaging of the electrodes was performed by X-ray 

micro-computed tomography (micro-CT) using Xradia Versa 510 X-ray Microscope (Zeiss X-

ray Microscopy, USA). The electrodes were kept in between the X-ray source and detector 
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assembly. The detector assembly consists of a scintillator, objective lens, and a CCD camera. 

The X-ray source was ramped up to 50 kV at 3 W. The tomographic image acquisitions were 

completed by acquiring 3201 projections over 360° of rotation with a pixel size of 1.7 microns. 

Besides, projections without the samples in the beam (reference images) were also collected 

and averaged. The filtered back-projection algorithm was used for reconstruction of the 

projections to generate two-dimensional (2D) virtual cross-sections of the specimens. Image 

processing software, Dragonfly Pro Version 3.6 (Object Research Systems, Montreal, Canada) 

was used to generate a volume-rendered three-dimensional (3D) image of the electrodes after 

de-noising 2D images with appropriate image filters. 

Electrochemical impedance spectroscopy (EIS) analysis in a Biologic VMP-3 

potentiostat was used to determine the ionic conductivity of the ZIP-x membranes. To do this, 

the ZIP-x membranes (area 1.34 cm2) were placed between two stainless steel blocking 

electrodes in a CR2032-coin cell assembly. Before the EIS analysis, the cells were placed 

inside a climatic chamber (ESPEC SH-241). The measurements were carried out in the 

temperature range of 10°C and 60°C, and in the frequency range of 1 MHz to 1 Hz, at open-

circuit voltage (OCV). The impedance responses were taken at every 10°C interval by 

maintaining the temperature equilibrium for 2 h. To calculate the ionic conductivity (, S cm-

1), the Equation 5.1 was used,1 where ‘Rb’ is the bulk resistance, ‘l’ is the thickness, and ‘A’ is 

the area of the sample. 

 

𝝈 =  𝒍𝑨−𝟏𝑹𝒃
−𝟏      (Equation 5.1) 

 

Vogel–Tamman–Fulcher (VTF) equation (Equation 5.2) was used to fit the ionic 

conductivity values obtained at various temperatures.2 The VTF equation is significant in 

polymer electrolytes since it provides insights into the relationship between the viscosity and 

the temperature near the Tg of the polymer matrix. 

 

𝝈 =  𝑨 𝐞𝐱𝐩(−
𝑬𝒂

𝑹(𝑻−𝑻𝒐)
)     (Equation 5.2) 

where A is the pre-exponential factor related to charge carrier concentration, ‘σ’ is the ionic 

conductivity, ‘Ea’ is the activation energy (Ea
VTF), ‘R’ is the gas constant, ‘T’ is the 

experimental temperature and ‘T0’is the temperature which is 50 °C below the Tg. 

The oxidation stability (anodic stability) of the ZIP-x membranes and the liquid 

electrolyte were evaluated by linear sweep voltammetry (LSV), and the reduction stability 
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(cathodic stability) by employing the cyclic voltammetry (CV) technique using a potentiostat 

(VMP3, Biologic). In both the measurements, a scan rate of 0.1 mVs-1 was employed. The LSV 

tests were run between OCP and 3.0 V vs. ZnZn2+, where stainless steel (SS) was used as the 

working electrode (SSZIP-xZn and SS|liquid|Zn). Later, a tangent was plotted and the anodic 

stability values were determined from the onset of a continuous current flow. Similarly, the CV 

was carried out between OCP and -0.26 V vs. Zn|Zn2+ with SS as the working electrode 

(SS|ZIP-x|Zn). In both cases, Zn-metal was used as the reference electrode. Galvanostatic zinc 

plating/stripping measurements were carried out in a symmetric cell with a configuration of 

Zn|ZIP-x|Zn. All the measurements were carried out at 27oC at a current density of 0.1 mA cm-

2 (0.5 h for Zn-plating and 0.5 h for Zn-stripping).  

The ZMPB and ZMPS devices fabricated by the in situ processes were subjected to 

electrochemical characterizations in VMP3, Biologic potentiostat. The galvanostatic charge-

discharge (GCD) and CV studies of the ZMPB cells were carried out between 0.50 to 2.0 V. 

In the case of ZMPS, the same studies were carried out in the range of 0.20 to 2.0 V. Here also, 

all the studies were conducted at 27oC. The specific capacity of the ZMPBs and ZMPSs was 

normalized with the mass-loading of the active cathode material. 

5.3 Results and discussion 

  As shown in Figure 5.1b, we use a reactive mixture consisting of three 

types of acrylate monomers viz., 2-hydroxy-3-phenoxypropyl acrylate (HPA), 

poly(ethylene glycol) diacrylate (700 Da, PEGDA), and poly(ethylene glycol) methyl 

ether methacrylate (1100 Da, PEGMA) in the presence of zinc salt (zinc 

trifluoromethanesulfonate, Zn(OTf)2), active plasticizer/solvent (PC), and a photo-

initiator (2-hydroxy-2-methylpropiophenone (HMPP). The reactive mixture, when 

subjected to an irradiation of UV-light, undergoes free-radical polymerization leading 

to a three-dimensionally cross-linked terpolymer network (see the schematic of ZIP 

structure in Figure 5.1b) to give rise to a series of ZIPs (ZIP-x, where ‘x’ refers to the 

wt.% of the zinc-salt in each ZIPs) with solid-like characteristics (see the photograph of 

the free-standing membrane in Figure 5.1b).  
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Figure 5.5. The scheme adopted for the synthesis of the VOPO4. 2H2O nano-sheets. The digital 

image of the obtained sample is also provided. Reprinted (adapted) with permission from 

(Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

  The compatibility of the acrylate monomers such as HPA with PC to be used in 

lithium-ion conducting based polymer electrolyte systems is already explored in our 

previous works as well as by several other researchers.29, 30 Indeed, high molecular 

weight acrylate monomers such as PEGMA is already known to internally plasticize the 

polymer matrix.31 Similarly, the di-functionalized monomer (PEGDA) acts as a 

crosslinker, which contributes to the free-standing nature, maneuverability, and 

plasticizer retention, resulting in the formation of a stable and leak-free polymer 

electrolyte.30 Additionally, it is found that the acrylate monomers facilitate the solubility 

of the Zn(OTf)2 salt in the polymer matrix, which is otherwise less-soluble when PC 

alone is used as a solvent. For example, the reactive mixture could be employed to 

realize a bulk solution with the zinc-salt concentration as high as ca. 0.65 m, whereas 

the concentration is restricted to ca. 0.08 m when PC alone is used for solubilizing the 

zinc salt (concentration of Zn(OTf)2 in various ZIPs along with [O]/[Zn2+] ratio is 

tabulated in Table 5.1). This difference in solubility proves that PC alone is not a 

suitable solvent for Zn(OTf)2, however, in the presence of a suitable co-solvent such as 

the ether-based acrylate oligomers, the solubility can be improved.32 Indeed, such an 

approach can provide an opportunity to realize ZIPs. 
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Figure 5.6. (a) ATR-FTIR spectra representing the absence of the -C=C- peak for the 

crosslinked ZIP-x specimens compared to the unreacted reactive mixture; SEM images 

of the ZIP-x membranes: (b) ZIP-5, (c) ZIP-10, (d) ZIP-15, and (e) ZIP-20. Reprinted 

(adapted) with permission from (Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 

John Wiley & Sons, Ltd. 

  The conversion of the reactive mixture to a crosslinked polymer electrolyte is 

directly achieved over the electrode surface during the fabrication of ZMPB/ZMPS by 

the in situ process (Figure 5.2). The polymerization over the electrode helps in 

achieving conformally coated ZIPs that are integrated into the electrode (called ‘i-

electrode’), which is available soon after the process, hence, can be employed directly 

for the cell fabrication. This method simplifies the device fabrication, at the same time, 

improving the electrode|electrolyte interface and related electrochemical 

performance.33-35 Note that, here, the term ‘electrode|electrolyte interface’ refers to the 

contact between the electrode and electrolyte inside the electrochemical cell and within 

the electrode. When the electrode under consideration is the cathode, it can be called as 

‘cathode|electrolyte interface.’ A good electrode|electrolyte interface always indicates 

to intimate and extended contact between the electrode and electrolyte, which is highly 

desirable for maximum active material utilization and optimum electrochemical 

performance. 

 As displayed in Figure 5.2, the reactive mixture containing monomers and oligomers 

being in a liquid-state can easily infiltrate into the bulk and sub-micro regimes of the 

electrode material. During UV-curing, the regions accessed by the reactive mixture will 

be converted into ZIP; thus, an intimate cathode|electrolyte interface is ensured. Such 
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Figure 5.7 (a) Stress vs. strain plots associated with the ZIP-x samples showing the 

mechanical properties under compression mode; (b) DSC profiles of the ZIP-x 

membranes; (c) plots representing Young’s modulus and toughness of ZIPs under 

investigation. Reprinted (adapted) with permission from (Small, 2020, vol. 16, no 35, p. 

2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

interface integrity cannot be achieved if the ZIP is prepared as a separate film and then 

assembled in the sandwich configuration as it is the case with the conventional approach, 

where a cathode, an electrolyte, and an anode are kept one over the other. This 

conventional approach is popularly known as the ‘ex situ process’, and in this work, the 

ZIP film-based electrode is called as the ‘e-electrode’. The cathode|electrolyte interface 

in an e-electrode is also displayed in Figure 5.2. 

  To fabricate ZMPB and ZMPS, vanadyl phosphate (VOPO4) and commercially 

available AC (with a surface area of ≈ 2200 m2 g-1, which is enriched with nano- and 

micro-pores) is used as the cathode materials, respectively.29, 34 The high-voltage 

operability of VOPO4 in ZMBs is recently receiving attention owing to the presence of 

the phosphate group linked to vanadium-ion center, which is reported to expand the 

cation intercalation voltage (due to inductive effect) compared to oxides.36-38 Here, the 

synthesis of VOPO4 is performed using a simple reflux method. The powder X-ray 
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Figure 5.8. (a) Ionic conductivity vs. temperature plots associated with the ZIP-x 

membranes between 10 and 60°C; (b) Vogel–Tammann–Fulcher (VTF) fit of the ionic 

conductivity vs. temperature data using Equation 5.2 for the calculation of activation 

energy (Ea
VTF); voltammetric determination of (c) oxidation stability of the ZIP-x 

membranes and (d) liquid electrolyte; (e) voltammetric determination of reduction 

stability of ZIP-x membranes. Reprinted (adapted) with permission from (Small, 2020, vol. 

16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

diffraction (PXRD) profile obtained for the synthesized powder is displayed in (Figure 

5.3a). The peaks representing the (001), (011), (002), (012), (020), and (021) planes 

match with the previous reports confirming the formation of the VOPO4.2H2O 

phase.36,39 Field emission scanning electron microscope (FESEM) images of the as-

synthesized VOPO4. 2H2O sample are shown in Figure 5.3b and c. From the FESEM 
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Figure 5.9. (a) Galvanostatic plating/stripping profiles of the ZIP-x (x = 10, 15, and 

20) membranes in symmetric Zn||Zn cell, where the voltage vs. time behavior at 2nd, 

75th, and 140th cycles are shown in the corresponding insets; (b) Voltage vs. time profile 

obtained from the long-term galvanostatic plating/stripping process of a Zn|ZIP-5|Zn 

cell at a current density of 0.1 mA cm-2. Reprinted (adapted) with permission from (Small, 

2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

images, it is clear that the synthesized VOPO4. 2H2O possesses nanosheet-like 

morphology. In addition to the FESEM images, the transmission electron microscopy 

(TEM) image and the bright spots in the selected area electron diffraction (SAED) 

pattern (Figure 5.3d and e, respectively) further confirm the layered nature and high-

crystallinity of the sample, respectively. Finally, the oxidation states of the various 

elements in VOPO4. 2H2O is confirmed through X-ray photoelectron spectroscopy 

(XPS) analysis (Figure 5.4a-c). The peaks at 519.1 (V2p3/2) and 526.5 eV (V2p1/2) 
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correspond to the V5+ oxidation state, and if one closely observes, a small quantity of 

V4+ can also be observed (peak at 517.2 eV).36, 40 Similarly, the peak at 134.2 eV is 

associated with the P2p energy level indicating a pentavalent tetra-bonded P.40 The peak 

originating from the oxygen O2p energy level at 531.9 eV is also visible (for further 

clarity, the scheme adopted for the synthesis of VOPO4 is also presented in Figure 

5.5).41 

The completion of the polymerization of the reactive mixture is confirmed through 

ATR-FTIR analysis (Figure 5.6a). The absence of the −C=C− peak in the case of the ZIP-x 

specimens indicates the complete conversion of the monomers to the polymers. The surface 

morphology of the ZIP-x membranes is studied by environmental SEM (ESEM) analysis, and 

it was observed that the low-salt containing membranes such as ZIP-5 (Figure 5.6b) and ZIP-

10 (Figure 5.6c) possess a wrinkled surface. A gradual increase in the salt content, as in the 

case of ZIP-15 and 20 (Figure 5.6d and 5.6e, respectively), rather transformed their surface 

micro-structure from wrinkled to smooth. 

Table 5.2. Summary of ionic conductivity (σ), Tg, and activation energy (Ea
VTF) values 

of the entire series of the ZIP-x samples. Reprinted (adapted) with permission from (Small, 

2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd.  

 

  From the compressive stress vs. strain plots (Figure 5.7a), ZIP-20 is found to 

exhibit the highest compressive strength with 70% and 30 % increase in compressive 

stress and strain, respectively, compared to that of ZIP-5. The compressive strength 

values associated with all ZIPs under investigation are summarized in Table 5.2. From 

the differential scanning calorimetry (DSC) analysis (Figure 5.7b), no peaks 

corresponding to crystallization (Tc) are observed, which indicates that the ZIPs are fully 
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Figure 5.10. FESEM images of (a) the pristine zinc-metal surface; working electrodes 

retrieved from the (b) Zn|ZIP-5|Zn, (c) Zn|ZIP-20|Zn, d) Zn|ZIP-10|Zn, and e) Zn|ZIP-15|Zn 

cells after the galvanostatic plating/stripping experiments. Reprinted (adapted) with 

permission from (Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & 

Sons, Ltd. 

amorphous. Amongst the investigated ZIP samples, the Tg of ZIP-0 is found to be as 

low as -106oC. Interestingly, with the gradual addition of zinc-salt into the polymer 

matrix, the Tg values increased up to -92°C for ZIP-20 (Table 5.2). This increase (of 

14°C) in Tg is observed due to the complexation interactions between the functional 

groups (carbonyl groups and ethylene oxide moieties) of polymer chains and Zn2+ 

ions.42, 43 Such interactions bring the polymer chains closer to each other, hence 

providing an increased degree of order and rigidity within the electrolyte matrix, unlike 

a salt-free ZIP-0 sample. These polymer and cation interactions can reinforce the ZIP 

samples from breaking when they are subjected to external pressure, as reflected from 

the high compressibility observed for ZIP-20 (Figure 5.7a). Additionally, Young’s 

modulus and toughness of the ZIPs are also compiled and presented in Figure 5.7c. All 

these data indicate the improved mechanical stability of ZIPs with an increase in the 

zinc-salt concentration.   
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Figure 5.11. Electrochemical characterization of the fabricated ZMPB cell (VOPO4|i-

ZIP-20|Zn) by in situ process: (a) the CV profiles recorded at various scan-rates, (b) 

voltage vs. specific capacity plots obtained from the GCD measurement recorded at 

various current-densities, (c) long-term cycling stability data recorded at a current 

density of 0.20 Ag-1 for the three types of the VOPO4 based ZMPB cells where, the liquid 

electrolyte soaked membrane, ZIP-20, and i-ZIP were used as the electrolytes along 

with their respective Coulombic efficiencies, and (d) Nyquist plots obtained from the 

EIS analysis of the VOPO4|liquid|Zn, VOPO4|ZIP-20|Zn and VOPO4|i-ZIP-20|Zn cells 

with the corresponding Randles equivalent circuit model fit. R1, R2, and R3 in the 

equivalent circuit model represent bulk resistance (Rb), interfacial resistance (Ri), and 

charge transfer resistance (Rct), respectively. Q1, Q2, and Q3 represent the constant-

phase element components used in the equivalent circuit for the fit; volume rendered 3D 

Computed Tomography (CT)-images representing the cathode|electrolyte interface in 

the (e) i-electrode of a VOPO4|i-ZIP-20|Zn cell and (f) the e-electrode of a VOPO4|ZIP-

20|Zn cell. Reprinted (adapted) with permission from (Small, 2020, vol. 16, no 35, p. 

2002528). Copyright © 2020 John Wiley & Sons, Ltd. 
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Figure 5.12. Volume rendered 3D CT-image representing the components of the pristine 

VOPO4 electrode. Reprinted (adapted) with permission from (Small, 2020, vol. 16, no 35, p. 

2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

Ionic conductivity (σ) measurements of the ZIP samples are performed at 

temperatures ranging from 10 to 60oC. The σ vs. temperature plot is presented in Figure 

5.8a. A ZIP with low Tg value is always preferred since the amorphous regions in a 

polymer electrolyte facilitate ion conduction by an improved segmental motion of the 

polymer chains.35, 44 This criterion is satisfied in the case of ZIPs as they exhibit a very 

low Tg value of < -90oC (Table 5.2). Despite exhibiting the lowest Tg value, the ionic 

conductivity possessed by ZIP-5 at 30oC is as low as 0.8 mS cm-1 due to the very low 

salt content present in it. Hence, a synergistic combination of low Tg value and moderate 

salt concentrations are preferable for achieving high ionic conductivity in ZIPs. It is 

worth mentioning that ZIP-10, 15, and 20 exhibits almost similar σ values (1 mS cm-

1) at 30oC (Table 5.2). The concomitant increment in Tg value as a function of an 

increase in the salt concentration is responsible for such a minimal improvement in the 

σ of ZIP membranes irrespective of the high-salt content as we move from ZIP-10 to 

ZIP-20.   

  Followed by the temperature-dependent ionic conductivity measurements, the 

obtained data is subjected to Vogel-Tamman-Fulcher (VTF) fit (Figure 5.8b) to 

determine the activation energy (Ea
VTF) for ion conduction.35, 44 ZIP-5 exhibits the 

lowest Ea
VTF value of 6.31 kJ mol-1, whereas a slight increment in Ea

VTF values is 

observed for the other ZIPs as a function of the increase in salt content (Table 5.2). The 

segmental motion of the polymer chains facilitates the ion species transport from one 

site to another, which helps in reducing the activation energy for ion conduction  
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Figure 5.13. GCD plots representing the 1st and 50th cycle capacity of the (a) VOPO4|i-ZIP-

20|Zn, (b) VOPO4|ZIP-20|Zn, and (c) VOPO4|liquid|Zn cells. Reprinted (adapted) with 

permission from (Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & 

Sons, Ltd. 

compared to the simple hopping mechanism. The slight increment in the Ea
VTF values 

for an increase in the salt content is associated with the reduced degree of polymer chain 

dynamics in the respective ZIPs. 

     The oxidation stability of the ZIPs is analyzed by linear sweep voltammetry 

(LSV), where, stainless steel (SS) was used as the working electrode in the SS|ZIP-x|Zn 

cell configuration. All the ZIP- x membranes exhibited an anodic stability value of ≈ 2.5 

V vs. Zn|Zn2+ (Figure 5.8c). The obtained oxidation stability values are matching with 

that of the nonaqueous liquid electrolyte (0.08 m Zn(OTf)2 in PC, Figure 5.8d). 

Similarly, the reduction stability (SS was used as the working electrode in the SS|ZIP-

x|Zn cell configuration) of the ZIP-x membranes is also determined, and well-defined 

peaks corresponding to the plating and stripping of zinc-ions is observed (Figure 5.8e). 

Moreover, it can be seen that the plating/stripping current density is directly proportional 

to the amount of the zinc-salt present in ZIP-x. This higher current density proves that 

a high salt concentration in ZIP facilitates a higher amount of zinc-ion deposition or 

extraction during the plating/stripping process. This observation underlines the 
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formation of a better interface between zinc-metal and ZIP-20 as a result of a high 

amount of the salt present in it.  

The interfacial stability and compatibility of ZIPs against the zinc-metal electrodes are 

further validated by the constant current (galvanostatic) plating/stripping experiment in a 

Zn|ZIP-x|Zn cell (Figure 5.9a). Compared to the cells with low salt content (ZIP-5 to 15, the 

plating/stripping profile associated with the Zn|ZIP-5|Zn cell is separately presented in  Figure 

5.9b), the Eov value associated with the ZIP-20 based cell in the 2nd cycle is found to be only 

300 mV, which remained steady for more than 195 cycles. The gradual increase in the Eov 

values with an increase in the number of the plating/stripping cycles implies that the low-salt 

ZIPs are not able to maintain a stable solid electrolyte interphase (SEI) layer with the zinc-

metal surface. Additionally, for the ZIP-5, 10, and 15 samples, a gradual appearance of voltage-

spikes is observed during the plating process, which is absent in the case of ZIP-20 throughout 

the cycling. Such voltage-spikes can be attributed to the uneven zinc-deposition leading to the 

formation of pores on the surface of the metal electrodes. Hence, it can be concluded that ZIP-

20 displays superior interfacial stability against the zinc-metal surface for many numbers of 

the plating/stripping cycles, which can be accredited to the presence of a higher and an optimum 

amount of the salt-content in it. 

 Additionally, the FESEM images of the surface of the zinc-metal working electrodes 

after the plating/stripping analysis are also collected. Smooth and uniform surface morphology 

of the pristine zinc-metal can be observed in Figure 5.10a. In the case of the Zn|ZIP-5|Zn cell 

(Figure 5.10b), the surface morphology of the working-electrode is rather irregular and porous, 

whereas, in the case of the Zn|ZIP-20|Zn (Figure 5.10c), a uniform zinc-metal deposition 

devoid of pores can be witnessed. In the case of Zn|ZIP-10|Zn (Figure 5.10d) and Zn|ZIP-

15|Zn (Figure 5.10e) cells, the nature of the zinc-metal deposition is inferior compared 

to that of the ZIP-20 membrane-based cell, where, a porous morphology is detected. As 

already mentioned, the voltage spikes are directly associated with the evolution of 

porous morphology on the zinc-metal surface when low-salt membranes are used as 

separators. Hence, it is concluded that among the ZIP-x membranes investigated, the 

ZIP-20 exhibits suitable features so that it can be used for the fabrication of ZMPBs and 

ZMPSs. 

  A ZMPB fabricated by the in situ process (as shown in Figure 5.2) is denoted as 

VOPO4|i-ZIP-x|Zn, where ‘i-ZIP-x’ represents the in situ generated ZIP with ‘x’ wt. % 

of the zinc-salt. The CV profiles of the VOPO4|i-ZIP-20|Zn cell recorded at various 
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scan-rates are presented in Figure 5.11a, which indicates that the VOPO4 cathode can 

be operated within a voltage window of 0.5-2.0 V vs Zn|Zn2+. The galvanostatic charge-  

Table 5.3. Performance comparison of the nonaqueous electrolyte-based zinc-metal 

batteries in the existing literature reports. Reprinted (adapted) with permission from (Small, 

2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

discharge (GCD) profiles of the VOPO4|i-ZIP-20|Zn cell are summarized in Figure 

5.11b. The cell displayed a high specific capacity of 78 mAh g-1 (at 0.05 Ag-1), which 

is comparable with several other nonaqueous liquid electrolyte-based ZMBs 

(summarized in Table 5.3). 15, 24, 25, 36, 45, 46 At the same current density, the cell delivers 

an Eav of 1.2 V with a specific energy density of 96 Wh kg-1 (the specific energy density 

values at different current densities are also presented in Figure 5.11b). Considering the 

high VOPO4 mass- loading of 3 mg cm-2, the obtained specific capacity, Eav, and energy 

density values are promising, especially when a non-lithium-based battery system is 

considered here. 

  Additionally, the cycling stability of the VOPO4|i-ZIP-20|Zn (Figure 5.11c) is 

compared with a cell using the liquid electrolyte (glass-fiber separator soaked in 0.08 m 

Zn(OTf)2/PC) and a ZIP film-based cell made by the ex situ process as in Figure 5.2. 

These cells are addressed as VOPO4|liquid|Zn, and VOPO4|ZIP-20|Zn, respectively. The 
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VOPO4|i-ZIP-20|Zn cell is operated for more than 100 cycles; in particular, the cell 

demonstrated a specific capacity retention of 63% over 50 GCD cycles at 0.20 Ag-1. 

However, in the liquid electrolyte and the ex situ cases, the cycling stability, as well as 

the specific capacity values, are found to be far inferior to the VOPO4|i-ZIP-20|Zn cell. 

The low cycling stability of VOPO4 in the liquid electrolyte is similar to the previous 

report from Verma et al., which also emphasizes the importance of the electrolyte tuning 

for achieving improved cycling stability by imparting structural integrity to the cathode 

materials.36 Here, the better electrochemical performance associated with the VOPO4|i-

ZIP-20|Zn and VOPO4|ZIP-20|Zn cells confirms the strength displayed by the polymer 

electrolytes in improving the electrochemical performance of the nonaqueous ZMBs.  

  The improved electrochemical performance of the VOPO4|i-ZIP-20|Zn cell is 

further rationalized by electrochemical impedance spectroscopy (EIS) analysis (the 

Nyquist plots of the cells at an OCV of 0.5 V after the completion of the two discharge 

cycles are reported between 1 MHz to 100 mHz). The impedance spectra are fitted with 

Randles equivalent circuit model, and the corresponding circuits, curves, and values are 

summarized in Figure 5.11d and Table 5.4. Here, Rb (bulk resistance) denotes the 

equivalent series resistance (ESR) of the electrochemical cell, whereas Ri and Rct 

represent the interfacial/interphasial and charge-transfer resistance values, respectively. 

The Rb value is mainly contributed by the electrolyte and Ohmic resistance of the cell 

components.47 The low Rb value associated with the VOPO4|liquid|Zn cell compared to 

Table 5.4. Summary of the Nyquist plots fitted with Randles equivalent circuit model for 

the various zinc-metal cells under investigation. Reprinted (adapted) with permission from 

(Small, 2020, vol. 16, no 35, p. 2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

 

the other cells is arising from the low-viscosity of the liquid electrolyte, which 

efficiently wet both the anode and cathode surfaces. If one compares the VOPO4|i-ZIP- 

 

 



CHAPTER 5 

 

 

186 AcSIR, CSIR-NCL | Vidyanand V 

Figure 5.14. Electrochemical characterization of the in situ processed ZMPS (AC|i-

ZIP-20|Zn) cell: (a) CV profiles recorded at various scan-rates, (b) voltage vs. specific 

capacity plots obtained from the GCD measurements recorded at various current-

densities, and (c) specific capacity vs. cycle number plots showing the long-term 

stability measured at a current density of  0.50 Ag-1 along with their Coulombic 

efficiencies; volume rendered 3D Computed Tomography (CT)-images of (d) the 

pristine AC electrode and (e) the cathode-electrolyte interface in the i-electrode of AC|i-

ZIP-20|Zn cell. Reprinted (adapted) with permission from (Small, 2020, vol. 16, no 35, p. 

2002528). Copyright © 2020 John Wiley & Sons, Ltd. 

20|Zn and VOPO4|ZIP-20|Zn cells, the Rb value is low for the former owing to a better 

cathode|electrolyte interface achieved in the in situ process (Figure 5.2).  

  The Ri value is mainly associated with the interfacial/interphasial stability of the 

anode which is formed when the electrolyte comes in contact with the anode. Indeed, 
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many reports suggest the relationship of Ri with the solid SEI layer at the anode.47-49 As 

already proved from the plating/stripping experiments, the stability of the SEI layer over 

the zinc-metal anode depends on the concentration of the zinc-salt used in the 

electrolyte. Therefore, a low Ri value associated with a ZIP-based zinc-metal cell is 

attributed to a high concentration of the zinc-salt (≈ 0.65 m) compared to the liquid 

electrolyte (≈ 0.08 m). The Rct value is generally correlated with the charge-transfer 

reactions taking place at the electrode|electrolyte interfaces. To retain a low Rct value, 

the electrolyte infiltration should be extended to the bulk and sub-micro regimes of the 

electrode material. As mentioned above, the in situ process ensures an efficient 

cathode|electrolyte interface, which is comparable to that of a conventional liquid 

electrolyte. This improved and extended contact between the electrode and electrolyte 

helps in achieving low Rct values for VOPO4|i-ZIP-20|Zn and VOPO4|liquid|Zn cells, 

whereas the VOPO4|ZIP-20|Zn configuration displays about three-times higher Rct value 

(Table 5.4). Ultimately, the better electrochemical performance, as observed in the case 

of the in situ fabricated ZMPB, is supported by a better cathode|electrolyte interface in 

combination with a high ion-conducting ZIP that possesses an optimum zinc-salt 

concentration, all the while imparting structural stability to the active electrode 

materials. 

  The cathode-electrolyte interface in VOPO4|i-ZIP-20|Zn and VOPO4|ZIP-20|Zn 

cells is further visualized by using computed tomography (CT)-imaging (Figure 5.11e 

and f) technique. The three layers viz., current collector, VOPO4, and i-ZIP-20 are visible 

in the i-electrode represented in Figure 5.11e. Additionally, the magnified region 

indicates an intimate cathode-electrolyte interface developed between VOPO4 and the i-

ZIP-20 as a beneficial result of the in situ process. On the other hand, an inferior 

cathode|electrolyte interface, as observed in the case of ZIP-20 film-based cell (the ex 

situ process), which is evidenced by the CT-image represented in Figure 5.11f. In the 

magnified region, several pits are observed at the interface between the ZIP-film and 

the electrode materials (marked in green circles), unlike the smooth cathode|electrolyte 

interface achieved in the former (VOPO4|i-ZIP-20|Zn). For further clarity, the volume-

rendered 3D CT-image of a pristine electrode is shown where the current collector, as 

well as the coating of VOPO4 active materials, are distinguishable from one another 

(Figure 5.12). The GCD plots representing the change in specific capacity of VOPO4|i-

ZIP-20|Zn, VOPO4|ZIP-20|Zn, and VOPO4|liquid|Zn cells at 1st and 50th cycles are also 

presented in Figure 5.13a-c. 
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   AC-based electrodes with a mass-loading of 2 mg cm-2 are used for in situ 

fabrication of ZMPS. The cyclic voltammetry and GCD profiles of the in situ fabricated 

AC|i-ZIP-20|Zn polymeric hybrid supercapacitors are summarized in Figure 5.14a and 

b, respectively. ZMPS displays a specific capacity of 60 mAh g-1 at 0.05 Ag-1 and retains 

≈87% of the initial capacity over 600 cycles at a high current density of 0.5 Ag-1 (Figure 

5.14c). The high cycling stability of ZMPS compared to ZMPB is due to the difference 

in the type of electrochemistry occurring at the active cathode materials. In the former 

case, the simple adsorption-desorption process facilitates high-cyclic stability similar to 

a conventional supercapacitor, whereas the redox reactions in the latter result in faster 

degradation of the electrode materials, leading to reduced cycling stability as in the case 

of the pseudocapacitors/batteries.50 Also, the effectiveness of the cathode|electrolyte 

interface in the in situ processed ZMPS is proved by employing CT-imaging. Figure 

5.14d represents the volume-rendered 3D CT-image of the pristine AC electrode where 

the AC-layer and the current collectors are visible. When an AC-based i-electrode is 

considered (Figure 5.14e), an intimate electrode|electrolyte interface similar to the 

VOPO4-based i-electrode can be achieved. At higher magnification, the extension of i-

ZIP-20 into the bulk-regimes of the AC can be discerned (marked in green). These 

results further indicate the robustness of the in situ process in improving the interfacial 

contact between the electrode and electrolyte, and active material utilization, which 

results in facilitating a better overall electrochemical performance. 

5.4 Conclusion 

  In conclusion, this work represents the easy and scalable preparation of 

crosslinked polymer electrolytes that can be used for the fabrication of nonaqueous zinc-

metal cells (batteries and hybrid supercapacitors). The synthesis of ZIPs is achieved in 

a single step using UV-light-induced photo-polymerization. This is the first report, 

which uses free-radical polymerization for the preparation of the zinc-ion conducting 

polymer electrolytes. The optimized ZIP possesses a high room temperature ionic 

conductivity in the order of ≈ 10-3 S cm-1 with excellent plating/stripping profiles for 

hundreds of cycles. The salt content in ZIPs is found to have an impact on the dendrite 

induced cell failure. Hence, the sample with 20 wt.% of the salt content displayed a 

comparatively stable and dendrite-free plating/stripping profile. Finally, the practicality 

of the ZIPs for the fabrication of ZMPB and ZMPS is demonstrated by utilizing the in 

situ process. This stands out as another novel aspect of the current work, where ZIPs are 

generated directly on the electrode surface in line with the device fabrication. Using 
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techniques such as EIS and CT analyses, it is proved that the in situ process improves 

the cathode|electrolyte interface in the zinc-metal cells. Ultimately, this study provides 

the scope for further improving the prospects of the zinc-based nonaqueous 

electrochemistry with the judicial tuning of the polymer electrolyte and tailor-made 

electrode materials. 
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Chapter 6 

Summary & Future Perspectives 

6.1 Summary 

The events reflected in this dissertation are presented in the four working chapters aligned with 

the core theme of designing polymer electrolytes for electrochemical energy storage devices 

(EEDs). Considering the contemporary importance and interest, two of the most important 

EEDs, viz., rechargeable batteries, and supercapacitors, are selected for the investigation. In 

the introductory chapter of this thesis (Chapter 1), the fundamental differences between the 

batteries and supercapacitors are stated with special emphasis on lithium-ion batteries (LIBs), 

lithium metal batteries (LMBs), zinc metal batteries (ZMBs), electric double layer capacitors 

(EDLCs) and pseudocapacitors. Considering the safety concerns associated with the 

conventional liquid electrolytes used in these devices, the inevitability of the imminent 

transition to solid-state electrolytes (SSEs) is thoroughly discussed. Among the SSEs, the 

discussion is confined to gel polymer electrolytes (GPEs) owing to their advantages related to 

the possibility of achieving a variety of ion conduction ranging from monovalent (Li+, Na+, 

etc.,) and multivalent (Zn2+, Mg2+, etc.,) cations or even proton (H+) and hydroxide ion (OH-). 

Compared to the all-solid-state-electrolytes (ASSEs) such as solid polymer electrolytes (SPEs) 

and inorganic solid electrolytes (ISEs), GPEs possess high ionic conductivity due to the 

presence of a certain amount of liquid phase present in them. In all the chapters, a simple and 

scalable method of direct conversion of a mixture of polymerizable monomers and liquid 

electrolytes to GPEs by ultraviolet (UV)-light induced photopolymerization is employed. The 

first chapter also discusses the restrictions imposed by SSEs (ISE pellets, SPE, and GPE films) 

in compromising the electrode|electrolyte interface in EEDs. To emulate the liquid electrolyte-

like electrode|electrolyte interface in the GPE-based supercapacitors and batteries, the thesis 

introduces the novel concept of the in situ process for the EED fabrication. In this method, the 

polymer electrolyte and electrode|electrolyte interface formation takes place in a single step in 

line with the EED fabrciation with the assistance of UV-curing. The significant achievements 

of this thesis as they appear in different working chapters are listed as follows: 

Water-in-acid Gel Polymer Electrolyte Realized through a Phosphoric Acid-Enriched 

Polyelectrolyte Matrix toward Solid-State Supercapacitors (Chapter 2) 

A proton conducting free-standing GPE membrane as an alternative to the conventional 

GPE solutions based on PVA is proposed in this work. It also introduced the concept of water-

in-acid GPEs in which conc. H3PO4 is entrapped in a polymer host exhibiting polyelectrolyte 
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character. The GPE was easily processed as a mechanically stable film and later used for 

polyaniline (PANI)-based supercapacitor fabrication. The UV-polymerized GPE was found to 

help in improving the cycling stability of the supercapacitor retaining 100% of the initial 

capacitance over 9000 continuous charge-discharge cycles. In the case of conventional PVA-

H3PO4 electrolyte (termed as acid-in-water due to a large amount of water used for dilution), 

the cycling stability of the supercapacitor device was far inferior to the water-in-acid 

counterparts. The flexible aspects of the GPE-based supercapacitor device and the enhanced 

shelf-life were also demonstrated. Ultimately, this work lays the foundation for this thesis 

inspiring further investigations on the UV-polymerized GPE towards better supercapacitor and 

battery devices. However, the GPE presented in this work was constrained by its low voltage 

window of < 1.23 V due to the presence of water/H+ ions demanding alternatives to be used 

with high-voltage supercapacitors. 

A High-Voltage Supercapacitor Possessing Nonaqueous Gel Polymer Electrolyte 

Prepared Using the In Situ Polymerization Process (Chapter 3) 

To overcome the limitations associated with the low voltage window of the proton 

conducting GPE introduced in Chapter 2, Chapter 3 conceived a nonaqueous GPE. The 

nonaqueous GPE could be operated beyond 2 V so that high-voltage EDLCs could be 

developed. The Li+-ion conducting GPE is prepared by UV-curing of an acrylate monomer 2-

hydroxy-3-phenoxypropyl acrylate (HPA) in the presence of a liquid electrolyte (propylene 

carbonate (PC)/LiClO4). The detailed investigation provided insights into the non-covalent 

cross-linking interactions contributing to the mechanical stability of the GPE. During the 

EDLC fabrication, this work successfully mimicked the electrode|electrolyte interface similar 

to that of a liquid electrolyte with a GPE, which is often difficult with the conventional SSEs. 

For this purpose, the direct generation of GPE over the porous carbon electrode is adopted by 

UV-curing. In this process, the electrolyte formation and the electrode|electrolyte interface 

generation taken place in a single step facilitating the maximum utilization of the electrode 

material. Therefore, the term in situ process is coined to represent this technique. Using the 

electrochemical and electron microscopy analyses, it was proven that the electrode|electrolyte 

interface offered by the in situ process is more or less similar to that of the liquid electrolyte 

and superior to the conventional GPE solutions based on PMMA/LiClO4 and other GPE films. 

The demonstration of the excellent electrochemical performance with high mass-loaded 

electrodes as well as the fabrication of flexible supercapacitor devices was also achieved by 

using the in situ process. 
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Dioxolanone Anchored Poly (Allyl Ether)-Based Cross-Linked Dual-Salt Polymer 

Electrolytes for High-Voltage Lithium Metal Batteries (Chapter 4) 

This chapter extrapolated the strategy of UV-light induced polymerization for the 

preparation of high-voltage Li+-ion conducting cross-linked GPEs (XPEs) for the LMB 

fabrication. Unlike the acrylate monomers used in Chapters 2 and 3, in this work, allyl ether 

monomers were employed for the XPE preparation. The structure of the polymer host consisted 

of dioxalanone tethered polyethylene chains crosslinked by poly (allyl ether) units. The novel 

XPE prepared using the above-mentioned novel polymer host exhibited varying 

electrochemical properties as a function of the amount and type of the Li-salt present in them. 

For instance, the high LiTFSI content helped in improving the oxidation stability of the XPE. 

The LiTFSI-based XPE (S-XPE, where ‘S’ refers to single-salt) exhibited stable cycling over 

120 cycles in LFP||Li full-cells (4 V at 60oC). However, to make them suitable to be used with 

high-voltage NCA cathode, a small amount of another salt (LiFSI) was introduced to the XPE. 

These XPEs were termed as (D-XPE, where ‘D’ refers to dual-salt). The D-XPE exhibited high 

oxidation stability of ≈ 4.3 V vs. Li|Li+ so that high-voltage LMBs (NCA||Li, 4.3 V) that are 

operable for over 1000 cycles could be developed. The excellent interfacial stability of the D-

XPE with Li-metal could be also proven by using Li-plating/stripping experiments. It is worth 

mentioning that most of the reported works on polymer electrolyte-based LMBs use low-

voltage cathodes (such as LFP) that are free from Ni and Co, whereas, the potential of the XPE 

to be used along with both low and high-voltage cathodes is demonstrated in this work.  

An In Situ Cross-linked Nonaqueous Polymer Electrolyte for Zinc-Metal Polymer 

Batteries and Hybrid Supercapacitors (Chapter 5) 

The final working chapter of this thesis explored the scope of realizing a nonaqueous 

zinc-ion conducting polymer electrolyte (ZIP) using the UV-polymerization method for 

application in ZMBs. Considering the rarely explored chemistry of the nonaqueous ZMBs even 

in liquid electrolytes, the mentioned work is a solid leap towards the development of futuristic 

ZMBs. The room temperature ionic conductivity of the ZIP was in the order of 10-3 S/cm. The 

ZIP displayed high oxidation stability beyond 2.5 V vs. Zn|Zn2+ along with high mechanical 

stability. In this chapter also, the in situ process is adopted to fabricate the ZMB full-cells to 

tune the electrode|electrolyte interface. The superior electrochemical performance of the in situ 

processed cell was proven by comparing it with the ZIP-film and liquid electrolyte-based cells. 

Also, this work employed the sophisticated technique of computed tomography (CT)-analysis 

to visualize the electrode|electrolyte, which could be extended to other EEDS in the future. 
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Apart from the ZMB (VOPO4||Zn), a hybrid supercapacitor device fabrication using the 

activated carbon as the electrode material is also shown (AC||Zn). 

6.2 Future perspectives 

The current thesis is an attempt to put forward the potential of the GPEs as a universal 

electrolyte that can be employed for various types of EEDs. The simple strategy of UV-light 

induced polymerization as it appears in the four working chapters of this thesis is expected to 

receive broad attention in the field of electrochemical energy storage and conversion devices.  

Although only three types of ion conduction involving H+, Li+, and Zn2+ are explored in the 

context of this thesis, the prospect of using the UV-light induced polymerization can be 

elaborated for developing GPEs or SPEs exhibiting other types of ion conduction as well. For 

example, apart from ZMBs, other post-lithium battery technologies (sodium-ion/metal 

batteries, magnesium-ion/metal batteries (MIBs), etc.,) also require polymer electrolytes 

exhibiting the desired type of ionic conductivity. The concepts developed during this thesis can 

be directly applied to the aforementioned devices as well. In the case of supercapacitors, the 

nonaqueous GPE demonstrated in Chapter 3 can be employed for the fabrication of high-

voltage asymmetric supercapacitors. The UV-polymerizable proton conducting membranes as 

explained in Chapter 2 can be employed for proton exchange membrane fuel cells (PEMFCs) 

as well. Few developments in this direction have already been reported from our lab. For 

example, recent work from our lab successfully adopted the concept of employing the in situ 

process as a tool to tune the electrode|electrolyte interface in fuel cells. The fabrication of 

asymmetric supercapacitors using nonaqueous GPEs is also demonstrated. The application of 

the UV-polymerization strategy for the development of alkaline-ion (OH-) conducting polymer 

electrolytes is also being explored. Such membranes could be handy in developing devices 

such as air-batteries or anion exchange fuel cells. 

Adopting the UV-polymerization method to design organic/inorganic composite 

polymer electrolytes can also be envisioned as another promising aspect. In this method, the 

inorganic nanoparticles or even the ISEs can be dispersed in the polymerizable monomers in 

the presence of a conducting salt (and solvent/plasticizer if any) to result in the all-solid-state 

or gel-based composite polymer electrolytes followed by UV-curing. These composite polymer 

electrolytes could be handy to be employed in LMBs and other related EEDs. Another 

interesting investigation would be exploring the processes occurring at the electrode|electrolyte 

interface through in situ and operando characterization methods. For example, in the case of 

LMBs/LIBs, the solid electrolyte interphase (SEI)/cathode electrolyte interphase (CEI) formed 

at the electrode|electrolyte interface can provide insights on the chemical compatibility of the 
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polymer electrolytes and electrode. These pieces of information related to the nature of the 

chemical species formed at the electrode|electrolyte interface can be handy in developing better 

polymer electrolytes that can ensure improved safety, cycling stability, and shelf-life to EDD. 

In Chapter 4, insights related to the CEI in LMB cells have been retrieved through certain 

quantum chemical studies. Such insights are still absent in the field of ZMBs. Since the 

polymers are high molecular weight macromolecules, expensive quantum chemical approaches 

are to be employed for the calculation. However, bridging the gap between experimental and 

theoretical electrochemistry related to polymer electrolytes should be helpful for further 

advancements in the field. Overall, the synergy between polymer chemistry and 

electrochemistry is an interesting interdisciplinary research area that can heavily contribute to 

achieving energy sustainability. 
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