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Abstract 

The field of lithium-ion batteries (LIBs) is rapidly expanding due to the 

growing demand of new technologies such as portable electronics, electric vehicles 

and stationary large-scale energy storage. LIBs are very promising storage systems 

because of their decent energy density, long lifetime and fast charge/discharge 

capacity. However, the use of flammable liquid electrolytes, which raises strong 

safety issues along with insufficient energy density, has incentivized the search for 

all-solid-state lithium metal (Li°) batteries (ASSLMBs). 

Solid polymer electrolytes (SPEs) are considered as one of the viable 

solutions to replace their liquid counterparts due to their lower flammability, ease 

of processing and good contact with the electrodes. More importantly, SPEs have 

better compatibility with Li° anode compared to liquid ones, thus allowing a stable 

operation of ASSLMBs which are supposed to remarkably boost the energy density 

of the state-of-art LIBs. 

The development of SPEs have been the finding of a compromise between 

good mechanical properties and high ionic conductivity, since the SPEs with low 

glass transition temperature (Tg) and suppressed crystallinity, which are crucial for 

facilitating fast ionic transport, can hardly form self-standing membranes. Among 

the different macromolecular hosts, poly(ethylene oxide) (PEO) is one of the most 

widely used polymer matrices as it contains suitably spaced ether coordination 

sites that facilitate lithium salt dissociation. PEO is a semi-crystalline polymer in 

which ionic transport occurs mainly in the amorphous phase, leading to a low ionic 

conductivity at temperatures below the melting point (Tm, ca. 65 oC) and resulting 

in PEO-based ASSLMBs operating at elevated temperatures (70‒90 oC). Under this 

condition, PEO is extremely soft and too weak to prevent the growth of lithium 

metal soft dendrites upon cycling. 

Trying to overcome above-mentioned drawbacks, tremendous efforts have 

been devoted to the design and synthesis of novel non-crystalline and low Tg 

polymer matrices, such as structural alteration by random, comb and/or block 

copolymerization. On the other hand, the incorporation of different type of salts is 

critical for improving transport properties of SPEs. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) has been the most widely studied as 
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conducting salt owing to the sulfonimide ‒[SO2‒N‒SO2]‒ group. The outstanding 

thermal and electrochemical stability of this salt, as well as its highly delocalized 

charge distribution promoting the dissociation of Li+ cation and the plasticizing 

effect due to the flexible S‒N bond make this salt suitable for developing reliable 

SPEs for Li-based batteries. In recent years, lithium bis(fluorosulfonyl)imide (LiFSI) 

has been widely studied due to the improved compatibility with various 

electrodes, such as lithium iron phosphate (LiFePO4, LFP) and Li metal. This 

enhanced compatibility with Li° anode is attributed to the formation of LiF-rich 

solid electrolyte interface (SEI) layer resulting in a stable cycling performance. 

In the first stage of this thesis work, novel comb-like polymer matrices 

based on imide ring backbone and containing polyether hanging moieties (so-

called Jeffamine®) are reported. These polymers have been doped with 

sulfonamide salts (i.e., LiTFSI and LiFSI) with the aim of improving the conductivity 

and the interfacial compatibility with electrode of polymer-based ASSLMBs.  The 

structures of these novel polymer matrices have been conceived on the basis of 

the following considerations: 1) the poly(ethylene-alt-maleimide) backbone is easy 

to modify in a clean reaction; 2) Jeffamine-side chain polymer is a polyether based 

on propylene oxide (PO) and ethylene oxide (EO) units ensuring low Tg and high 

amorphicity, thus favoring the ionic transport and 3) good adhesion properties and 

good compatibility against Li° anode. These novel SPEs show appreciably higher 

ionic conductivity than conventional PEO at room temperature (RT) and good 

compatibility with Li° electrode. These exceptional properties enable the 

operational temperature of Li°││LFP cells to be decreased from an elevated 

temperature (70 oC) to RT using LiFSI-based electrolytes. Despite these outstanding 

properties, further modifications were needed in order to improve the mechanical 

properties and processability of these materials, which we have addressed.  

In the next chapter a new type of self-standing and highly conductive SPE 

based on tailor-made block copolymers (BCPs), containing highly flexible 

Jeffamine-based blocks and mechanically stable polystyrene (PS) moieties, is 

presented. The electrolytes exhibit improved mechanical properties without 

detriment to the ionic conductivity. The superior compatibility with Li° electrode 

allows the electrolyte to be cycled in a Li°││LFP cell with good Coulombic efficiency 

and low capacity fading. However, the Li°││LFP cell using BCP-based electrolytes 
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showed inferior cell performance compared to the Jeffamine-based 

homopolymers. 

 

As another alternative, physical modifications were carried out in the SPEs, 

obtaining a flowable polymer electrolyte (FPE). The high amorphicity and 

segmental mobility of the liquid-like polymer matrices facilitate fast ionic 

transport, thus leading to the highest ionic conductivity reported (6.6 × 10‒4 S cm‒1 

at 70 oC and 1.4 × 10‒4 S cm‒1 at 30 oC). The introduction of FPE as a buffer layer 

between Li metal electrode and PEO-based SPE decreases the interfacial resistivity 

of Li°/Electrolyte and improves remarkably the cyclability and Coulombic efficiency 

of Li°││LFP cells. 

 

Finally, a nanofiber-reinforced polymer electrolyte (NRPE) comprising of 

poly(vinylidene fluoride) (PVDF) fibers along with the FPE is proposed as an 

innovative electrolyte for ASSLMBs. These NRPEs are self-standing, highly 

conductive, and stable against Li metal electrode, endowing the Li°││LFP cells with 

good performances at operational temperature down to RT. 
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1.1. Global energy scenario 

As a consequence of the increasing world population and raise in the 

average energy use per person due to the living standards derived from the 

continuous economic and social development, an increase of 35% in the world 

energy consumption is expected for the next 20 years, rising from 1.7 × 1013 KWh 

in 2018 to 2.4 × 1013 KWh in 2040 to cover the requirements [1, 2]. 

The actual energetic consumption and economic welfare is strongly 

dependent on the combustion of non-renewable fossil fuels including oil, natural 

gas and coal (Figure 1.1). However, the dependence on fossil fuels presents several 

environmental risks due to the large amount of pollutants produced during the 

combustion such as sulphur oxides (SOx), nitrogen oxides (NOx) and carbon dioxide 

(CO2). The raising level of these volatile compounds into the atmosphere has been 

identified as one of the major causes of global warming through greenhouse effect 

and pollution especially burdensome in urban spaces as resulting from car 

combustion engines [3]. 

 

Figure 1.1. World energy consumption by fuel type in 2013 according to the International 

Energy Agency (IEA) world energy outlook 2015 and the expected for 2040 [1]. 

 Due to the awareness of the above-mentioned negative effects, a great 

investment in more sustainable energy sources has been carried out by worldwide 

governments resulting in a growth of the renewable energy production [4]. 

Renewable energy harvesting technologies have considerably evolved in the 

recent years; however, the intermittency of the main sources of alternative energy 
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is still a shortcoming. As an example, the solar and wind power generation strongly 

depends on the weather conditions and do not fulfil the electricity demand [5, 6]. 

Therefore, electrochemical energy storage (EES) systems will play a pivotal role in 

order to mitigate the above mentioned drawbacks. 

1.2. Electrochemical energy storage 

 Electrochemical energy storage systems are able to store the electric 

energy when required (off peaks) and release it at peak times when necessary. 

Several features such as safety, flexibility, rapid charging, high energy density and 

excellent cycle life are the basic requirements for energy storage devices. There is 

a full spectrum of energy-storage applications with varying storage time and 

charging/discharging rates, creating market opportunities for advanced batteries, 

fuel cells, supercapacitors, flywheels and other technologies. 

One of the most widely used EES technologies in industry and daily life is 

the rechargeable batteries. Their simple design, relatively straightforward 

operational principle and portability are some of the essential properties that 

make them popular among energy storage systems. However, further 

modifications are needed in present technology in order to overcome drawbacks 

such as relatively low cycling times and high maintenance costs.  

1.2.1. Battery classification 

Batteries can be classified into two major categories; primary batteries and 

secondary batteries. 

Primary batteries are disposable devices that cannot be recharged and, as 

a consequence, they cannot be used for storing the energy generated in any 

power source. They are supplied fully charged and disposed once discharged [7]. 

Among this type of batteries zinc-air, zinc-carbon, alkaline, mercury and lithium 

metal can be found. 

Secondary batteries are rechargeable devices that can be recharged many 

times when they have been discharged. Rechargeable batteries are devices able to 

reversibly convert the chemical energy into electric energy by electrochemical 

oxidation/reduction reactions. Some of the technologies that can be found among 

this type of batteries are: lead acid (Pb-acid), nickel-cadmium (Ni-Cd), nickel-metal 
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hydride (Ni-MH), metal air, (M-air), redox flow, sodium-sulphur (Na-S), lithium 

sulphur (Li-S), lithium-ion (LIBs) and now sodium-ion batteries (NIBs) [8-10]. 

Among the rechargeable batteries, lithium-ion batteries (LIBs) have been 

emerging as promising candidates due to fast charge/discharge rates, long cycle 

life and, most importantly, their superior specific energy density compared to 

other energy storage technologies, as it can be observed in Figure 1.2 [8, 11-15]. 

These features make them suitable for mobile electronics where they gradually 

replace the nickel-type batteries since their commercialization, representing 60% 

of the total energy storage for portable applications. In the last years they have 

also been implemented in electric vehicle market [16, 17]. 

 

Figure 1.2. Comparison of the different rechargeable battery technologies in terms of 

gravimetric and volumetric energy density. Reproduced with permission from Ref. [18].  

1.2.2. Rechargeable lithium batteries 

The first commercial rechargeable lithium batteries were launched in the 

late 1970s to early 1980s, one manufactured by the Exxon Company in the USA 

with a titanium disulphide (TiS2) cathode and one by at that time Moli Energy in 

Canada with a molybdenum disulphide (MoS2) cathode, both using liquid organic 
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electrolytes. However, their commercialization was suddenly interrupted due to 

the safety hazards derived from the use of metallic Li as anode [19].  

Since then, tremendous effort has been dedicated to the development of 

secondary “rocking-chair” batteries, which became the so-called-Li-ion batteries 

[10]. LIBs were first commercialized by Sony Corporation in 1991 and owe their 

success to proper electrode materials, identified with graphite (LixC6) as the 

‟lithium sink” anode and in lithium cobalt oxide (LiCoO2) as the ‟lithium source” 

cathode. These characteristics were provided by LiCoO2, a material disclosed by 

Goodenough in 1980 [20]. Although most of the commercial production of lithium 

rocking chair batteries still relies on LiCoO2 as cathode, an intensive research of 

new materials for LIBs has been carried out with success. 

A battery consists of more than one basic electrochemical unit, named as 

cell, connected in series. However, although the appropriate term for the basic 

electrochemical unit is ‟cell”, the term ‟battery” is often used for simplicity and 

refers to a reversible electrochemical cell [7]. 

As it has been mentioned before, rechargeable batteries are devices able 

to reversibly convert the chemical energy into electric energy by electrochemical 

oxidation/reduction reactions. The energy density of the batteries depends on the 

specific capacity of the negative and positive electrodes and the average voltage 

between them. During the discharge process, the negative electrode is oxidized 

while the positive electrode is reduced. On the other hand, during the charge 

process the opposite redox reactions take place. In the field of LIBs, positive and 

negative electrodes are also known as cathode and anode, respectively. Although 

this terminology is only correct during the discharge process, for the sake of 

simplicity, these terms will be used to refer to the positive and negative electrodes 

[7, 21]. 

Figure 1.3 illustrates a representation of the discharge and charge 

processes of a rechargeable metal-organic battery. The typical cell configuration 

consists of two electrodes separated by a Li-ion conducting electrolyte which can 

behave as a simple medium for ion flow between the cathode and the anode or as 

active participant in the electrochemical reaction [7]. An electrolyte is a chemical 

compound that dissociates into ions and hence is capable of transporting electric 

charge. During the discharge process the anode is oxidized and, as a consequence, 
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the electrons migrate from the anode to the cathode, which is reduced, through 

the external circuit. At the same time, electroactive cations from the electrolyte 

migrate to the cathode and anions to the anode in order to ensure the charge 

balance. During the charge process the opposite behaviour is observed. It has to 

be mentioned that while discharge is a spontaneous process, a current flow in the 

opposite direction should be applied during the charge process [22, 23]. 

 

 

Figure 1.3. Schematic illustration of a) discharge and b) charge processes of a metal 

secondary battery. Reproduced with permission from Ref. [21].  

1.2.3. The role of polymers in batteries 

Polymer materials play a pivotal role in batteries due to their use as porous 

separators between electrodes, as binder in composite electrode materials and/or 

as electrolyte in particular cell configuration. 

Although the binder is an electrochemically inactive component in the cell, 

it plays an important role in the performance of Li-ion cells [23]. The cathode 

processing in Li-ion cells involves the mixing of insulating active materials with 

conductive additives, usually nanostructured carbon materials that could ensure 

the good electronic conductivity, combined by a polymer binder [24]. The binder 

needs also to have a strong adhesion with the current collector which is in charge 

of the electrons transportation between the electrode and the external circuit 

[25]. The polymers used as binder in electrodes need to fulfil some requirements 

such as; 1) chemical and electrochemical stability, 2) high thermal stability, 3) low 
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swelling in the electrolyte, and 4) good mechanical properties and ease in 

processing [23].  

In order to improve the capacity of the cell a major research and 

development effort has been devoted to reduce the concentration of binders in 

cathode materials. Poly(vinylidene fluoride) (PVDF) has been one of the most 

commonly used polymer as binder material because of its electrochemical stability 

and binding capability. However, the requirement of toxic solvents such as N-

methyl-2-pyrrolidone (NMP) to dissolve the PVDF lead to seek for more 

environmentally friendly substitutes, like water-soluble carboxy-methyl-cellulose 

(CMC). 

Polymers are also used as separators to prevent the direct contact 

between electrodes, hence avoiding internal short-circuits, while allowing the 

migration of electrolyte ions. Conventional separators for LIBs are based on 

microporous polymers (e.g., Celgard®) able to contain sufficient amount of liquid 

electrolyte in order to assure lithium-ion conductivity between the electrodes [26, 

27]. Nevertheless, the use of flammable liquid electrolytes rises strong safety 

issues such as leakage and ignition of the gas produced [28]. 

Solid state batteries (SSBs) have emerged as one of the most promising 

candidates to replace unstable liquid electrolytes due to their lower flammability, 

thermal stability and low toxicity [29]. Moreover, the mechanical strength of the 

so-called dry electrolytes is of great importance to allow the simplification of the 

cell assembly.  

Among dry electrolytes, polymer electrolyte (PE)-based SSBs have better 

processability and flexibility than inorganic electrolyte-based ones as it can be 

observed in Figure 1.4. Moreover, they allow to Li metal instead of graphite as 

anode and they can be used as binder in the positive electrode composite. 

However, the room temperature (RT) operation of the PE-based SSBs remains as 

one of the most critical issues [30-35]. 
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Figure 1.4. Radar chart of different features for a) liquid, b) inorganic and c) polymer 

electrolytes. 

1.3. Fundamentals of polymer electrolytes 

The ionic conductivity of poly(ethylene oxide) (PEO) complexes with 

various sodium and potassium salts was discovered in the 1970s by Wright et al. 

[36] at the same time of the discovery of the electronic conductivity of doped 

conjugated polymers. Polymer lithium salt complexes became promising 

candidates as ionic conductor materials in energy storage devices. However, it was 

not until the 1980s that the importance of its technological application was 

recognized [37]. In the past four decades, the development of new PEs has 

received attention from many researchers due to their potential applications in 

electro-chemical/electrical power generation, storage and conversion systems 

[38]. 

PEs are based on a low dissociation energy salt dissolved in a high 

molecular weight polymer matrix, sometimes including low-molecular-weight 

plasticizers and/or solid additives [29, 39]. Due to their good mechanical 

properties, PEs can act as separator between electrodes. For this purpose they 

must present sufficient mechanical integrity to withstand the pressure and stress 

caused by the dimensional changes of the electrodes during the charge and 

discharge processes [23, 26]. 

1.3.1. Why polymer electrolytes 

The use of lithium ion-conducting PEs could eliminate some of the safety 

problems encountered when liquid electrolytes are used due to their reduced 

flammability and relatively high mechanical strength and good adhesion properties 

a) b) c)
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that could prevent the dendrite formation [40]. However, they are hampered by 

their conductivities that are typically much lower than the ones obtained with 

their liquid counterparts at RT [35]. 

Dendrites are thin, finger like projections of the metal that start to build 

from the lithium electrode and have the potential to extend all the way across the 

electrolyte material and reach the other electrode. If these dendrites reach the 

other electrode, they cause short-circuit and permanent damage to the battery 

and the device equipping it.  

The dendrite formation in ceramic solid electrolyte material follows the 

next process; the lithium from one of the electrodes begins to deposit through an 

electrochemical reaction into any defect such as pits, cracks or scratches that exist 

on the electrode/electrolyte surface leading to the initiation of dendrite formation 

by providing a toehold for the metallic deposits. This deposition continues to build 

up and extend towards the other electrode over time causing catastrophic 

consequences [41]. 

PEs overcome many drawbacks faced by liquid electrolytes in terms of 

efficiency and capacity retention capability [42]. Moreover, they present many 

other advantages such as high energy density, improved compatibility with 

metallic Li, solvent-free condition, structural stability, low volatility, wide 

electrochemical stability window and ease of formation [40]. 

As PEs operate both as separator and electrolyte in a solid-state 

configuration, they must possess many essential properties as listed below [32, 43, 

44]: 

a) Good mechanical strength. This feature is of great importance in the 

large-scale manufacture of LIBs. PEs need to be able to elastically relax when stress 

arises in the process of manufacture, cell assembly and usage. 

b) High chemical and thermal stability. PEs should be inert to lithium 

anode and cathode and other battery components such as current collectors, 

additives and cell packaging materials. Moreover, the thermal stability ensures the 

safe use of a battery in the case of thermal or electrical misuse. 
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c) Wide electrochemical stability window. The primary requirement for an 

electrolyte is to be inert to both electrodes, which means that the oxidation 

potential must be higher than the operating potential of the cathode and the 

reduction potential must be lower than that of the Li in the anode [45]. 

Consequently, the electrochemical window for PEs should reach from 0 to 4‒5 V 

vs. Li/Li+ in order to be compatible with both electrodes. 

d) High Li+ transference number (TLi
+). This parameter represents the 

contribution of the charged species present in the electrolyte to the overall charge 

transport. Decreasing the mobility of anions can greatly increase TLi
+. As a 

consequence, the concentration polarization of electrolytes during 

charge/discharge processes can be reduced, hence obtaining higher power density 

and reducing the nucleation of dendrites [46]. 

e) High ionic conductivity. Ionic conductivity is the determining factor of 

the internal impedance and electrochemical performance at different 

charge/discharge rates. Good ionic conduction and electronic insulation are 

required so that ion transport can be facilitated and self-discharge minimized. PEs 

should present conductivities that approach 10‒4 S cm‒1 at RT to achieve rapid 

charge/discharge of the cell. 

1.3.2. Ionic conduction 

Ion transport in PEs constitutes a complex field where theoretical 

modelling has met considerable challenges due to the nature of these materials 

[47]. Polymers possess complex phase diagrams where crystallinity is temperature 

dependent [48-50]. As a consequence, an important ion pairing in the conducting 

amorphous phase is temperature dependent, and the complexation of ions to the 

polymer matrix depends on the anion and cation type and the functionalities 

provided by the polymer. In addition, features like the polymer structure and 

molecular weight have a great impact on the polymer dynamics [51]. 

The detailed microscopic mechanism of ionic conduction can be explained 

by the segmental motion of the polymer chains [50, 52, 53]. The glass transition 

temperature (Tg) is the temperature that marks the boundary between the glassy, 

rigid state and the soft, flexible state of a polymer. Above the Tg, local segmental 

motion of the polymer chains takes place facilitating the motion of ion through the 
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polymer, likewise the transport of voids through amorphous polymers above Tg. 

Lithium ions (Lewis-acidic species) are coordinated by polar atoms of the polymer 

chain (e.g. ‒O‒ in poly(ethylene oxide) or ‒CN in poly(acrylonitrile)). The local 

segmental motion of the polymer chains originating from conformational change 

of polymer segments results in the appearance of free volume. When an electric 

field is applied, lithium ions migrate in the direction of external electric field from 

one coordination site to new sites along the polymeric chains or hop from one 

chain to another through these free volumes. One of the most sophisticated 

models describing this process is known as the dynamic bond percolation model 

[54].  

 

Figure 1.5. Schematic diffusion pathway of the Li
+
 cations based on the dynamic 

percolation model proposed by Ratner et al. [54]. 

Macroscopic studies of ionic conduction upon variations in temperature 

may provide valuable information on the ion transfer mechanism. Two main 

conducting mechanisms have been proposed for the temperature dependence 

ionic conductivity: the Arrhenius behaviour and the Vogel-Tamman-Fulcher (VTF) 

behaviour [29, 43, 54]. The Arrhenius equation can be expressed by Equation 1.1: 

𝜎 =  𝜎0 exp (
−𝐸𝑎

𝑘𝑇
) 

Equation 1.1 wherein, σ0 is the pre-exponential factor related to the number of 

charge carriers, Ea is the activation energy and k is the Boltzmann constant. 

Percolation

PEO chain

Li+
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Thermal activated Arrhenius type law has been widely used for the 

expression of temperature dependent ionic conductivity in inorganic electrolytes 

with ordered rigid structures as well as in crystalline polymer electrolytes [48, 55]. 

Materials that exhibit linear Arrhenius variations present a microscopic mechanism 

in which the ion transport occurs by a simple hopping of ionic species from 

currently occupied sites to vacant sites, as it can be observed in Figure 1.6 [54]. 

 

Figure 1.6. Schematic diffusion pathway of the Li
+
 cations based on the structures of 

lithium hexafluoroarsenate (LiAsF6)/PEO. Reproduced with permission from [48]. 

 In the case of polymer electrolytes, the ionic conductivity vs. temperature 

differs from the typical Arrhenius behaviour. In this case, the VTF equation is 

adopted. VTF behaviour can be expressed by Equation 1.2. 

𝜎 =  𝜎0 𝑇− 
1
2  exp (−

𝐵

𝑇 − 𝑇0
) 

Equation 1.2 wherein, σ0 is the pre-exponential factor related to the number of 

charge carriers, B is the pseudo-activation energy for the conductivity, and T0 is the ideal 

glass transition temperature. 

The VTF equation was devised in order to describe the diffusion process in 

disordered materials. For PEs, σ‒T dependences in Arrhenius coordinates deviate 

from linearity, which is indicative of a mechanism of conductivity that involves 

migration by redistribution of free volume coupled with segmental motion of 

polymer chains, as depicted in Figure 1.5 [43]. This behaviour is usually observed 
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above Tg, in gel polymer electrolytes, ionic liquids and completely amorphous PEs 

[29]. 

1.3.3. Electrode/electrolyte interfacial chemistry and compatibility 

One of the requirements of PEs is that they have to be chemically and 

electrochemically stable versus electrodes in broad potential range [56]. Li 

batteries generally operate between 2.5 and 4 V vs. Li/Li+. For this reason, the 

electrochemical stability of the PEs is desired within this potential range [57]. The 

cycling of PEs in the electrochemical window beyond their stability leads to the 

degradation of the electrolyte and/or active material in the cathode resulting in a 

passive film. This process, also called ‟solid electrolyte interphase” (SEI) formation, 

will have a profound effect in the performance of all-solid-state lithium metal 

batteries (ASSLMBs) [58-61].  This film will keep fresh lithium away from the 

electrolyte, stopping further reactions, and stabilizing the interface.  

PEs present a solid-electomer interphase in which the intimate contact 

between the electrolyte and the electrode are extremely important to improve the 

electrochemical performance of the battery because the contacted areas are the 

sites where the charge-transfer reactions will take place. Moreover, fast ion charge 

and mechanical stability are required. 

In comparison with liquid electrolytes, the SEI for PEs can be considered 

more stable due to the limited number of redox active sites and the absence of 

convection. Moreover, their SEI layer is dynamic enough and, as a consequence, 

enables a good cycle performance of the battery without losing additional capacity 

ascribed to the reformation of the passivating layer [62]. 

Apart from the electrochemical side reactions, several factors affect the 

interfacial stability of the SEI such as: 1) physical delamination due to volume 

expansion/contraction during charge/discharge processes; 2) non-uniform current 

density distribution due to the changeable morphology of Li metal during the 

cycling and 3) interfacial reactions on composite cathodes. 

The nature of the salt used in the electrolyte preparation is also proven to 

affect the stability of the SEI [63, 64]. In Figure 1.7 the schematic illustrations for 

the SEI formation using lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 

lithium bis(fluorosulfonyl)imide (LiFSI) are compared. As it can be observed, a 
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stable and uniform SEI is formed on the Li│PE interphase in the case of LiFSI. This 

fact can be ascribed to the inorganic F‒SO2 group in LiFSI instead of the organic 

CF3‒SO2‒ group in LiTFSI. This fact leads to the formation of a robust SEI film in the 

surface of the Li metal electrode avoiding the soft dendrite formation observed in 

the case of LiTFSI [63, 65]. 

 

Figure 1.7. Schematic illustration of SEI evolution after charge/discharge processes for a) 

LiFSI-based electrolytes and b) LiTFSI-based electrolytes. 

1.4 Type of polymer electrolytes 

Among the PEs, two groups have gained special attention in the last 

decades as safer replacement for liquid electrolytes in LIBs: 1) solid polymer 

electrolytes (SPEs) [33, 45, 66], representing a lithium salt associated with an ion-

conducting polymer matrix and 2) gel polymer electrolytes (GPEs) [67-69], based 

on a polymer matrix swollen by a liquid electrolyte [34]. 

1.4.1. Gel polymer electrolytes (GPEs) 

GPEs are based on an inert polymer matrix in which a salt and a liquid 

plasticizer and/or solvent are dissolved. This concept was first introduced in 1970s 
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by Feuillade et al., who studied the process of plasticizing a polymer matrix with an 

aprotic solution containing an alkali metal salt [70]. 

This kind of electrolytes combine the diffusive properties of liquids (high 

conductivity) while the polymer matrix holds the electrolyte to provide mechanical 

strength [71]. In this case, due to the introduction of a liquid plasticizer or solvent 

constituent, the transport of lithium ions occurs in the swollen gelled phase, thus 

is not dominated by the segmental motion of polymer chains. 

GPEs present several advantages that make them very attractive to 

substitute their liquid counterparts such as: a high ionic conductivity, wide 

electrochemical stability window, and chemical, mechanical and electrochemical 

stabilities. Moreover, the absence of leakage enhance the safety of this kind of 

batteries compared to the liquid ones, but the volatility and reactivity of the 

imbibing solvent remains the same [72, 73]. If the plasticizer is an ionic liquid or an 

oligomer, the volatility can be much reduced. 

Several polymer matrices such as PEO [74-76], poly(vinyl chloride) (PVC) 

[77, 78], poly(acrylonitrile) (PAN) [79, 80], poly(vinylidene fluoride) (PVDF) [81] and 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) [82] have been 

widely used in gel polymer electrolytes. However, GPEs based on a single polymer 

matrix cannot fulfill all the above mentioned requirements and, as a consequence, 

modifications such as crosslinking, blending or addition of inorganic particles are 

needed. Moreover, drawbacks such as poor mechanical properties, toxicity of low 

molecular weight solvent and the reactivity of the added plasticizer with electrode 

materials that leads to shorter life span prevent their wide use in practical 

applications except in niche market, the so-called ‟polymer lithium batteries” for 

high power applications [83]. 

1.4.2. Solid polymer electrolytes (SPEs) 

SPEs are considered as one of the viable solutions to replace their liquid 

counterparts due to their superior advantages [33]. The high 

chemical/electrochemical stability against Li anode [9], the absence of the safety 

hazards caused by the highly volatile and flammable organic solvents utilized in 

liquid electrolytes [44, 84], the low cost in design and easy processability for a 

wide variety of fabrication methods make them suitable candidates for 
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commercial applications. Moreover, SPEs also outperform inorganic solid 

electrolytes in terms of processability and electrode/electrolyte interface 

compatibility due to the flexible nature of polymer network [65]. This feasibility of 

the technological application of SPEs has been well demonstrated by the 

expansion of Bluecar® commercialized by Bolloré, equipped with a 

Li°│SPE│LiFePO4 battery [85].  

The development of SPEs has been a pursuit of a compromise between 

good mechanical properties and high ionic conductivity. Several attempts to 

improve both properties at the same time have been conducted based on 

different polymer architectures. However, SPEs with low Tg and low crystallinity, 

essential to speed up the ionic transport, can barely form self−standing 

membranes [86, 87]. 

 
SPEs, which comprise a salt dissolved in a polymer matrix, are now also 

called dry solid polymer electrolytes. The discovery of SPEs dates back to 1973 

when Wright et al. reported the conductivity in complexes formed by sodium (Na) 

and potassium (K) salts and PEO [36, 88]. PEO presents electrochemical stability 

and high ability to dissolve salts due to its flexible ethylene oxide segments and 

oxygen atoms, which have a strong electron donor character and thus readily 

solvate Li+ cations [45]. 

In 1979 Armand et al. proposed the application of these PEO-based SPEs in 

electrochemical devices based on all-solid-state Li batteries [89-91]. Since then 

great efforts have been dedicated to the development of large families of PEs. 

a) Poly(ethylene oxide) (PEO)-based polymer electrolytes 

Among all the investigated polymer hosts for SPEs, PEO has by far received 

more attention and the subject of extensive research. PEO is a polyether 

compound with a chemical structure in which (‒CH2CH2O‒)n is the repeating unit, 

as it can be observed in Figure 1.8 [92]. 

As it has been mentioned above, PEO can complex with lithium salts to 

form polymer electrolytes. The repeating units of PEO are properly spaced ether 

solvating units which have strong solvation abilities. As a consequence, the 

formation of lithium salt/PEO complex is favoured and a sufficient concentration 
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of charge carriers is provided [56]. Moreover, it presents a high dielectric constant, 

optimal Li+ dissociation condition and high chain flexibility resulting in a rapid ion 

transport [91]. 

 However, PEO-based SPEs present several drawbacks. On the one hand, 

PEO presents low anodic stability (≤ 4.0 V vs. Li°/Li+) at elevated temperature. 

Moreover, high molecular weight PEO is a semi-crystalline polymer in which ionic 

transport occurs mainly in the amorphous phase, leading to a low ionic 

conductivity at temperatures below the melting point (Tm, ca. 65 oC) and resulting 

in PEO-based ASSLMBs operating at elevated temperatures (70‒90 oC) [93-95]. 

Although a few questionable reports indicated that crystalline PEO can offer even 

greater ion conductivity than amorphous one, prevailingly, the crystallization of 

PEO is considered to be detrimental to ion transport owing to the slowed down 

polymer chain dynamics upon crystallization, as it can be observed in Figure 1.8 

[96-98]. 

 

Figure 1.8. a) Structure of PEO and b) schematic illustration of PEO crystalline stems (blue) 

and amorphous loops (red) in which ions are confined and the ionic conductivity occurs. 

Reproduced with permission from Ref. [98]. 

 Trying to overcome these drawbacks, numerous efforts have been 

dedicated to the design and synthesis of non-crystalline and low Tg polymer 

matrices with improved mechanical properties and higher stability against Li anode 

in order to supress the dendrite formation. Among these molecular level 

modifications architecture alteration by branching polymer segments [99], 

crosslinking of polymer network [100], random [101], comb [102] and/or block 

polymerization [103] can be found in the literature. Other strategies such as the 

addition of plasticizers [104-106] or nanofillers [107] and polymer blends [108-

110] have also been studied by several groups. 

H
O

OH
n
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b) Modified PEO-based polymer electrolytes 

One strategy to overcome the above mentioned challenges involves the 

cross-linking of PEO with other polymers [111]. The cross-linked semi-

interpenetrated PEs exhibit fully amorphous nature keeping sufficient ionic 

conductivity at ambient temperature. Thereby, the crosslinking of PEO with 

branched acrylate was found to create a completely amorphous polymer matrix 

with lower Tg than pure PEO [112]. Figure 1.9 illustrates the preparation of this 

kind of electrolyte. The high ionic conductivity and lithium transference number at 

RT allowed for the evaluation of these SPEs in a Li│SPE│LiFePO4 full cell. 

 

Figure 1.9. Schematic illustration of cross-linked PEO and branched acrylate. 

Reproduced with permission from Ref. [112]. 

 Block copolymers (BCPs) are considered as an interesting class of 

polymeric materials owing to their ability to self-assemble into ordered 

supramolecular structures [92]. BCPs are composed of two or more different 

covalently bound polymers that provide to the matrix with a combination of their 

own properties. In general, one block is usually an ethylene oxide (EO) based 

polymer responsible of the ionic conductivity, whereas the other block provides 

other functionalities such as mechanical stiffness [113, 114]. 

 
 In 1980s Passiniemi et al. studied a new linear copolymer based on PEO 

and poly(propylene oxide) (PPO). The introduction of PPO resulted in a decrease of 

the crystallinity, though a depression of the ionic conductivity was observed [115].  
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Among all the studied BCPs, one of the most representative example is 

poly(styrene-b-ethylene oxide) (PS-PEO). Balsara et al. synthesized polymer 

electrolytes based on PS-PEO and LiTFSI as salt. These polymers showed high 

modulus, due to the PS block, and high ionic conductivity due to the PEO block 

[113, 114, 116-119]. The maximum ionic conductivity of this copolymer with high 

salt content was about twice that of the corresponding PEO-based one [117]. On 

the other hand, Bouchet et al. evaluated the performance of different block 

copolymers by varying the molecular weight of PEO segment, the composition, as 

well as the architecture [103]. They evidenced a negative correlation between the 

thermal and mechanical properties; as the PS block content increases, the Tm and 

crystallinity decrease regardless the length of the PEO chain, while the Young’s 

modulus increases. The decreased melting transition compared to PEO allowed the 

operation of these cells at relatively low temperatures.  

 

 
Figure 1.10. Schematic illustration of polymer architectures; a) linear homopolymer, b) 

linear random copolymer, c) linear block copolymer, d) comb-polymer and e) cross-linked 

network. 

 

 

a) Linear homopolymer b) Linear random copolymer

c) Linear block copolymer d) Comb-polymer

e) Cross-linked network
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Another strategy that is gaining attention in recent years is the 

development of comb-like polymers. In this kind of materials PEO-based moieties 

are grafted to a polymeric backbone. In 2017, a comb-like polymer based on a 

polynorbornene backbone and PEO conductive side chains  was synthesized by 

Ping et al. [120]. The introduction of rigid side chains resulted in the suppression of 

the crystallinity of PEO, giving rise to a completely amorphous polymer matrix. 

Figure 1.10 summarizes some of the main polymer architectures that have been 

described in this section. 

 
Despite the recent progress in the performance of PEO-based batteries, 

the poor stability of these polymer electrolytes with Li anode urges the research 

on alternative polymer matrices. 

c) Non PEO-based polymer electrolytes 

In later years, poly(acrylonitrile) (PAN) has been widely studied as polymer 

host due to its high thermal stability and flame retardant behaviour [121]. PEs 

based on PAN present decent ionic conductivities and the lithium transference 

number TLi
+ is higher than in PEO-based electrolytes. However, severe passivation 

of lithium anode occurs when in contact with PAN. Poly(vinylidene fluoride) (PVDF) 

is also emerging as a host polymer due to the high dielectric constant. Moreover, 

the presence of strong electron-withdrawing functional groups (‒C‒F) helps for 

better dissolution of lithium salts [122]. Nevertheless, although they present 

suitable electrochemical properties, the presence of fluorinated groups makes it 

unstable against lithium anode. Poly(methyl methacrylate) (PMMA) presents 

enhanced interface stability than other polymer hosts. However, their poor 

mechanical flexibility restricts their use as electrolytes in energy storage systems 

[123]. Despite the above mentioned drawbacks, these three polymer matrices can 

be applied in order to enhance the mechanical properties of other materials as 

well as to improve the stability towards electrochemical oxidation [124-126]. 

Among the variety of polymers to replace PEO, polycarbonates (PCs) have 

been emerging as promising candidates. This can be ascribed to the fact that 

carbonates are extensively used in conventional LIBs. PCs can coordinate to Li ions 

by means of the carbonyl group oxygen although some coordination by the ester 

oxygens adjacent to the carbonyl group has also been implicated in carbonate 

solvents [127-129]. Due to the weaker interaction between the carbonyl group and 
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Li+, this kind of PEs present higher TLi
+ than PEO-based ones. However, their ionic 

conductivities at RT are much lower than the ones obtained for their PEO 

counterparts. This effect can be supressed by the addition of large amount of salt 

that results in a strong plasticizing effect and therefore in a fast Li-ion conduction 

(‟polymer in salt” configuration) [130]. Moreover, a good cell performance at RT 

can be obtained for Li││LiFePO4 cells based on PCs as recently proven by Kimura et 

al.[131] and Mindemark et al. [132]. However, PCs have a limited stability in 

contact with lithium [133] 

d) Blend polymer electrolytes 

Among the approaches that can be applied to improve the properties and 

performance of PEs blending is a commonly used one. Polymer blending is a 

physical mixture of two or more polymers in which the final properties are 

superior to those of the component polymers. 

This technique has been widely used in order to increase the ionic 

conductivity. Blend-based PEs may show improved ionic conductivities or 

mechanical strength and better lithium/electrolyte interfacial performance than 

PEO-based ones. These systems can overcome the drawbacks from other PEs by 

improving the physical and electrochemical properties. Nicotera et al. 

demonstrated that a PMMA/PVDF blend-based polymer electrolyte can 

remarkably improve the lithium conduction properties [134]. On the other hand, 

Howlett et al. proved that the blending of ionic plastic crystals with PVDF greatly 

improved both the mechanical and electrochemical properties of the electrolyte 

[135, 136]. 

e) Salts 

The overall performance of SPEs does not only depend on the polymer 

host, but also on the election of the Li salt. In general, in order to enhance the 

amorphicity and ionic conductivity of the polymer matrix, anions with highly 

delocalized negative charge are selected [137]. 

The incorporation of different type of salts can drastically improve the 

transport properties of SPEs [90, 91]. To date numerous lithium salts with weak 

coordinating character have been studied including perchlorate (ClO4
‒) [97, 138], 

tetrafluoroborate (BF4
‒) [139], hexafluorophophate (PF6

‒) [140], and 
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bis(trifluoromethanesulfonyl) imide ([N(SO2CF3)2]
‒, TFSI‒) [93, 141, 142]. Among 

the above mentioned salts, LiTFSI has been the most widely studied as conducting 

salt owing to the sulfonimide group ‒[SO2‒N‒SO2]‒. The high flexibility of this 

group enhances the ionic conductivity by reducing the crystallinity of the polymer 

host due to the plasticizing effect. Moreover, the excellent thermal and 

electrochemical stability of this salt, as well as the highly delocalized charge 

distribution (5 oxygens and one nitrogen) promoting the dissociation of Li+ cations, 

make this salt suitable for developing SPEs for Li-based batteries [64].  

In recent years, lithium bis(fluorosulfonyl)imide (Li[N(SO2F)2], LiFSI), an 

analogue of LiTFSI, has been widely studied due to the improved compatibility with 

various electrodes, such as lithium iron phosphate (LiFePO4, LFP) cathodes and Li° 

electrode [143, 144]. Figure 1.11 shows the chemical structure of the most 

commonly used Li salts. 

 

 

Figure 1.11. Chemical structures of commonly used lithium salts for SPEs. 
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1.5. Towards room temperature solid-state batteries 

1.5.1. Basic requirements 

The main barriers for developing SPEs-based ASSLMBs operational at 

ambient temperatures are the low ionic conductivity and poor interfacial 

compatibility with electrode materials, especially vs. Li anode. 

As mentioned before, the ionic transportation is coupled with segmental 

motion of polymer matrices in the amorphous phase. For this reason, tremendous 

efforts have been dedicated to the design and synthesis of novel amorphous 

polymer matrices with low Tg values. The lower crystallinity and Tg, the higher ionic 

conductivity can be expected [145-147]. 

On the other hand, good electrochemical compatibility with electrode 

materials is required for obtaining good cycling performance of ASSLMBs. This is 

supported by the fact that due to the lack of good electrochemical compatibility of 

electrolyte/electrode interface at RT SPEs-based cells exhibit efficient cycling only 

at elevated temperatures. 

Finally, the polymer binders in the cathode composite material need to 

present high ionic conductivity, thermal and electrochemical stability, mechanical 

strength and good adhesive properties. When the cell is cycled at RT, the cell 

resistance increases and, as a consequence, the internal contact of active material 

within the cathode is decreased. This effect may result in local cell polarization. 

Moreover, the high polarization can lead to the decomposition of lithium salt 

and/or polymer matrix and even pulverize active materials in the cathode [148]. 

For this reason, the role of the polymer binder is crucial for improving the cycle life 

of ASSLMBs.  

1.5.2. State-of-the-art 

Polycarbonates have been the polymers capturing much attention towards 

RT operation ASSLMBs recentrly. In 2015, Brandell et al. described a highly 

conductive polymer electrolyte based on LiTFSI/poly(trimethylene carbonate-co-

caprolactone) [P(TMC-co-CL)]. This copolymer presented a high ionic conductivity 

(ca. 4.1 × 10‒5 S cm‒1 at 25 oC) and the Li│SPE│LFP based cell could be run at RT at 

different charge/discharge capacities with good specific capacity and Coulombic 
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efficiency [132]. One year later, Kimura et al. reported a high ionic conductivity 

(ca. 1.6 × 10‒5 S cm‒1 at 30 oC) and good cycling performance of Li│SPE│LFP cells at 

RT by using highly concentrated poly(ethylene carbonate) (PEC)/LiFSI electrolytes 

[131].  

In 2019, a new type of polymer-polymer solid-state electrolyte design has 

been proposed by Cui et al. [149]. In this work, 8.6 μm thick nanoporous polyimide 

film is filled with PEO/LiTFSI electrolyte and used as safe solid polymer electrolyte. 

The vertical channels of this innovative membrane enhance the ionic conductivity 

of the infused polymer electrolyte (ca. 2.3 × 10‒4 S cm‒1 at 30 oC). Moreover, the 

polyimide film is nonflammable and mechanically strong, preventing the batteries 

from short-circuiting even after more than 1000 h of cycling. The Li│SPE│LFP cells 

can be run at 30 oC under a C rate of 0.5/0.5C showing good specific capacity (ca. 

100 mAh g‒1) and good Coulombic efficiency. 
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1.6. General objectives of the present work 

Nowadays, electrochemical energy storage systems play an important role 

in order to move away from non-renewable fossil fuels towards more sustainable 

renewable energy sources. In this context, lithium-ion batteries (LIBs) are suitable 

candidates to face this challenge due to their high energy density, fast 

charge/discharge rates and long cycle life. However, they contain toxic metals and 

the use of conventional liquid electrolytes derives in strong safety issues. 

In the past years, solid polymer electrolytes (SPEs) were proposed to 

replace their liquid counterparts owing to their easy processing, good 

electrochemical properties and low flammability, which accounts for safer LIBs. 

However, the development of SPEs has been largely hindered by the trade-off 

between high ionic conductivity and good mechanical properties, since SPEs with 

low glass transition temperature (Tg), which are crucial for facilitating fast ion 

transport, can hardly form self-standing membranes. 

Poly(ethylene oxide) (PEO) is the most commonly used polymer matrix as 

it contains ether coordination sites that facilitate lithium salt dissociation. Ionic 

transport in PEO depends on the chain flexibility and occurs mainly in the 

amorphous phase, leading to a low ionic conductivity due to the presence of 

crystalline phase at temperatures below the melting point (Tm= 65 oC). 

Consequently, PEO-based LIBs need to operate above the Tm. Under this condition, 

PEO is extremely soft and weak, and do not guarantee a suitable interfacial layer 

able to prevent the lithium dendrite growth. 

Trying to overcome these drawbacks, tremendous efforts have been 

devoted to the design of non-crystalline and low Tg polymer matrices, such as 

structural alteration by random, comb and/or block-copolymerization. 

Within this scope, the main objective of this work is the synthesis of new 

polymer electrolytes that present low crystallinity and high ionic conductivity in 

order to decrease the operational temperature of all-solid-state lithium metal 

batteries (ASSLMBS). This thesis work has been divided in five different parts. 

1. A new type of comb-like polymer matrices based on imide ring and 

Jeffamine® side chains comprising of ethylene oxide (EO) and 

propylene oxide (PO) units will be synthesized. The influence of the 
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molecular weight of the side chains and the ratio between EO/PO 

units will be studied in order to ensure low Tg and high amorphicity to 

favour the high mobility of Li ions even at room temperature (RT). 

Among the synthesized matrices the most suitable candidate will be 

selected as base material for the next chapters. 

2. Previously synthesized polymer matrix with different sulfonimide salts 

and different EO/Li ratios will be compared. The aim is to obtain fully 

amorphous and highly conductive SPEs with improved interfacial 

compatibility with electrode in order to decrease the operational 

temperature of polymer-based ASSLMBs. 

3. A new type of tailor-made block copolymer where the structural block 

is made of amine terminated polystyrene (PS), while the conducting 

block is made of comb polymer containing polyether side moieties 

(Jeffamine®) will be synthesized. The purpose is to improve the 

mechanical properties of the above mentioned new polymer 

backbones without high detriment of the ionic conductivity. 

4. A new flowable polymer electrolyte (FPE) obtained by controlling the 

chain entanglement of above mentioned base material will be 

prepared in order to study the influence of the physical properties of 

the electrolytes on the electrochemical performance of the cells. 

Moreover, the application of this innovative material as buffer layer 

will be analysed in order to improve the performance of PEO-based Li° 

││ LiFePO4 cells. 

5. Finally, a nanofiber-reinforced polymer electrolyte comprising of 

poly(vinylidene fluoride) (PVDF) fibers along with FPE will be prepared 

with the aim of obtaining a SPE that presents a good compromise 

between high ionic conductivity and good mechanical properties even 

at RT in order to decrease the operational temperature of ASSLMBs. 
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2.1. Introduction 

The aim of this chapter is to describe the synthesis methods, the sample 

preparation and the experimental techniques that have been used during this 

thesis work. First, a general overview on the synthesis mechanism that has been 

followed for the polymer preparation is presented. Then, the processing of the 

polymers for their use as electrolytes or polymer binder in cathode materials in 

batteries is described. In this section special emphasis is given to the description of 

the cell assembly.  

Finally, a brief description of the equipment and the experimental 

conditions at which the different techniques were used is provided. In this section, 

a summary of all the chemical, morphological and mechanical techniques required 

for determining the chemical and structural properties is presented at a first stage. 

Then, the techniques deployed for testing the thermal stability and phase 

transitions are detailed. At last, the techniques utilized for evaluating the 

electrochemical properties of the materials are provided. 

2.2. Synthesis methods and sample preparation 

2.2.1. Materials 

All the starting materials were purchased from commercial suppliers and 

were dried in a Schlenk line or in a vacuum oven prior to their use. 

a) Synthesis of Jeffamine-based homopolymer 

All starting materials and reagents were purchased from commercial 

suppliers and were used after purification. Jeffamine M−2070, Jeffamine M-1000 

and Jeffamine M-600 were a generous gift of Huntsman Corporation and were 

dried in a Schlenk line at room temperature (RT) prior to use. Poly(ethylene-alt-

maleic) anhydride [(PEaMA), average molecular weight (Mw) = 1×105 to 5×105 g 

mol−1], N,N-dimethylformamide (DMF, ≥ 99.8%), α,α´,α´´-trifluorotoluene (TFT, ≥ 

99.5% anhydrous), triethylamine (Et3N, ≥ 99%) and 1-methyl-2-pyrrolidinone 

(NMP, ≥ 99.5%) were purchased from Sigma-Aldrich and used as received. 
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b) Synthesis of Jeffamine-Polystyrene block-copolymer 

Amine terminated polystyrene (PS, Mw = 5×103 g mol‒1), 1,1-

carbonyldiimidazole (CDI) and dimethyl sulfoxide(DMSO, 99.5 %), were supplied by 

Sigma-Aldrich 

 

c) Poly(vinylidene fluoride) nanofiber preparation 

Commercial poly(vinylidene fluoride) (PVDF) powder, N,N-

dimethylformamide (DMF) and acetone were from Sigma-Aldrich and kindly 

provided by Deakin University. 

d) Electrolyte preparation 

Poly(ethylene oxide) (PEO, Mw = 5×106 g mol−1) was purchased from Sigma-

Aldrich. Acetonitrile (ACN, synthesis grade) and tetrahydrofuran (THF ≥ 99.5%) 

were supplied by Scharlab. Battery grade lithium bis (trifluoromethanesulfonyl) 

imide (LiTFSI) and lithium bis (fluorosulfonyl) imide (LiFSI) were supplied by 

Solvionic (France) and Suzhou Fluolyte (China), respectively. 

 
e) Electrode preparation 

Lithium metal disks, conductive carbon (C65), and lithium iron phosphate 

[LiFePO4 (LFP)] powder were received from China Energy Lithium, TIMCAL, and a 

generous gift from Aleees (Taiwan), respectively. 

 

2.2.2. Synthesis of new polymer backbones 

As mentioned before, the main objective of this thesis work is the 

synthesis of new polymer backbones for their use as electrolytes in all-solid-state 

lithium batteries. With this aim, different synthesis were carried out in order to 

obtain comb-like polymer matrices based on imide ring formation with highly 

conductive chains based on ethylene oxide units.  

Throughout this thesis work, several modifications will be carried out on 

the starting polymer material in order to improve the mechanical and/or ion-

conducting properties. However, although more specific synthesis methods will be 
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explained in next chapters, all these materials are based on imide ring formation 

following the synthesis mechanism described in Scheme 2.1. 

 

Scheme 2.1. Imide ring formation synthesis mechanism. 

 The mechanism can be explained in two steps; a) the grafting of Jeffamine 

side chain and b) the formation of maleimide ring. In the first step the nucleophilic 

addition (NA) of the Jeffamine ending amine to the anhydride carbonyl group takes 

place, with the subsequent ring opening. In the second step a condensation 

reaction occurs, where the addition of the amide group on the carbonyl of the acid 

leads to the ring closing with overall loss of a water molecule. 

2.2.3. Electrolyte preparation 

All the electrolytes used in this work were prepared by the solvent casting 

method, as schematically shown in Figure 2.1. A pre-weighted amount of polymer 

matrix (i.e., Jeffamine-based polymers or PEO) and the corresponding amount of 

lithium salt (LiTFSI or LiFSI) were dissolved into a certain amount of ACN. For 

Jeffamine-Polystyrene block-copolymers, a mixture of ACN:THF (50:50 by volume) 

was used in order to increase the solubility. 
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Figure 2.1. Schematic illustration of polymer electrolyte preparation by solvent casting 

method. 

In the case of Jeffamine-based homopolymers, elastic and sticky 

electrolytes are obtained, being impossible to obtain as self-standing membranes. 

In the case of the block-copolymer, self-standing membranes with good ductility 

are obtained. In all cases, after solvent evaporation the electrolytes were dried in a 

vacuum oven at 80 oC over 12 h in order to remove solvent traces. 

In the case of PEO based reference membranes, hot-pressing was used 

after solvent casting. This technique is based on a manual hydraulic press 

equipped with a temperature controller that allows obtaining homogeneous self-

standing membranes with a determined thickness. The samples were pressed over 

1 minute at 70 oC under pressure (ca. 2 tons/cm2). The membranes were obtained 

with an average thickness of 100 µm and they were dried under dynamic vacuum 

at 50 oC over 12h.  

2.2.4. Poly(vinylidene fluoride) nanofiber preparation 

To obtain the electrospun porous membranes, typical electrospinning 

procedure was followed. First, the PVDF powder was dissolved in a mixture of 

DMF/acetone (1:1 by weight) at RT for at least 12 h. Once the polymer was 

completely dissolved, the solution was fed into a plastic syringe ending with a 

stainless steel needle (Terumo, 20 G × 11/2´´´) connected to a high voltage power 

supply (0‒30 kV, 350 μA, Gamma High Voltage Research, USA) and the applied 

voltage was kept at 15 kV. The syringe pump flow was set at 0.5 ml h‒1. A 

grounded rotating drum collector (100 r/min) was used in order to obtain a 

uniform membrane and the distance from the needle tip to the drum was fixed at 

FPE
Solvent

PolymerSalt

Solvent-casting Evaporation
Polymer

electrolyte
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15 cm. The resultant electrospun mats, with an average thickness of 50 μm, were 

collected and dried in a vacuum oven for 48 h at 55 oC before use [1-3].  

 

Figure 2.2. Schematic illustration of electrospinning method for the preparation of PVDF 

fibers. 

2.3. Cell preparation 

2.3.1. Electrode preparation 

The electrode preparation was carried out using carbon-coated aluminium 

foil as current collector. The composition of the electrodes was set as 63 wt% LFP 

active material, 30 wt% polymer binder and 7 wt% C65 conductive carbon.  

In order to prepare the slurry, first the polymer electrolyte was dissolved 

in a certain amount of ACN under vigorous stirring overnight at RT. Then a mixture 

of active material (LFP) and conducting carbon (C65) was obtained by graining 

them in a mortar with a small amount of NMP, and slowly added in the polymer 

solution. In order to obtain a homogeneous mixture, IKA stirrer was used at 16.2 

rpm for 20 minutes. The obtained solution was degassed in an ultrasonic bath and 

later in a roller mixer for 1 h in order to avoid air bubbles. Finally, the viscous 

solution was dropped to the carbon coated aluminium foil and casted by Doctor 

Blade with a desired thickness (~1500 μm). The laminates were left for drying in 

DC power supply

Syringe pump

Double drum collector

Aluminum foil

Positive terminal

Negative terminal
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the fume hood for 24 h and when most of the solvent was evaporated the 

electrodes were dried in a vacuum oven at 50 oC for at least 12 h. 

 Once the laminates were fully dried, 12 mm diameter discs were punched 

and dried again at 50 oC for 12 h and directly transferred into the glovebox, 

avoiding the exposure to the air. The loading of active mass of the electrodes was 

set between 5.5‒6.5 mg cm‒2. However, this value was decreased in some cases to 

analyse the effect of the active mass loading in the battery performance (Chapter 

4 ca. 3.1 mg) 

 

Figure 2.3. Casting of the LFP based laminate in the Doctor Blade. 

2.3.2. Cell assembly 

All the electrochemical measurements in this thesis work were carried out 

in CR2032 type coin cells. In all cases, metallic lithium (Li) was used as anode, and 

LFP-based electrodes were used as cathodes when required. Due to the fact that 

metallic Li and the electrolytes are sensitive to the moisture and O2 from the air, 

the coin cells were assembled in an argon-filled (Ar) glovebox. 

Different cell configurations were used depending on the physical 

properties of the electrolyte. For full cells, lithium foil used as anode electrode is 

separated from the LFP-based cathode by the polymer electrolyte and sandwiched 

between two stainless steel (SS) electrodes. However, the mechanical properties 

of several polymers synthesized in this work did not allow the obtainment of self-

standing membranes. In this case, a Kapton® O-ring spacer (10 mm in diameter) 

was used in order to avoid the contact between the anode and the cathode. The 

schematic illustration is shown in Figure 2.4. 
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Figure 2.4. Schematic illustration of the cell configuration for a) electrolytes presenting 

poor mechanical properties and b) self-standing membranes. 

2.4. Characterization techniques 

This section is divided into five parts; chemical (1H NMR, ATR-FTIR), 

morphological (SEM) and elemental (EDX), mechanical (rheology and DMA), 

thermal (DSC, TGA) and electrochemical characterization. The acronyms will be 

spelled out in the next sections. 

2.4.1. Chemical characterization 

Chemical characterization was carried out by hydrogen-1 nuclear magnetic 

resonance (1H NMR) and attenuated total reflectance Fourier-transform infrared 

spectroscopy (ATR-FTIR). 

a) Liquid nuclear magnetic resonance (NMR) 

The structure characterization of the polymer matrices was accomplished 

using liquid nuclear magnetic resonance (NMR). The measurements were 

performed using deuterium oxide (D2O, 99.9%) or deuterated dimethyl sulfoxide 

((CD3)2SO, 99.8%) as solvent on a Bruker 300 Ultrashield NMR instrument (300 

MHz).  

 

 

Li metal disk

SS spacer

Self-standing SPE

SS spacer

LFP cathode

SS spacer

SS spacer

Kapton O-ring

Li metal disk

LFP cathode

SPE

(a) Non self-standing membranes (b) Self-standing membranes
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b) Attenuated total reflectance Fourier-transform infrared spectroscopy 

(ATR-FTIR) 

Attenuated total reflectance-Fourier-transform infrared spectroscopy 

(ATR-FTIR) spectra were collected using a Vertex-70 Bruker spectrometer. The 

spectrum was averaged from 64 scans with a spectral range spanning 4000−450 

cm−1 and a resolution of 2 cm−1. In the case of moisture-sensitive samples, the ATR-

FTIR spectra were collected using an Agilent Technologies Cary 630 spectrometer 

setup inside an Ar filled glovebox.  

2.4.2. Morphological and elemental characterization 

a) Scanning electron microscopy (SEM) 

Surface and cross-section morphologies of the as-prepared polymer 

electrolytes and cathodes were studied by a Field Emission Gun Quanta 200 FEG 

(FEI) scanning electron microscope (SEM). The micrographs from the scanning 

electron microscope (FEI-Quanta 200 FEG) were obtained using the back-scattered 

electron detector (BSE) and secondary electron detector (ETD). The operation 

voltage for polymer electrolytes and cathodes were fixed at 5 and 10 kV, 

respectively. 

b) Energy dispersive X-ray spectroscopy (EDX) 

Elemental chemical identification of a specimen and its quantification is 

fundamental to obtain information related to the composition of the materials. 

Energy dispersive X-ray spectroscopy (EDX), allows obtaining information 

concerning the elemental chemical composition using the EDX spectrometer. The 

analysis is based in the detection of the characteristic X-rays produced by the 

electron beam-specimen interaction. Same settings as in the SEM were used for 

the data acquisition. 

2.4.3. Mechanical characterization 

a) Rheology 

Viscoelastic behavior of the polymer matrices was investigated with a 

rotational rheometer Physica MCR301 equipped with a Peltier device for precise 

temperature control, and the TrueGap option. Measurements were performed in 
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an oscillatory mode using measuring cell of parallel plate geometry (25 mm 

diameter and 0.5 or 0.8 mm gap for liquid-like samples and solid samples, 

respectively). To reveal the viscoelastic properties of the prepared polymers, 

dynamic mechanical analysis tests involving oscillatory tests at constant frequency 

(1 Hz) and variable shear stress amplitude (0.1–103 Pa) were performed at 20 oC 

and 70 oC. Temperature-dependent behavior at constant dynamic mechanical 

conditions (frequency of 1 Hz and amplitude 10 Pa) were studied. Tests were 

performed at temperatures ranging from 10 to 100 oC, at a heating rate of 2 oC 

min−1. For thermal studies the gaps between measuring plates were of 0.4 and 0.7 

mm for liquid-like materials and solid materials, respectively. 

b) Differential mechanical analysis (DMA) 

Differential mechanical analysis (DMA) is a frequency response analysis 

that uses a constant, non-destructive oscillatory strain (or stress) at selected 

frequencies and temperatures while recording the resulting stress (or strain) 

response of the sample material [4]. The DMA is used to measure the glass 

transition temperature (Tg) and viscoelastic properties of polymeric materials.  

DMA testing was performed with a METTLER TOLEDO DMA/SDTA861e 

dynamic mechanical analyzer. A tension system was employed, where a 

rectangular specimen is clamped at both extremes and stretched in a dynamic 

mode. Testing was performed in the force scan mode in the range 0 – 0.1 N. For 

the analysis a heating scan in the temperature range from −150 oC to 120 oC at a 

heating rate of 10 oC min−1 was carried out. A frequency of 1 Hz was used.  

2.4.4. Thermal characterization 

a) Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out on a NETZSCH 

simultaneous thermal analyser (STA) 449 F3 Jupiter from RT up to 600 oC at a 

heating rate of 10 oC min−1 under synthetic air or Ar atmosphere. 

b) Differential scanning calorimeter  (DSC) 

The phase transitions of the polymer electrolytes were measured on a 

differential scanning calorimeter (DSC, Q2000, TA instruments). For the analysis 

two consecutive scans at a cooling and heating rate of 10 oC min−1 in the 
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temperature range from −80 to 150 oC (for polymer electrolytes) or 200 oC (for 

polymer matrices)  were carried out under Ar atmosphere.   

2.4.5. Electrochemical characterization 

a) Ionic conductivity (σ) 

The ionic conductivity was determined by electrochemical impedance 

spectroscopy (EIS) analysis of CR2032 type cells assembled by sandwiching the 

polymer electrolyte between two stainless steel (SS) blocking electrodes (SS | SPE 

| SS) in an Ar filled glove box. The measurement was carried out in a VMP3 

potentiostat (Biologic) and the frequency ranged from 10−1 to 106 Hz with a signal 

amplitude of 10 mV. In order to ensure a good contact between the electrolyte 

and the electrodes, the cells were heated up to 70 oC prior to the measurement. 

The conductivities were analysed in a temperature range from 30 to 100 oC using a 

Vötsch VT 7004 temperature chamber and allowing the cells to reach the thermal 

equilibrium for at least 1 h before each test. 

b) Li-ion transference number 

The Li-ion transference number (TLi
+) of the polymer electrolyte at 

different temperatures was measured by a combined measurement of AC 

impedance and DC polarization method proposed by Bruce et al. and Watanabe et 

al. [5, 6] using a symmetric Li°|SPE|Li° cell. The temperature of the cell was 

controlled by a temperature chamber (Lan technics, Model DHG). The cell was 

firstly heated to 70 oC during 24 h to ensure a good contact between the 

electrolyte and electrodes. Then, a DC voltage was applied until a steady current 

was obtained. The impedance spectra of the cell were recorded in the frequency 

range from 10−2 to 106 Hz with an oscillation voltage of 10 mV, before and after the 

DC polarization. The value of TLi
+ was calculated by the Equation 2.1 below: 

𝑇Li
+ =

𝐼S𝑅b
s  ( Δ𝑉 − 𝐼0𝑅i

0 )

𝐼o𝑅b
o ( Δ𝑉 −  𝐼s𝑅i

𝑠 )
 

Equation 2.1. Wherein, I0 and Is are the respective initial and steady-state currents, 

Rb
o
 and Rb

s
 are the respective initial and final resistances of the bulk electrolytes, Ri

o
 and Ri

s
 

are the respective initial and final resistances of the interfacial layers of the Li° 

electrode/electrolyte and ΔV is the applied DC voltage. 
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c) Diffusion coefficient 

Same procedure as for the Li-ion transference number test was followed. 

The diffusion coefficient (D) of the polymer electrolyte was calculated from the 

relaxation profile of polarized cells by the Equation 2.2 proposed by Newman et al. 

[7]. 

𝑎 = ‒ 
 𝜋2

 𝐿2
 𝐷 

Equation 2.2. Wherein, a is the slope calculated from representing the Napierian 

logarithm of the voltage vs. time, L is the thickness of the electrolyte and D the diffusion 

coefficient. 

d) Electrochemical stability toward oxidation 

The anodic stability of the polymer electrolytes was determined by linear 

sweep voltammetry (LSV). The measurement was performed in a VMP3 

potentiostat (Biologic) using a two electrode cell at 70 oC. Stainless steel was used 

as working electrode, and Li° disk served as both counter and reference electrode. 

The LSV measurements were performed between the open circuit voltage (OCV) 

and 6.0 V vs. Li°/Li+ at a scan rate of 1 mV s−1. 

e) Electrochemical stability of electrolyte/Li° electrode 

Li° symmetrical coin cells (Li°|SPE|Li°) were assembled in an argon-filled 

glove box to investigate the electrochemical stability of electrolyte/Li° electrode 

interphase. For the electrochemical stability test, the Li° symmetric cells were kept 

at 70 oC for 24 h and then cycled galvanostatically at a current density of 0.1 or 0.2 

mA cm−2, wherein the duration of each half-cycle was 2 h. 

f) Cycling of Li° || LiFePO4 cell performance 

The cells were assembled in an argon-filled glovebox using the prepared 

LFP-based electrodes as cathode, Jeffamine-based or PEO-based membranes as 

polymer electrolytes and Li metal disk as anode, using a Kapton® O-ring spacer 

when required. 

The cycling performances of the Li ||LiFePO4 cells were evaluated using a 

Maccor or Neware® battery testing system. The cells were charged and discharged 
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in a potential range between 2.5 and 3.7 V at different temperatures using a 

Vötsch VT 7004 temperature chamber. 
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3.1. Introduction 

The field of lithium-ion batteries (LIBs) is rapidly expanding due to the 

growing demand of new technologies such as portable electronics, electric 

vehicles, and stationary large-scale energy storage [1-4]. Despite the lightweight, 

long lifetime and rapid charge/discharge of this kind of batteries, the use of 

flammable liquid electrolytes raises strong safety issues. Moreover, the use of 

graphite electrode results in much lower energy density than the Li metal anode. 

For this reason the search for rechargeable all-solid-state lithium metal (Li°) 

batteries (ASSLMBs) has been incentivized [5, 6]. 

Solid polymer electrolytes (SPEs) are considered as one of the most viable 

solutions to replace their liquid counterparts [7]. This is mainly motivated by their 

superior advantages when compared to the liquid electrolytes: 1) the absence of 

the safety hazards caused by the highly flammable organic solvents utilized in 

conventional liquid electrolytes [8, 9]; 2) low cost in design and easy processability, 

being available for a wide variety of fabrication methods in desirable sizes and 

shapes; and 3) high chemical/electrochemical stability against Li°, allowing a stable 

operation of rechargeable ASSLMBs which theoretically will increase the energy 

density of the state-of-art LIBs [5, 10]. Moreover, SPEs also outperform inorganic 

solid electrolytes (ISEs) in terms of processability and electrode/electrolyte 

interface compatibility due to the flexible nature of polymer network [11-15]. 

The development of SPEs has been interfered with the pursuit of a 

compromise between good mechanical properties and high ionic conductivity. 

Several attempts to improve both properties at the same time have been 

conducted based on different polymer architectures. However, SPEs with low glass 

transition temperature (Tg) and low crystallinity, essential for high ionic 

conductivity, can barely form self−standing membranes [16, 17]. The ionic 

conductivity of salts in poly(ethylene oxide) (PEO) was first reported by Wright in 

1973 [18]. Since then, PEO has been one of the most widely used polymer matrices 

due to its good mechanical properties and the high solvation power provided by 

ether coordination sites [19, 20]. It has to be mentioned that high molecular 

weight PEO is a semi−crystalline polymer in which ionic transport occurs mainly in 

the amorphous phase, where conformational changes of the polymer are 

thermally restricted. This leads to a low ionic conductivity at temperatures below 

the melting point (Tm, ca. 65 oC) [21] resulting in PEO-based ASSLMBs operating at 
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elevated temperatures (70−90 oC) [22, 23]. Besides, the poor quality of the solid 

electrolyte interphase (SEI) layers formed between PEO-based SPEs and Li metal 

(Li°) electrode leads to an inferior electrochemical performance (e.g., low 

Coulombic efficiency and short cycle life) of the corresponding ASSLMBs [24]. 

In order to overcome above-mentioned drawbacks, tremendous efforts 

have been dedicated to the design and synthesis of novel non-crystalline polymer 

matrices with low Tg value [25].  

Among numerous chemical modifications, extensive research has been 

dedicated to copolymers based on poly(ethylene oxide)/poly(propylene oxide) 

(PEO/PPO) units [26, 27]. It was shown that the incorporation of propylene oxide 

units (PO) prevents the crystallization of the polymer chains while the good ion 

solvation properties are not affected. Moreover, the glass transition temperature 

(Tg) is decreased and, as a consequence, the ionic conductivity is increased 

compared with the electrolytes based only in ethylene oxide (EO) units. On the 

contrary, polymer electrolytes based mainly on PPO exhibit lower ionic 

conductivity than PEO based ones [28]. For this reason, the architecture of the 

copolymer needs to be set with a low fraction of PO units vs. EO units in order to 

prevent the crystallization but at the same time keeping the good solvation power 

of ‒[OCH2CH2]‒ (EO) group.  

In 1992, Benrabah et al. proposed the use of diamine-poly(oxyethylene-co-

oxypropylene) (Jeffamine®) compounds as polymer electrolytes, obtaining a fully 

amorphous PE with low Tg value and presenting an ionic conductivity in the range 

of 10‒6 S cm‒1 at room temperature (RT) [29]. In 2006, completely amorphous 

polymer matrices based on diamine-terminated Jeffamine® with molecular weight 

Mw = 2000  g/mol were synthesized by Kao et al. [30]. In 2010, Brandell et al. used 

Jeffamine T3000 (a trifunctional polyether amine oligomer) to synthesize a 

polymer electrolyte destined to micro 3D batteries, obtaining a good cell 

performance as a result [31]. 

Jeffamine® compounds enable the possibility for relatively easy 

modification of polymer matrices due to their reactive NH2 end group. Moreover, 

their low cost and commercial accessibility make them suitable candidates for 

large-scale synthesis. 
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In this chapter, a new type of comb-like polymer matrices based on imide 

ring and Jeffamine® side chains comprising blocks of EO and PO units are reported. 

The influence of the molecular weight of the side chains and the ratio between 

EO/PO units in the final products will be studied. Finally, the most suitable polymer 

matrix for the purpose of this thesis will be selected and defined as the base 

material for the next chapters. The selection of the best matrix will be conceived in 

the basis of the following considerations: 

1) The ratio PO/EO unit needs to ensure low Tg and high amorphicity in 

order to favour the high mobility of Li+ ions. 

2) Remarkable adhesion properties to provide a good contact between 

the electrolyte and the electrode. 

3.2. Synthesis of Jeffamine-based polymer matrices 

 Scheme 3.1. Reaction mechanism for synthesizing Jeffamine-based homopolymers. 

The solid polymer (SP) matrices were easily obtained by the reaction 

shown in Scheme 3.1. A two steps reaction was followed in an inert atmosphere in 

order to obtain the polymer matrices. In the first step, 5 mmol of Jeffamine® side 

chain with amine group as an ending moiety were dissolved in dry  acetonitrile 

(ACN) (mass ratio 1:25). The solution was added dropwise into an equimolar 

suspension of poly(ethylene-alt-maleic anhydride) (PEaMA) in 20 mL of dry ACN. A 

highly viscous solution was obtained as intermediate product and, for this reason, 

it was kept under vigorous stirring over 24 h to ensure a good conversion. In the 

second step, the formation of maleimide ring by thermal treatment was carried 
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out with a Dean-Stark extraction system using triethylamine (0.3 mL) as catalyst 

and 50 mL of α,α´,α´´-trifluorotoluene (TFT) as solvent. 

3 different Jeffamine® compounds were used for the synthesis of the 

polymer matrices; 1) Jeffamine M-600, 2) Jeffamine M-1000 and 3) Jeffamine-

M2070 where the number represents the approximate molecular weight of the 

compound. Each Jeffamine® compound is comprised of a different ratio of EO/PO 

units, giving 3 different polymer matrices with different physical, mechanical and 

electrochemical properties as a result. These differences are summarized in Table 

3.1. 

Table 3.1. Acronyms and corresponding EO/PO units, Mw, structure and optical image of 
the as-prepared polymer matrices. 

Jeffamine® 
type 

Acronym
[a]

 EO/PO
[b]

 
units 

Mw
[c]

 / 
g/mol 

Structure after reaction 
with PEaMA

[d]
 

Optical 
image

[e]
 

Jeffamine 
M-600 

SP-600 1/9 600 

  

Jeffamine 
M-1000 

SP-1k 19/3 1000 

 
 

Jeffamine 
M-2070 

SP-2k 31/10 2000 

 
 

[a] Acronyms; [b] corresponding EO/PO units ratio; [c] molecular weight of different Jeffamine® 

compounds (g/mol); [d] structure and [e] optical image of the as-prepared polymer matrices. 

As it can be observed, Jeffamine M-600 is mainly composed by PO units 

(EO/PO=1/9), whereas for Jeffamine M-1000 and Jeffamine M-2070 the number of 

EO units is much higher than PO units. On the other hand, the molecular weight 

has a great impact on the physical and mechanical properties of the obtained 

polymer matrices. In the case of Jeffamine M-600 the molecular weight is lower 

than for the other Jeffamine® compounds, obtaining a liquid-like and highly 
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viscous polymer matrix soluble in different type of organic solvents.  On the other 

hand, for Jeffamine M-2070 and Jeffamine M-1000 rubber-like polymer matrices 

presenting poor solubility in any kind of solvent are obtained. Polar solvents such 

as ACN, acetic acid (Ac) or N,N-dimethylformamide (DMF) give extensive swelling 

though. This behaviour could be ascribed to entanglement or internal cross-linking 

among side chains. However, entanglement seems to be more realistic due to the 

fact that the shortest chains (SP-600) do not indicate this problem, giving a fully 

soluble polymer matrix. 

3.3. Chemical characterization 

In order to study the efficiency of imide ring formation and analyse the 

differences between the 3 polymer matrices, the chemical structures of the 

Jeffamine-based SP matrices are characterized by 1H NMR and ATR-FTIR 

measurements. 

3.3.1. Hydrogen-1 Nuclear Magnetic Resonance (1H NMR)  

The 1H NMR spectra obtained for the 3 polymer matrices are depicted in 

Figure 3.1. The imide ring closing reaction can be followed by this technique by 

changes in the signals related to ‒NH and ‒OH groups. The imide ring is obtained 

as final product. This is confirmed by the absence of peaks related to ‒NH (6‒8 

ppm) and ‒OH (13‒15 ppm) groups in the final spectra, proving the completion of 

the reaction between Jeffamine® and PEaMA. The peaks at 1.2 and 3.6 ppm, 

named as A and C in the spectra, correspond to the protons from ‒CH3 and ‒CH 

groups of the PO units in Jeffamine® side chains, respectively. The peak at 3.4 

ppm, marked as B, corresponds to the terminal ‒CH3 of the EO units of the 

Jeffamine® side chains. Finally, the peak at 3.7 ppm, designated as D, corresponds 

to the protons from ‒CH groups from the polymer backbone and ‒CH2 group from 

Jeffamine® side chains. The spectrum for intermediate product is shown in Figure 

A.3.1 as an example.  
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Figure 3.1. 
1
H NMR spectra for the as-prepared polymer matrices. 

3.3.2. Attenuated total reflectance-Fourier-transform infrared spectroscopy 

(ATR-FTIR) 

The ATR-FTIR spectra for the SP matrices where typical peaks related to 

polyether chains can be observed in Figure 3.2. The imide ring formation cannot 

be followed by infrared spectroscopy as the stretching and deformation modes 

from the ring are not detected due to their low intensity and/or because they are 

overlapped with other signals. However, PO and EO units from Jeffamine® side 

chains give relatively strong bands. The vibration modes originating from C‒Hx 

bonds are detected in the spectra: stretching mode 2800‒3000 cm‒1; scissoring 

mode of C‒H2 at 1450 cm‒1; wagging mode at 1350 cm‒1; twisting mode at 1250 

cm‒1 and rocking mode at 950 cm‒1. As it can be observed, with lower molecular 

weight Jeffamine® side chains, which means fewer amount of PO and EO unit 

content, the intensity of the signals at 2800‒3000 cm‒1 decreases. The intense 

peak at 1100 cm‒1 is a result from the superposition of C‒O‒C stretching and C‒H2 

bending modes. Finally, the signals at 1700 cm‒1 correspond to the carbonyl 

stretching absorption (C=O) from the poly(maleimide) polymer backbone. The 

absence of peaks related to ‒NH and ‒OH groups at 3400 cm‒1 in the final spectra 

proves the completion of the reaction between Jeffamine® and PEaMA. 
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Figure 3.2. ATR-FTIR spectra for the as-prepared polymer matrices. 

3.4. Thermal characterization 

The study of properties such as phase transitions and thermal stability are 

important to select suitable polymer electrolytes, as these parameters are 

associated with the Li-ion conductivity and, as a consequence, with the operational 

temperature of ASSLMBs. 

3.4.1. Thermogravimetric analysis (TGA) 

Figure 3.3 presents the TGA traces for the as-prepared SP matrices 

measured under synthetic air flow. All studied polymers are thermally stable up to 

250 oC with a 5% mass loss, whereas rapid decomposition appears at around 350 
oC. It is known, that thermal stability for polymer chains based on EO and PO units 

is around 300 oC, showing a dramatic decomposition between 300‒350 oC under 

argon (Ar), and around 220 oC under synthetic air atmosphere [32, 33]. The 

increase in thermal stability of the synthesized SPs compared to those described in 

the literature can be attributed to the presence of the imide ring in the polymer 

backbone, preventing the thermal degradation. 
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Figure 3.3. Thermal gravimetric analysis (TGA) traces for the as-prepared SP matrices. 

3.4.2. Differential scanning calorimetry (DSC) 

Figure 3.4 compares the obtained DSC traces for the as-prepared SP 

matrices. The type of Jeffamine® has a strong impact in the thermal properties of 

the polymer matrix, as it can be observed in the thermograms curves.  For SP-600 

completely amorphous polymer matrix is obtained, whereas SP-2k and SP-1k 

present a semicrystalline nature. This is attributed to the EO chain blocks 

crystallizing despite the freedom given by the PO blocks.  

 

Figure 3.4. Differential scanning calorimetry (DSC) traces for the 3 SP matrices. 
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Table 3.2 summarizes the thermal transitions obtained for the different 

matrices. All the SPs present low Tg values between ‒50 oC and ‒60 oC, being SP-

600 the one presenting the lowest value (ca. ‒57 oC). More interestingly, regarding 

the melting temperature (Tm) of the semicrystalline matrices, the SP-1k presents 

higher Tm value [40 oC vs. 12 oC] than the SP-2k. Moreover, the quantification of 

the melting enthalpy proves a higher fraction of crystalline phase in the case of SP-

1k than in SP-2k [e.g., 81.0 J g‒1 vs. 43.5 J g‒1, respectively]. This strongly indicates 

that the presence of PO block units hinders the crystallization and decreases the 

melting point of the polymer matrix. 

Table 3.2. Data summary for the phase behaviour for the as-prepared 

polymer matrices. 

Matrix EO/PO units Tg 
a Tm d (ΔHm) e 

SP-2k 31/10 ‒54 12 (43.5) 

SP-1k 19/3 −52 41 (81.0) 

SP-600 1/9 −57 ― 

[a] Glass transition temperature (
o
C) taken as the midpoint of the inflexion; [b] 

Crystallization point (
o
C) taken as the maximum value of the crystallization peak; 

[c] Enthalpy of crystallization (J g
−1

); [d]  Melting point (
o
C) taken as the maximum 

value of the melting peak; [e] Enthalpy of melting (J g
−1

). 

The addition of LiTFSI salt with a molar ratio of EO/LiX = 20 entails 
amorphism to the SPEs, obtaining fully amorphous electrolytes at RT. Figure 3.5 
presents the thermograms of the measured SPEs, presenting similar Tg values (e.g., 
‒50 oC for SPE-2k vs. ‒49 oC for SPE-1k and ‒47 oC for SPE-600). The suppression of 
the crystallinity enhances the flexibility of polymer segments, thus facilitating the 
ionic motion in SPEs. 

 

Figure 3.5. Differential scanning calorimetry (DSC) traces for the LiTFSI-based polymer 

electrolytes with the EO/Li ratio of 20. 
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3.5 Ionic conductivity 

The analysis of ionic conductivity is essential as it is one of the key 

parameters in order to determine the suitability of the polymer electrolytes for 

their application in ASSLMBs. For this study, LiTFSI was chosen as Li conducting salt 

and a molar ratio of EO/LiX = 20 was used. Figure 3.6 shows the temperature 

dependence of ionic conductivity (σ) for TFSI‒based SPEs and PEO reference 

electrolyte. 

 

Figure 3.6. Temperature dependence of ionic conductivity for the LiTFSI-based polymer 

electrolytes with the EO/Li ratio of 20. 
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remain highly conductive (ca. 2 x 10‒4 S cm‒1); whereas the conductivity of 

PEO/LiTFSI drops significantly ( ca. < 10‒5), which is ascribed to the crystallization of 

PEO matrix thereby reducing the conducting amorphous fraction and restricting 

the conformational changes of EO segments [20]. 

It can be observed that SPE-2k is slightly more conductive than SPE-1k. This 

can be ascribed to two facts: 1) SPE-2k presents longer chain obtaining a more 

flexible side chain and 2) SPE-2k presents lower crystallinity due to the presence of 

more PO units separating the EO segments from the main chain, decreasing the 

melting point of the polymer matrix and, as a consequence, increasing the ionic 

conductivity. 

It can be noted that SPE-600 shows lower ionic conductivity than standard 

PEO/LiTFSI in all measured temperature range. This is in agreement with literature 

data where PPO based electrolytes exhibit lower conductivity than the ones based 

on PEO [28]. This behaviour proves that the presence of PO units restricts the 

mobility of ions due to the steric hindrance of the side methyl group, preventing 

full solvation of Li+. 

3.6. Conclusions 

A new family of comb-like polymer matrices are presented, where the final 

product can be easily obtained by a two-steps reaction from cheap and 

commercially available materials. The comb-like structure guarantees great 

mechanical properties as elastomer material, whereas the formation of the imide 

ring improves the thermal stability of the polymer matrix. 

The influence of the molecular weight and the number of EO and PO units 

on the thermal properties and ionic conductivity of the final product has been 

studied. The synthesized polymer matrices present different mechanical 

properties depending on the molecular weight of the Jeffamine side chains moving 

from the liquid-like SP-600 to the elastic and sticky SP-2k matrix. This latter 

behaviour is ascribed to the entanglement of the chains when increasing the 

molecular weight and also to the presence of PO units that prevents the 

crystallization. 
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It has been proven that a good compromise between EO and PO units is 

required to obtain a suitable polymer matrix for its application as polymer 

electrolyte in ASSLMBs. On the one side, when the number of PO is much higher 

than that of EO units (SP-600), a fully amorphous material is obtained in detriment 

of the ionic conductivity. On the other side, if the number of EO units is much 

higher than PO units (SP-1k), a highly conductive polymer matrix is obtained but 

with an increased crystallinity. 

For all these reasons, in this chapter it was concluded that the polymer 

matrix based on Jeffamine M-2070 is the most suitable for application as polymer 

electrolyte in ASSLMBS. The good compromise between EO and PO units allows 

obtaining a polymer matrix with low fraction of crystallinity and a completely 

amorphous material when a Li salt is added. Moreover, a high ionic conductivity is 

achieved even at RT due to the high flexibility of the Jeffamine-based side chain. 

Taking this into account, in the following chapters of this thesis Jeffamine M-2070 

will be used as reference material. 
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4.1. Introduction 

Currently there is no commercial solution of solvent free all-solid-state 

lithium metal batteries (ASSLMBs) operating at room temperature (RT). The main 

reasons are: low ionic conductivity of solid polymer electrolytes (SPEs) and poor 

interfacial compatibility with electrode materials, especially vs. lithium (Li°) anode. 

In this regards, tremendous efforts have been devoted to the design and synthesis 

of polymer matrices, aiming at preparing non-crystalline and low glass transition 

polymers [1-3]. Ionic transportation of SPEs is generally coupled with segmental 

motion of polymer segments in the amorphous phases, i.e., the lower crystallinity 

and glass transition temperature (Tg), results in higher ionic conductivity [4]. 

However, as it was shown in Chapter 3, it is not always a guarantee of high ionic 

conductivity. Other factors such as high dielectric constant, optimal Li+ dissociation 

and fast interchain transfer are fundamental for rapid ion transport [5]. 

The role of polymers in solid-state batteries is essential for their proper 

operation not only as electrolyte, but also as the binder of the positive electrode in 

Li° based cells. As it is known, the compatibility of the cathode with the electrolyte 

is critical for the good electrochemical performance of the battery in order to 

guarantee the free movement of the migrating ions between them. For this 

reason, polymer electrolytes have been implemented as binders in cathode 

materials for all-solid-state batteries. Polymers used as binders in cathode 

materials need to provide distinctive features: 1) high bonding strength between 

the current collector and cathode components, 2) broad range of physical and 

electrochemical stability, 3) low resistance and, finally, 4) volume buffering 

properties for expansion/shrinkage of active material [6, 7]. 

As it was discussed in Chapter 1, the incorporation of different type of 

salts is critical for improving transport properties of SPEs [5, 8]. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) has been one of the most widely 

studied conducting salt owing to the sulfonimide ‒[SO2‒N‒SO2]‒ group [4, 9, 10]. 

The high flexibility of this group enhances the ionic conductivity by reducing the 

crystallinity of the polymer matrix due to the plasticizing effect. Moreover, the 

outstanding thermal and electrochemical stability of this salt, as well as the highly 

delocalized charge distribution promoting the dissociation of Li+ cation due to the 

flexible S‒N bond make this salt suitable for developing reliable SPEs for Li°-based 
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batteries [11]. In recent years, lithium bis(fluorosulfonyl)imide (LiFSI), a lighter 

analogue of LiTFSI, has been widely studied due to the improved compatibility with 

various electrodes, e.g., lithium iron phosphate (LiFePO4, LFP) cathodes [12] and Li° 

electrode [13, 14]. This enhanced stability with Li° anode is attributed to the 

formation of LiF-rich solid electrolyte interphase (SEI) layer resulting in a stable 

cycling performance [11, 15]. 

Highly conductive, electronic insulating, and stable interfacial layers on 

both Li° and cathode sides are desired for obtaining good cycling performance of 

ASSLMBs [16-18]. This implies that SPEs should afford not only high ionic 

conductivity but also good electrochemical compatibility with electrode materials, 

which is supported by the fact that most of the SPEs-based cells exhibit efficient 

cycling only at elevated temperatures (e.g., 70 oC) due to the lack of good chemical 

/electrochemical compatibility of electrolyte/electrode interphases at RT. In 

addition, the problem of internal contact of the active materials within composite 

cathode will be magnified when operating the SPEs-based ASSLMBs at lower 

temperature even at low C-rates, due to the increased cell resistance upon 

decreasing the temperature. The high polarization of the cell can result in the 

decomposition of the polymer matrix and/or the lithium salt, ruining the binding 

properties and losing the active material from the cathode [19]. Thus, the binders 

herein SPEs themselves with good ionic conductivity, stability, mechanical strength 

and good adhesive properties in a broad temperature range are crucial for 

improving the cycle life of lithium-ion batteries (LIBs) [19, 20]. 

In this chapter, synthesized Jeffamine M-2070 based super soft polymer 

matrix and sulfonimide salts (i.e., LiTFSI and LiFSI) are presented with the aim of 

improving the interfacial compatibility with electrodes and decrease the 

operational temperature of polymer-based ASSLMBs. For this purpose, different 

concentrations of Li salt were used in order to determine the optimum ethylene 

oxide (EO)/Li ratio in order to obtain fully amorphous, highly conductive and 

electrochemically stable SPEs for battery application. 
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4.2. Solid polymer electrolyte preparation 

In order to prepare the SPEs, the polymer matrix SP-2k described in 

Chapter 3, which contains 31 units of EO and 10 units of propylene oxide (PO), was 

used. 

A set of different SPEs were prepared using LiTFSI and LiFSI as lithium salts 

with different EO/Li molar ratios and compared with poly(ethylene oxide) (PEO)-

based reference electrolytes. All the materials are summarized in Table 4.1. 

Table 4.1. Abbreviations and corresponding composition of the as-prepared polymer 
matrices and electrolytes. 

Acronym Polymer matrix[a] EO/Li[b] 

SP Solid Jeffamine homopolymer ‒ 

LiFSI/SPE Solid Jeffamine homopolymer 20 

LiFSI/SPE(1#) Solid Jeffamine homopolymer 10 

LiFSI/SPE(2#) Solid Jeffamine homopolymer 15 

LiFSI/SPE(3#) Solid Jeffamine homopolymer 20 

LiFSI/SPE(4#) Solid Jeffamine homopolymer 30 

LiFSI/SPE(5#) Solid Jeffamine homopolymer 50 

LiTFSI/SPE Solid Jeffamine homopolymer 20 

LiTFSI/SPE(1#) Solid Jeffamine homopolymer 10 

LiTFSI/SPE(2#) Solid Jeffamine homopolymer 15 

LiTFSI/SPE(3#) Solid Jeffamine homopolymer 20 

LiTFSI/SPE(4#) Solid Jeffamine homopolymer 30 

LiTFSI/SPE(5#) Solid Jeffamine homopolymer 50 

LiFSI/PEO PEO 20 

LiTFSI/PEO PEO 20 

[a] Synthesized new polymer matrix based on Jeffamine M-2070 has been named as solid Jeffamine 
homopolymer. [b] The molar ratio of EO/Li. 
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4.3. Chemical characterization 

Infrared spectroscopy was used to determine the interaction between the 

Li ion and the polymer matrix. 

The attenuated total reflectance-Fourier-transform infrared spectroscopy 

(ATR-FTIR) spectra obtained for Jeffamine-based SPEs and PEO reference 

electrolytes with a salt ratio EO/Li = 20 are shown in Figure 4.1. Characteristic 

signals assigned to TFSI‒ appear at ~1380 cm―1 and ~1130 cm―1 (asymmetric (υa) 

and symmetric (υs) stretching of SO2), respectively; 1060 cm―1 and 761 cm―1 (υa 

and υs (SNS)), respectively [21]. Signals assigned to FSI― appear at ~1370 cm―1 (υa 

(SO2)), 1235‒1150 cm―1 (υs(SO2)), 890‒850 cm―1 (υa (SNS)), and ~740  cm―1 (υs 

(SNS) and υs (SF)) [22]. On the other hand, the characteristic signals for PEO-based 

electrolytes appear at 1470‒1450 cm―1 (CH2 scissoring deformation (δs)), 1270 

cm―1 (CH2 twisting (τ)), ~1100 cm―1 (υa (COC)), and 980‒990 cm―1 (CH2 rocking 

(ρ)) [23]. The sharp nature of these peaks indicates the presence of crystalline 

phase in PEO-based electrolytes. However, the broad signals in the ATR-FTIR 

spectra of Jeffamine based SPEs suggest the amorphous nature of the electrolytes. 

The characteristic signals for the Jeffamine-based polymer matrices were 

discussed in Chapter 3. 

 

Figure 4.1. ATR-FTIR spectra of the prepared four electrolytes: a) LiFSI/SPE, b) LiTFSI/SPE, c) 

LiFSI/PEO and d) LiTFSI/PEO. 
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On the other hand, the interaction between Li ions and the polymer matrix 

can be followed by this technique, as it has been displayed in Figure 4.2 where the 

electrolytes ranging from EO/Li= 10 to EO/Li= 20 have been compared with the SP 

matrix. This interaction can be studied observing the changes in the peak at 2950 

cm‒1 and 1100 cm‒1. As it can be observed, with increasing salt concentration the 

intensity of these peaks increase, proving the wrapping of Li ions by polymer chain. 

 

Figure 4.2. ATR-FTIR spectra of some of the as-prepared electrolytes using LiTFSI as lithium 

salt. 
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The polymer electrolytes were prepared by conventional solvent casting 

method, obtaining a self-standing membrane in the case of LiFSI/PEO electrolyte 

and a very elastic and sticky polymer in the case of LiFSI/SPE. Scanning electron 

microscopy (SEM) imaging was carried out in order to study the morphology of 

both polymer electrolytes. As it can be observed in Figure 4.3, LiFSI/PEO 
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Figure 4.3. SEM images of the surface morphology for a) LiFSI/SPE and b) LiFSI/PEO 

electrolytes. 

4.5. Thermal characterization 

The study of the phase transitions is of great importance in order to 

stablish the operational temperature of ASSLMBs. Moreover, phase transitions, 

including Tg, allow to determine the materials that will present high ionic motion in 

solid polymer electrolytes. This feature is crucial for screening the suitability of the 

electrolytes for their application in ASSLMBs. 

4.5.1. Thermogravimetric analysis (TGA) 

Figure 4.4 shows the TGA traces of LiFSI/SPE and LiTFSI/SPE samples. Both 

electrolytes are thermally stable up to 200 oC, which is much higher than the 

operational temperature of ASSLMBs. Compared to LiTFSI/SPE, the LiFSI/SPE one 

shows a lower value of decomposition temperature (Td), and presents two distinct 

steps of degradation. The first one is associated with the decomposition of FSI‒ 

anion at ca. 230 oC that releases fluorinated residues leading to the decomposition 

of Jeffamine-side chains and, the second one, related to the polymer matrix at ca. 

350 oC. This is in accordance with lower thermal stability of the neat LiFSI salt [i.e., 

Td = 200 oC  (without mass loss) and Td = 312 oC (5% mass loss) for LiFSI [24] vs. Td = 

384 oC (5% mass loss) for LiTFSI [23, 25]]. 
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Figure 4.4. Thermogravimetric analysis traces for the LiFSI/SPE and LiTFSI/SPE with the 

EO/Li ratio of 20. 

4.5.2. Differential scanning calorimetry (DSC) 

Figure 4.5 shows the Tg of LiFSI/SPEs and LiTFSI/SPEs with various salt 

concentrations. Phase transition temperatures are summarized in Table 4.2 and 

DSC traces are shown in Figure A.4.1. The values of Tg for both LiFSI/SPE and 

LiTFSI/SPE are slightly lower than those of PEO-based ones (e.g., Tg = ‒49 oC 

(LiTFSI/SPE) vs. Tg = ‒45 oC (LiTFSI/PEO) [15] for the molar ratio of EO/Li = 20), 

suggesting a higher degree of flexibility for Jeffamine-based matrices. The neat 

Jeffamine-based polymer matrix shows a glass transition at ‒54 oC and a melting 

point at 12 oC, as it was shown in Chapter 3. The addition of an even low amount 

of lithium salt (i.e., EO/Li above 20) entails amorphism of the SPEs, obtaining a fully 

amorphous matrix at RT (Figure A.4.1). This is ascribed to the plasticizing effect of 

the lithium salt into the polymer matrix. The salt breaks the crystalline phase of 

the polymer host by the interaction of Li cations with EO units. This interaction 

restricts the freedom of conformational movements and can lead to an increase of 

Tg. However the S‒N‒S bond in the anion is able to rotate and provides a high 

plasticizing effect. Comparing the effect of the type of Li salt added, no differences 

are found, the same tendency is obtained for both LiFSI and LiTFSI. 
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Figure 4.5. Glass transition temperature (Tg) of the prepared electrolytes with various salt 

concentrations. 

Table 4.2. The characterization data for the phase behavior for the as-prepared 

electrolytes. 

Samples EO/Li Tg 
[a] Tc 

[b] (ΔHc)
 [c] Tm

[d] (ΔHm) [e] 

LiFSI/SPE     
 50 −58 −26 (21.9) 4 (22.4) 
 30 −54 −13 (5.5) 7 (4.6) 
 20 −49   
 15 −48   
 10 −37   
LiTFSI/SPE     
 50 −58 −28 (21.9) 4 (25.6) 
 30 −56 −14 (3.3) 6 (3.8) 
 20 −50   
 15 −46   
 10 −38   

LiFSI/PEO 20 −47 3 (0.8) 63 (67) 

LiTFSI/PEO 20 −45  65 (50) 

[a] Glass transition temperature (
o
C) taken as the midpoint of the inflexion. [b] Crystallization 

point (
o
C) taken as the maximum value of the crystallization peak. [c] Enthalpy of 

crystallization (J g
‒1

). [b] Melting point (
o
C) taken as the maximum value of the melting peak. 

[c] Enthalpy of melting (J g
‒1

). 
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4.6 Electrochemical characterization 

The study of properties such as ionic conductivity, Li-ion transference 

number, diffusion coefficient, electrochemical stability toward oxidation and 

compatibility with Li° electrode is essential as these parameters will determine the 

suitability of the polymer electrolytes for their application in ASSLMBs. 

4.6.1 Ionic conductivity 

Figure 4.6 presents the logarithm of ionic conductivity (σ) at different 

temperatures vs. the concentration of lithium salt (EO/Li ratio). Both LiFSI/SPE and 

LiTFSI/SPE show the same dependency upon increasing the salt concentration, and 

the highest ionic conductivities are obtained with a molar ratio of EO/Li = 20 in all 

the measured temperatures. 

 

Figure 4.6. Conductivity dependence of salt concentration at different temperatures for a) 

LiFSI/SPE and b) LiTFSI/SPE. 

Figure 4.7 shows the temperature dependence of ionic conductivity (σ) for 

both the TFSI‒ and FSI‒ based SPEs, as well as for PEO-based reference 

electrolytes. In all cases a molar ratio of EO/Li(X) = 20 (X = TFSI, FSI) was used as 

both LiFSI/SPE and LiTFSI/SPE show the same dependency upon increasing the salt 

concentration, and the highest ionic conductivities are obtained with this molar 

ratio. This is ascribed to the optimal transient interaction between Li+ and ether 

units, where higher number of ions does not result in higher ionic conductivity. 

When high amount of salt is added (ca. EO/LiX = 10), there is an increase in the 

viscosity and, as a consequence, the ionic mobility decreases due to the local 
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restriction of conformational movements of EO units. This is supported by the 

increase in the Tg value, as it was observed in Figure 4.5. 

The reference PEO-based electrolytes display non-linear ionic conductivity 

behaviour due to the melting of the crystalline phase in the temperature ranging 

from 60 to 70 oC, whereas all the Jeffamine-based SPEs follow a continuous Vogel-

Tamman-Fulcher (VTF) behaviour, indicating a fully amorphous nature of the 

electrolytes in the measured temperature range. This is in accordance with the 

results obtained for the DSC study where Jeffamine-based electrolytes are free 

from thermal changes in the temperature range of the conductivity test. 

At an elevated temperature of 70 oC, the ionic conductivities are 5.3 × 10‒4 

S cm‒1 and 5.6 × 10‒4 S cm‒1 for LiFSI/SPE and LiTFSI/SPE, respectively, being close 

to the values for PEO/LIFSI and PEO/LiTFSI electrolytes. At a lower temperature of 

40 oC, Jeffamine-based SPEs still remain highly conductive (ca. 2 × 10‒4 S cm‒1); 

whereas the conductivity of PEO-based electrolytes drops significantly ( <10‒5 S 

cm‒1 for LiTFSI/PEO and <10‒6 S cm‒1 for LiFSI/PEO), which is ascribed to the 

crystallization of PEO matrix and thereby reducing the fraction of highly 

conducting amorphous phase and the conformational changes of EO segments in 

close vicinity of the crystalline phase [11]. 

 

Figure 4.7. Arrhenius plots for the LiFSI/SPE and LiTFSI/SPE, as well as for the reference 

electrolytes LiFSI/PEO and LiTFSI/PEO with the EO/Li(X) = 20 (X = TFSI, FSI). 
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4.6.2 Li-ion transference number  

The Li-ion transference number (TLi
+) of the TFSI- and FSI-based SPEs and 

PEO reference electrolytes were measured and the calculated values have been 

summarized in Table 4.3. The contribution of Li-ion to the total ionic conductivity 

is quantified by the TLi
+ value and was measured using the method described in 

Chapter 2 section 2.4.5 [21, 26]. In order to study the dependency of TLi
+ with the 

temperature, LiFSI/SPE was selected as an example. The results suggest a 

negligible difference with the variation of temperature (e.g., TLi
+ = 0.16 at both 70 

oC and 40 oC). 

Table 4.3. The calculated values of Li-ion transference number (TLi
+
) of various electrolytes 

with the same EO/Li ratio of 20 at different temperatures. 

Electrolyte  EO/Li T 
/

o
C

[a]
 

I0 / 
µA

[b] 
IS / 

µA
[c]

 
Rb

0
 / 

Ω
[d]

 
Rb

s
 / 

Ω
[e]

 
Ri

0
 / 

Ω
[f]

 
Rl

s
 / 

Ω
[g]

 
ΔV / 
mV

[h]
 TLi

+[i]
 

LiFSI/SPE           

 20 70 13 3 452 445 785 848 10 0.16 

 20 60 28 5 410 392 281 271 10 0.15 

 20 50 7 2 1510 1550 750 760 10 0.16 

 20 40 4 1 2875 2920 1150 1180 10 0.16 

LiTFSI/SPE           

 20 70 43 8 101 92 61 81 10 0.14 

 15 70       10 0.25 

 10 70       10 0.38 

LiFSI/PEO 20 70 32 15 33 33 257 258 10 0.13 

LiTFSI/PEO 20 70 23 12 30 31 360 364 10 0.17 

[a] Temperature at which the measurement was performed; [b] Initial and [c] steady-state current 
obtained by dc polarization; [d] initial and [e] final resistances of the electrolytes measured by ac 
impedance method before and after polarization, respectively; [f] initial and [g] final resistances of 
interfacial layer between electrode/electrolyte measured by ac impedance method before 

polarization and after polarization, respectively; [h] the dc voltage subjected to the Li° symmetric 
cell; [i] calculated values of Li-ion transference number. 
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In terms of salt type, the obtained results (ca. 0.15) suggest an insignificant 

difference between the measured samples with the same EO/Li ratio for both 

LiTFSI and LiFSI, presenting typical TLi
+ values for salt-in-polymer systems.  

Regarding the salt concentration, the TLi
+ value increases with increasing 

salt concentration, indicating a lower interaction between the Li cation and the 

polymer matrix. However, reverse tendency can be found in literature for 

polymers containing EO and PO units where lower TLi
+ values are obtained for 

higher salt concentrations [27].  This behaviour can be attributed to the polymer 

structure where PO units are bonded to the rigid polymer backbone based on 

imide rings. At low salt concentrations, Li-ions are selectively coordinated with EO 

units. However, when the salt loading is increased all EO units are saturated by Li 

salt and, as a consequence, PO units bonded to rigid polymer backbone are not 

able to distribute the salt groups due to their low dielectric constant and steric 

hindrance. 

4.6.3 Diffusion coefficient 

Table 4.4. The calculated values of diffusion coefficient (D) of various 

electrolytes with EO/Li ratio of 20 at different temperatures. 

Electrolyte EO/Li T / 
o
C

[a]
 D / cm

2
 s

-1[b]
 

LiFSI/SPE    
 20 70 4.1 × 10

-7
 

  20 60 3.6 ×10
-7

 
 20 50 3.1 × 10

-7
 

 20 40 2.9 × 10
-7

 

LiTFSI/SPE 20 70 3.7 × 10
-7

 
LiFSI/PEO 20 70 5.2 × 10

-8
 

LiTFSI/PEO 20 70 4.3 × 10
-8

 
[a] Temperature at which the measurement was performed; [b] calculated values of 
diffusion coefficient. 

The diffusion coefficient (D) of the TFSI- and FSI-based SPEs and PEO 

reference electrolytes were measured and the calculated values have been 

summarized in Table 4.4. As it can be observed, the D values obtained for LiFSI-

based electrolytes are slightly higher than the corresponding D values for TFSI-

based ones. This can be ascribed to the lower resistivity of the interfacial layer vs. 

Li electrode. Even though it decreases slightly with decreasing temperature, 
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LiFSI/SPE can retain the value of 2.9 × 10‒7 cm2 s‒1 at 40 oC. Moreover, D values for 

Jeffamine-based SPEs are one order of magnitude higher than the ones for PEO, 

proving that the ion mobility is higher when the viscosity of the polymer is lower. 

4.6.4 Electrochemical stability toward oxidation 

The anodic stability of polymer electrolytes is generally limited by the 

nature of polymer matrix when a perfluorinated anion is chosen as conducting salt 

[28] and it is determined by linear sweep voltammetry (LSV). This method follows 

the oxidation reactions on the electrode by an imposed increase of potential in the 

working electrode (WE). The LSV profiles depicted in Figure 4.8 indicate that the 

anodic stabilities for Jeffamine-based SPEs are slightly lower than those of the 

corresponding PEO-based ones. This can be attributed to the greater sensitivity of 

the PO segment to oxidation. However, one may notice that the electrochemical 

stabilities for all the studied electrolytes are limited by the degradation of ether 

chains ‒[CH2CH2O]‒ with a characteristic value at ca. 4 V vs. Li°/Li+. Nevertheless, 

the stability of Jeffamine-based electrolytes can meet the requirement of the 

extensively used lithium iron phosphate (LiFePO4) composite polymer cathode, 

which has a working voltage at 3.5 V vs. Li°/Li+. 

 

Figure 4.8. Linear sweeping voltammetry (LSV) profiles of the as-prepared four electrolytes 

with EO/Li = 20 at 70 
o
C. 
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4.6.5 Compatibility with Li° electrode 

The interphase formed between the electrolyte and the Li metal electrode 

plays pivotal role in order to determine the cycling performance of ASSLMBs. The 

properties of the SEI are highly dependent on the identity of the anion of lithium 

salt. For this reason, the stability of the interphase of Li metal electrode with FSI‒ 

and TFSI‒based PEO and SPEs were analysed. The SEI growth can be easily 

followed by electrochemical impedance spectroscopy (EIS) where resistivity of the 

cell, including the SEI layer, can be detected. EIS plots of Li° symmetric cells for 

Jeffamine-based SPEs and PEO-based cells with EO/Li = 20 at different 

temperatures are presented in Figure 4.9. The simplified equivalent circuit used to 

fit collected EIS data is given in Figure A.4.2 and the best fitted-results are 

summarized in Table A.4.1. 
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Figure 4.9. Electrochemical impedance spectra of Li° symmetric cell for Jeffamine-based 

SPEs and PEO reference electrolyte with EO/Li(X) = 20 (X =TFSI, FSI) at various 

temperatures. 
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Figure 4.10 shows the effect of temperature on the total resistance (Rtotal) 

of the Li° symmetric cells using Jeffamine-based SPEs and PEO reference 

electrolytes. Interestingly, the temperature dependence of Rtotal for Jeffamine-

based SPEs shows a linear behaviour continuously throughout the measured 

temperature range (30‒70 oC), being different from the non-linear behaviour for 

the PEO-based ones showing high Rtotal values below 60 oC. The tendency of Rtotal 

vs. T is well in line with the conductivity and DSC results, where the melting 

transition of PEO at ca. 65 o C could be observed. For Jeffamine-based electrolytes 

a smooth dependency of log (Rtotal) is observed in the measured temperature 

range. 

 

Figure 4.10. Total resistance (Rtotal) of the Li° symmetric cells using various electrolytes at 

heating and cooling scans. 

Table 4.5 summarizes the calculated values of Arrhenius fitting for the Rtotal 

for the Jeffamine-based Li° symmetric cells. These values were calculated by 

Equation 4.1.  

Table 4.5. The calculated values of Arrhenius fitting for the total resistance (Rtotal) 

obtained from Li° symmetric cells using LiFSI/SPE and LiTFSI/SPE. 

Electrolyte Ea / kJ mol
−1

 A / Ω
−1

 cm
−2

 Adjusted R-square 

LiFSI/SPE 58.5 1.0 × 10
7
 0.999 

LiTFSI/SPE 65.8 5.1 × 10
7
 0.972 
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Equation 4.1  wherein, A is pre-exponential factor, Ea is the activation energy and R is the 
gas constant [29]. 

As it can be observed in Table 4.5, the activation energy of Rtotal is lower 

for LiFSI/SPE than that for LiTFSI/SPE one, i.e., 49.3 kJ mol‒1 (LiFSI/SPE) vs. 65.8 kJ 

mol‒1 (LiTFSI/SPE). This further suggests that the amorphous nature of the polymer 

matrix not only enhances the ionic transportation of SPEs, but also greatly 

regulates the chemical compatibility of SPEs with Li° electrode. Surprisingly, the 

values of Rtotal for LiFSI/SPE are maintained as low as ca. 103 Ω cm2 at ambient 

temperature range (25‒40 oC), suggesting a superior chemical compatibility of 

LiFSI/SPE with Li° electrode. Figure 4.11 shows the Arrhenius fitting for the 

temperature dependence of the Rtotal obtained from Li symmetric cell for 

Jeffamine-based electrolytes. 

 

Figure 4.11. Arrhenius fitting for the temperature dependence of the total resistance (Rtotal) 

obtained from Li° symmetric cells using a) LiFSI/SPE and b) LiTFSI/SPE electrolytes. 

Figure 4.12 presents the voltage profiles for the Li plating/stripping test 

using Li° symmetric cell at a current density of 0.2 mA cm‒2. This 

chronoamperometry test displays the electrode/electrolyte interface behaviour 

under cycling conditions simulating the battery operation. The cell based on 

LiFSI/SPE sustains more than 800 h (corresponding to 160 mAh cm‒2 charge 

passing through each Li° electrode) continuous cycling without any visible side 

reaction, whereas the analogous one using LiTFSI/SPE, as well as those using 
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LiFSI/PEO and LiTFSI/PEO encounter short-circuiting after less than 150 h. This can 

be attributed to the fully amorphous nature and good adhesive properties of 

Jeffamine-based electrolytes, allowing a better contact between Li° electrode and 

solid polymer electrolytes, thus retarding the formation of dendritic lithium in the 

Li° symmetric cell. This observation strongly implies that the synergetic effect of 

Jeffamine-based polymer matrix and SEI-favourable FSI anion can significantly 

improve the electrochemical performance of Li° electrode with SPEs mitigating the 

growth of Li° dendrites. 

 

Figure 4.12. Galvanostatic cycling of the Li° symmetric cells at 70 
o
C with a current density 

of 0.2 mA cm
‒2

, and a half-duration of 2h. 

4.6.6 Cycling of Li° ││LiFePO4 cell performance 

4.6.6.1 LiTFSI-based electrolytes 

The possibility of implementing the Jeffamine-based SPEs in rechargeable 

ASSLMBs is further evaluated by the cycling performance of Li°││LiFePO4 cells. 

LiFePO4 based cathodes were prepared using 63 wt% LFP active material, 7 

wt% C65 conductive carbon and 30 wt% SPE/LiX [(SPE = Jeffamine-based SPE, PEO) 

and (X = TFSI, FSI)] as polymer binder following the method reported in Chapter 2 

section 2.3.1. 
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Firstly, the surface morphology of the composite LFP cathode was 

investigated by SEM, as it can be observed in Figure 4.13. The Jeffamine-based SPE 

LFP cathode shows a continuous layer which can effectively bind the active 

material and conductive carbon, being a characteristic of good adhesive properties 

of Jeffamine-based polymer. In contrast, isolated aggregates are observed in the 

PEO-based cathode, due to the semicrystalline nature and lesser degree of 

entanglement for PEO matrix. 

 

Figure 4.13. SEM images of the surface morphology for a) LiFSI/SPE and b) LiFSI/PEO based 

LFP cathodes. 

In the first stage of the study, Jeffamine-based SPE was used as binder 

electrolyte in LFP based cathode and PEO was used as polymer electrolyte. As it 

has been presented in this chapter, Jeffamine-based electrolyte presents 

outstanding electrochemical properties. However, in order to study its feasibility 

as polymer binder a well-known polymer electrolyte (e.g, LiTFSI/PEO) was chosen. 

Figure 4.14 shows the specific capacity and Coulombic efficiency (CE) vs. cycle 

number of two cells with different loading of active material [e.g., a) 3.1 mg cm‒2 

(0.53 mAh cm‒2) and b) 5.6 mg cm‒2 (0.95 mAh cm‒2)] at 70 oC at a constant 

charge/discharge rate of 0.1/0.1C. As it can be observed, both cells can be cycled 

for at least 120 cycles with low capacity fading and good Coulombic efficiency (CE). 

In the case of lower active material loading (Figure 4.14a), in the first cycles the 

cell delivers a discharge capacity of 165 mAh g‒1, while after 120 cycles the 

discharge capacity decays to 151 mAh g‒1 with a CE close to 100%. For higher 
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active material loading (Figure 4.14b), the discharge capacity varies from 141 mAh 

g‒1 in the first cycles to 130 mAh g‒1 after 140 cycles. 

As it can be observed, higher areal mass loading results in lower specific 

capacity values. This behaviour can be attributed to the higher current density that 

needs to be applied that can also favour the soft dendrite formation. 

 

Figure 4.14. Specific capacity and Coulombic efficiency vs. cycle number for the cells using 

LiTFSI/PEO as electrolyte and Jeffamine-based SPE as binder in LFP cathode cycled at 70 
o
C 

at a constant charge/discharge rate of 0.1/0.1C for an active material loading of a) 3.1 mg 

cm
‒2

 and b) 5.6 mg cm
‒2

. 

After this study, it can be concluded that good electrochemical 

performance can be achieved by the implementation of Jeffamine-based SPEs as 

polymer binders in cathode materials. This could be ascribed to the high ionic 

conductivity, fast ion mobility and volume-compliant mechanical properties of the 

polymer. 

In the next step of the study Jeffamine-based SPE with LiTFSI was utilized 

as both electrolyte and binder in LFP based ASSLMBs. Figure 4.15a depicts the 

specific capacity and Coulombic efficiency vs. cycle number and Figure 4.15b the 

charge/discharge profiles for the as-prepared cell at 70 oC under a constant C rate 

of 0.1/0.1C. As it can be observed, the cell shows good long-term cycling stability 

and a high discharge capacity of 140 mAh g‒1 after 120 cycles. Moreover, the 

smooth voltage profiles shown in Figure 4.15b indicate that there is no dendrite 

growth during the cycling of the cell, probably due to the good contact between 

the electrolyte and Li anode. 
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Figure 4.15. a) Specific capacity and Coulombic efficiency vs. cycle number and b) 

charge/discharge profiles for the cells using LiTFSI/SPE as both electrolyte and binder in LFP 

cathode cycled at 70 
o
C under a constant C rate of 0.1/0.1C. 

4.6.6.2 LiFSI-based electrolytes 

Inspired by the previously mentioned advantageous chemical and 

electrochemical properties of LiFSI/SPE, such as higher ionic conductivity at low 

temperatures and higher stability against Li° electrode than the LiTFSI 

counterparts, and the suitability of Jeffamine-based polymer as both electrolyte 

and binder material in LFP-based cells, this electrolyte was chosen in order to 

decrease the operational temperature of ASSLMBs.  

Figure 4.16 shows the specific/areal capacities and Coulombic efficiency 

vs. cycle number at various temperatures for both a) Li°│LiFSI/SPE│LFP and b) 

Li°│LiFSI/PEO│LFP cells. At an elevated temperature of 70 oC, where most of the 

solid polymer electrolytes-based Li°││LFP cells being cycled, the Li°││LFP cell using 

LiFSI/PEO delivers discharge capacities around 140 mAh g‒1 at a current rate of 

C/10, which are close to the theoretical value of LFP cathode. The cell using 

LiFSI/SPE has an initial capacity of 160 mAh g‒1 at C/20 and then decreases to 120 

mAh g‒1 at a current rate of C/10. This could be attributed to the higher loading of 

active material in the LiFSI/SPE-based cell [ca. 6.0 mg cm‒2 (1.02 mAh cm‒2)] than 

that in the LiFSI/PEO-based cell [ca. 4.5 mg cm‒2 (0.77 mAh cm‒2)]. This fact causes 

a slightly higher polarization during both charge and discharge processes in the 

former cell, thus resulting in a slightly lower utilization of LFP. Notwithstanding, 
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the LiFSI/SPE cell outperforms LiFSI/PEO-based one in terms of areal capacities at 

70 oC being benefited from its higher LFP loading, e.g., 0.75 mAh cm‒2 (LiFSI/SPE) 

vs. 0.63 mAh cm‒2 (LiFSI/PEO). 

 

Figure 4. 16. Specific/areal capacity and Coulombic efficiency vs. cycle number for the 

Li°││LiFePO4 cells using a) Jeffamine-based LiFSI/SPE and b) LiFSI/PEO at various 

temperatures. 

As it can be observed in Figure 4.16a, the LiFSI/SPE cell exhibits specific 

capacities of ca. 50 mAh g‒1 with good Coulombic efficiency at 50 oC though with a 

significant increase in polarization, as depicted in Figure 4.17. 

a)

b)
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Figure 4. 17. Charge/discharge profiles of the Li°││LiFePO4 cells using LiFSI/SPE at various 

temperatures under a constant C rate of 0.1/0.1C (Cycle number: the third cycle in each 

temperature). 

As it can be observed in Figure 4.18, the LiFSI/PEO cell does not work 

successfully at the same temperature. This is in accordance with the drastic 

decrease of ionic conductivity for LiFSI/PEO electrolyte at 50 oC due to the 

crystallization of PEO in the electrolyte.  

 

Figure 4. 18. Charge/discharge profiles of the Li°││LiFePO4 cells using LiFSI/PEO at a) 

elevated temperatures and b) ambient temperatures under a constant C rate of 0.1/0.1C 

(Cycle number: the third cycle in each temperature). 
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Besides, the formation of crystallized PEO phases within the cathode 

material is confirmed by the DSC measurement for the composite cathode, where 

a sharp exothermic peak for crystallization of PEO is observed for LiFSI/PEO-based 

composite cathode instead of the amorphous LiFSI/Jeffamine-SPE-based one 

(Figure 4.19). 

 

Figure 4. 19. DSC traces of the respective LiFSI/SPE and LiFSI/PEO composite LiFePO4 

cathodes. 

Remarkably, at room temperature region (25‒40 oC), the areal capacities 

of 0.1‒0.2 mAh cm‒2 are achieved by using LiFSI/SPE. These results are comparable 

to those reported recently by Mindemark [30] and Tominaga et al. [31], where 

either LiTFSI/poly(ethylene carbonate-co-caprolactone) or highly concentrated 

LiFSI/poly(ethylene carbonate) (PEC) electrolytes were employed for Li°││LFP cells 

(e.g., 0.19 mAh cm‒2 for the cell using LiFSI/PEC at 30 oC under a constant C rate of 

0.1/0.1C). In addition, the capacity for LiFSI/SPE cell can be reversibly regained 

with good Coulombic efficiency after cycling at various temperatures for 50 cycles. 

This could be again ascribed to the high ionic conductivity, superior 

electrochemical compatibility with Li° electrode, as well as good adhesive 

properties for LiFSI/SPE. 
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4.7. Conclusions 

The application of Jeffamine® compounds with PO and EO units makes 

polymer matrices more elastic and resistant to crystallization, obtaining 

completely amorphous electrolytes after mixing them with LiTFSI or LiFSI salts. The 

Li(X)/SPE (X = TFSI,FSI) electrolytes show high ionic conductivity at the 

temperature ranging from 70 oC to room temperature region, due to the 

amorphicity of the polymer matrix with soft and disordered polyether moieties. 

The high ionic conductivity at low temperatures is ascribed to the low energy value 

for conformational changes of flexible EO units.  

The chemical and electrochemical stability of solid polymer electrolytes 

against Li° electrode can be remarkably enhanced by the implementation of 

Jeffamine-based SPEs, especially when mixed with LiFSI salt. The suitability of the 

new as-prepared polymer electrolyte as binder materials in LFP based cathodes 

has been demonstrated. The Li°│LiTFSI/SPE│LFP cell shows good cycling stability 

and high Coulombic efficiency at 70 oC. The Li°│LiFSI/SPE│LFP cell delivers decent 

specific/areal capacity with good Coulombic efficiency when decreasing the 

operational temperature close to RT. Those results suggest that LiFSI/SPE could be 

promising candidates for enhancing the cycling performance of ASSLMBs at 

ambient temperature region, thus further improving their energy efficiency and 

energy density. 
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5.1. Introduction 

The development of solid polymer electrolytes (SPEs) has been largely 

hindered by the trade-off between high ionic conductivity and good mechanical 

properties, since the SPEs with low glass transition temperature (Tg) and supressed 

crystallinity, which are crucial for facilitating fast ionic transport, can hardly form 

self-standing membranes. 

As it was mentioned in previous chapters, among the different 

macromolecular hosts, poly(ethylene oxide) (PEO) is one of the most widely used 

polymer matrices as it contains ether coordination sites that facilitates lithium salt 

dissociation[1, 2]. Ionic transport in PEO depends on the chain flexibility and 

occurs mainly in the amorphous phase, leading to a low ionic conductivity at 

temperatures below its melting point (ca. 65 oC). Thus, PEO- based all-solid-state 

lithium metal batteries (ASSLMBs) have to operate at temperatures above the PEO 

melting temperature (Tm) [3, 4].  Under this condition, PEO is too soft 

microscopically to prevent the growth of lithium metal soft dendrites upon cycling 

despite the high molecular weight (Mw) giving solid-state mechanical properties in 

macroscopic scale [5, 6]. 

Trying to overcome above mentioned drawbacks of PEO-based SPEs, 

tremendous efforts have been devoted to the design of non-crystalline and low Tg 

polymer matrices [7-9], such as structural alteration by random [10],  comb [11, 

12] and/or block copolymerization [13-16]. Block-copolymer-based SPEs are a 

promising solution that combines both good mechanical properties and high ionic 

conductivity. They are composed of two or more different covalently bound block 

of polymers that provide to the matrix with a combination of their own properties. 

In general, one block is usually an ethylene oxide (EO) based polymer responsible 

of the ionic conductivity, whereas the other block provides other functionalities 

such as mechanical stiffness [17, 18].  

It has been proven by different groups that higher conductivities are 

obtained when the conducting block is attached to a rubbery block instead of a 

glassy block [19, 20]. However, the blocks based on phosphazenes or siloxanes are 

not ensuring good mechanical properties. Glassy kind of blocks presenting high 

values of Tg, such as polystyrene (PS) play the role of a scaffold for polymer 

matrices where highly conducting amorphous phase can be placed in between [21-
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23].  Balsara et al. studied a series of SPEs based on poly(ethylene oxide)-block-

polystyrene (PEO-b-PS). Their results showed that the molecular weight of each 

block [18, 23], thermal history [24] and concentration of lithium salt [22] have a 

pivotal impact on the ionic conductivity and mechanical properties of the SPEs. 

The optimized electrolyte, with a high mechanical strength (modulus, 50 MPa) and 

acceptable ionic conductivity, supressed significantly the lithium (Li°) dendrite 

growth and afforded a long-term cycling of Li°││LiFePO4 cell at 90 oC [25, 26]. 

Bouchet et al. reported the difference between a large series of SPEs 

where the structural block was made of PS and the conductive block was made of 

either linear PEO or comb PEO based on poly(ethylene-glycol) methyl ether 

methacrylate [27, 28]. The comb structure was expected to increase the dynamics 

of the polymeric chains, thus preventing their crystallization. It was proved that 

the ionic motion was improved and a better ionic conductivity around room 

temperature (RT) was obtained (ca. 10‒5 S cm‒1 at 30 oC). It is worthy to point out 

that the ionic conductivities of above-mentioned SPEs are still not sufficient for the 

desirable performance of ASSLMBs [23]. Hence, further modifications of the 

polymer matrices with customized functional moieties, being advantageous for 

achieving good mechanical properties and high ionic conductivities, are highly 

appreciated. 

In this chapter a new type of self-standing and highly conductive SPEs 

based on tailor-made block copolymers (i.e., Jeffamine-PS, Scheme 5.1) are 

reported.  The structural block of these copolymers is made of amine terminated 

PS, while the conducting block is made of comb polymer containing polyether side 

moieties (so-called Jeffamine®) doped with lithium 

bis(fluoromethanesulfonylimide) (LiTFSI). The structure was conceived on the basis 

of the following considerations: 

1) The conducting block, Jeffamine-side chain polymer is a polyether based 

on propylene oxide (PO), ethylene oxide (EO) units ensuring low Tg and high 

amorphicity, presenting remarkable adhesion properties, high mobility of Li+ ions 

and good compatibility with Li° electrode. However, the matrix suffers from weak 

mechanical properties and, as a result, self-standing membranes are impossible to 

obtain, as it was discussed in Chapter 3 and Chapter 4 [12, 29]. 
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2) The PS block is favourable for providing mechanical stiffness, acting as 

scaffolding, in order to obtain self-standing membranes. This feature was well 

proven by previous work of Balsara [23] and Bouchet [27, 28]. 

3) Poly(ethylene-alt-maleimide) backbone is easy to modify in clean 

reactions where both side chains contain the same amine terminated moieties 

able to react in the same manner. 

4) LiTFSI is chosen due to its highly delocalized negative charge, structural 

flexibility (plasticizing), and chemical and electrochemical stabilities [2]. 

 

Scheme 5.1. Schematic illustration of the tailor-made block copolymer.  

5.2. Synthesis of polymer matrices 

 The block copolymer matrices, hereafter BCPs, were readily accessible via 

one-pot reaction in a mixture of dimethyl sulfoxide (DMSO) and α,α´,α´´-

trifluorotoluene (TFT) at RT, as shown in Scheme 5.2. The selection of the solvent 

was made considering the features of the reaction. As for the solubility of the 

starting polymer backbone, DMSO was chosen as the best candidate, whereas TFT 

was compatible with the PS moieties favouring the dissolution of the polymer. 

Also, TFT has been proved to be an efficient solvent in the preparation of 

Jeffamine-based homopolymers, as seen in Chapter 3. 

 BCPs were synthesized in a three-step reaction (Scheme 5.2). Firstly, a 

given amount of poly(ethylene-alt-maleic anhydride) (PEaMA) was dissolved in 
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DMSO/TFT (50:50 by volume), followed by the addition of a pre-determined 

amount of amine-terminated PS dissolved in DMSO/TFT (same ratio) in order to 

obtain a homogeneous distribution of PS block via the linkage of N-substituted 

alkenamides. This also ensured a good conversion of the high-cost amine-

terminated PS. Secondly, corresponding amount of Jeffamine® side chain with 

amine group as an ending moiety was grafted readily to the polymer backbone in a 

similar manner as the first step. In the last step, the formation of maleic imide ring 

was successfully made in the presence of carbonyldiimidazole (CDI) under mild 

conditions (i.e., RT, 24 hours). This is in line with the work where CDI can act as an 

efficient agent for converting amine to amide and amic acid to imide [30]. After 

vigorous stirring over 24 h, the solvent was rotary evaporated and unreacted 

compounds and by-product imidazole were removed by water dialysis. 

 

Scheme 5.2. One-pot reaction for synthesizing the block copolymers.  

 A set of block copolymers with different Jeffamine®/PS composition have 

been prepared and compared with the Jeffamine M-2070 based homopolymer 

(SP) shown in Chapter 3 and Chapter 4 and PEO-based reference electrolyte. For 

the electrolyte preparation LiTFSI has been used as lithium salt with different EO/Li 

molar ratios. All the materials are summarized in Table 5.1. 
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Table 5.1. Abbreviations and corresponding composition of the as-prepared copolymers 
and electrolytes. 

Acronym Polymer matrix[a] EO/Li[b] Salt content 
/ wt%[c] 

Polymer matrices 

BCP70 Jeffamine-PS copolymer (70:30)   

BCP60 Jeffamine-PS copolymer (60:40)   

BCP50 Jeffamine-PS copolymer (50:50)   

SP Solid Jeffamine homopolymer   

Electrolytes 

BCP70-1# Jeffamine-PS copolymer (70:30) 20 13 

BCP70-2# Jeffamine-PS copolymer (70:30) 10 23 

BCP70-3# Jeffamine-PS copolymer (70:30) 8 27 

BCP70-4# Jeffamine-PS copolymer (70:30) 4 43 

BCP70-5# Jeffamine-PS copolymer (70:30) 3 50 

BCP60-3# Jeffamine-PS copolymer (60:40) 8 24 

BCP50-3# Jeffamine-PS copolymer (50:50) 8 21 

SPE-1# Solid Jeffamine homopolymer 50 8 

SPE-2# Solid Jeffamine homopolymer 30 12 

SPE-3# Solid Jeffamine homopolymer 20 18 

SPE-4# Solid Jeffamine homopolymer 15 22 

SPE-5# Solid Jeffamine homopolymer 10 30 

RE PEO 20 25 

[a] The number in parentheses refers to the weight ratio of Jeffamine® vs. PS blocks. [b] The molar 
ratio of EO/Li. [c] The weight percentage of the added lithium salt in the SPEs. 

5.3. Selection of the best block copolymer matrix 

 In order to determine the best copolymer matrix different properties of 

the materials were analysed. First, the chemical structures were analysed to 

confirm the reaction of the reagents. Then, the phase transitions were studied to 



Chapter 5 

 

124 

 

ensure the suitability of these polymers as electrolytes since this parameter is 

associated with the operational temperature of ASSLMBs and Li-ion conductivity. 

On the other hand, the mechanical properties and stability are important in order 

to obtain self-standing membranes. Finally, the ionic conductivities of the three 

different block copolymers were compared. 

5.3.1. Chemical characterization of polymer matrices 

 The structures of the resulting BCPs were characterized by hydrogen-1 

nuclear magnetic resonance (1H NMR) and attenuated total reflectance-Fourier-

transform infrared spectroscopy (ATR-FTIR). 

5.3.1.1. Hydrogen-1 nuclear magnetic resonance (1H NMR) 

 

Figure 5.1. a) Structure of the as-prepared block-copolymer and b) 
1
H NMR spectra of 

copolymer matrices with three different compositions. 

As it can be observed in Figure 5.1b, the absence of ‒NH2 and ‒OH signals 

at the range of 8‒10 ppm in 1H NMR confirms the dehydration reaction of amine 

and carboxyl groups, thus the imide ring is formed. The broad peaks in the 6‒8 

ppm range, named as A in the spectra, correspond to ‒CH groups from the phenyl 

group of the PS. The doublet at 1 ppm and the singlet at 3.6 ppm, marked as G and 

B, correspond to the protons from ‒CH3 and ‒CH groups of the propylene oxide 

(PO) units in Jeffamine® side chains, respectively. The peaks at 1.2 ppm and 3.5 

ppm, designated as F and C, correspond to the protons from ‒CH2 groups from the 

polymer backbone and PS and Jeffamine® side chains. The signal at 3.35 ppm, 
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named as D, corresponds to the protons from ‒CH2 and terminal ‒CH3 groups from 

Jeffamine® side chains. Finally, the signal at 2.7 ppm, marked as E, correspond to 

the ‒CH groups from the polymer backbone and terminal ‒CH2 group from PS 

block. 

 Taking into account the differentiated signals at 7 ppm and 1 ppm assigned 

to the respective phenyl group of PS block ‒[CH‒CH‒C6H5]‒ and methyl group ‒

[CH2‒CH‒(CH3)‒O]‒ of PO units contained in Jeffamine® chain, the obtained 

weight ratios of Jeffamine®/PS blocks are quantified and given in Table 5.2. The 

feeding ratios of Jeffamine®/PS closely match with the observed ones, and those 

copolymers have molecular weights in the range of 2 x 106 to 1.4 x 107 g mol‒1, 

estimated from the 1H-NMR spectra and taking into account the theoretical 

molecular weights of each component. 

Table 5.2. Comparison of Jeffamine/PS feeding ratios and observed ratios quantified 
by 

1
H-NMR for the different copolymers and calculated molecular weight. 

Matrix 
Feeding 

ratio/ wt% 
Observed 

ratio[a]/ wt% 
Mw

[b]/ x 106 g mol‒1 

BCP70 70:30 74:26 2–12 

BCP60 60:40 59:41 2–13 

BCP50 50:50 52:48 2–14 

[a] Calculated by the integration of the peaks at 1 and 7 ppm in 
1
H-NMR assigned to the methyl 

group of the PO segment of Jeffamine and the styrene ring of PS, respectively. [b] Estimated 
molecular weight from 

1
H-NMR. 

5.3.1.2. Attenuated total reflectance-Fourier-transform Infrared Spectroscopy 

(ATR-FTIR) 

 In Figure 5.2 the ATR-FTIR spectra collected for the different block 

copolymer electrolytes with EO/Li = 8 are shown. The absence of ‒NH2 and ‒OH 

signals at the range of 3500‒3200 cm‒1 in ATR-FTIR confirms, again, the imide ring 

formation by chemical dehydration treatment. The characteristic signals of 

Jeffamine® side chains appear in the wavenumbers assigned in Chapter 3; i.e., 

stretching mode of C‒Hx at 3000 cm‒1; scissoring mode of C‒H2 at 1450 cm‒1; 

wagging mode of C‒Hx at 1350 cm‒1; twisting mode of C‒Hx at 1250 cm‒1, rocking 

mode C‒Hx at 950 cm‒1 and C‒O‒C stretching and C‒H2 bending peak at 1150 cm‒1. 

Finally, the signal at 700 cm‒1 corresponds to C‒H bonds from phenyl group of PS. 
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As it can be observed, this signal decreases with decreasing concentration of PS 

fraction. 

On the other hand, characteristic signals assigned to TFSI― appear at 

~1380 cm―1 and ~1130 cm―1 (stretching of SO2), 1060 cm―1 and 761 cm―1 

(stretching SNS) as it was discussed in Chapter 4 [31]. 

 

Figure 5.2. ATR-FTIR spectra of copolymer matrices with three different compositions. 

5.3.2. Mechanical properties 

The polymer electrolytes based on both copolymer and homopolymer 

matrices were prepared by conventional solvent casting method using a mixture of 

acetonitrile (ACN) and tetrahydrofuran (THF) (50:50 by volume), as illustrated in 

Figure 5.3. As it can be observed in Figure 5.3a, the introduction of PS block 

dramatically improves the solubility of Jeffamine-based copolymer in organic 

solvents, as well as their mechanical stabilities, and thereby a self-standing 

membrane with good ductility could be obtained. In contrast, the homopolymer-

based SPEs appear to be very elastic and sticky as it has been described in Chapter 

3 and Chapter 4. As seen from Figure 5.3b the comparison of the SEM images for 

both types of electrolytes clearly shows a better homogeneity for copolymer-

based polymer electrolyte.  

It has to be mentioned that the mechanical properties of the BCPs were 

measured by differential mechanical analysis (DMA). However, all the membranes 
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were broken when the measurement started. This can be due to immiscibility 

between Jeffamine and PS blocks and the high Tg value (ca. 87 oC) of the PS blocks 

that determine the mechanical properties of copolymer. 

 

Figure 5.3. a) Preparation, optical and b) SEM images of the copolymer (BCP70-3#) and 

homopolymer (SPE-3#).  

5.3.3. Thermal characterization 

Figure 5.4 gathers the thermograms of copolymer electrolytes with 

different amount of PS block and same salt concentration of EO/Li = 8. Clearly, the 

Tg values of BCP60 and BCP50-based electrolytes are higher than that of the 

BCP70-based one, suggesting that 70 wt% Jeffamine is an optimal composition 

that could balance the mechanical properties and flexibility of polymer backbone. 
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Figure 5.4. DSC traces of the copolymer-based electrolytes with different content of PS 

block. 

5.3.4. Ionic conductivity 

 As it was described in the introduction chapter, the limiting factor of 

practical usage of polymer electrolytes is their ionic conductivity. The drop of ionic 

conductivity in block copolymers is related with the presence of high fraction of PS 

chains that are not able to dissociate the salt. As a consequence, the ionic 

conductivity occurs in the Jeffamine-based block (conductive block). 

Jeffamine®-based electrolytes and the PS block show sufficient 

electrochemical stability and compatibility with Li electrode, as it is known from 

literature [32]. For this reason, the study of ionic conductivity was chosen as the 

key parameter to determine the most suitable copolymer matrix. 

Figure 5.5 presents the influence of Jeffamine/PS composition for ionic 

conductivity of BCP-based polymer electrolytes. One may note that the highest 

values of conductivities are registered for electrolyte BCP70 matrix, and the 

increase of the amount of PS block in the matrix results in a lower value of ionic 

conductivity. This can be related to two main factors: 1) lower fraction of 

conducting volume, and 2) the tortuosity of the resulting material. This is 

supported by the DSC results where BCP-based electrolytes tend to have a higher 

Tg for Jeffamine block with the increase of PS ratio. Thus, among the three 

analyzed materials, the material comprising BCP70 was selected as the most 

suitable polymer matrix for the next steps of the study. 
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Figure 5.5. Arrhenius plot of ionic conductivity of the BCP-based electrolytes with various 

amount of Jeffamine block. 

5.4. Characterization of BCP70 polymer matrix and electrolytes 

5.4.1. Chemical characterization 

The ATR-FTIR spectra collected for copolymer matrix BCP70, Jeffamine-

based homopolymer (SP) and PS‒NH2 are depicted in Figure 5.6. In the case of PS‒

NH2, the stretching modes of =C‒H and C‒H2 are detected at 3030 cm‒1 and 2900 

cm‒1 respectively. The signals corresponding to the ring appear at the following 

wavenumber; symmetric stretching of the ring at 1490 cm‒1, deformation of C‒H 

bond at 1450 cm‒1, and deformation modes out of the plane at 745 cm‒1 and 700 

cm‒1 respectively. As for the SPE, stretching mode of C‒H2 and C‒H3 are detected 

at 3000 cm‒1. The intense peak at 1150 cm‒1 is a result from the superposition of 

C‒O‒C stretching and C‒H2 bending modes from Jeffamine® side chains. 

In the case of BCP70, a mixture of the above mentioned signals is 

detected. At around 3000 cm‒1 the signal corresponding to stretching mode of C‒

H2 and C‒H3 is detected. The intense peak at 1150 cm‒1 corresponds to Jeffamine® 

side chains, whereas the intense peak at 700 cm‒1 corresponds to the deformation 

modes of PS ring. 
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Figure 5.6. ATR-FTIR spectra of copolymer matrix, Jeffamine-based homopolymer and PS‒

NH2. 

5.4.2. Thermal characterization 

5.4.2.1. Thermogravimetric analysis (TGA) 

Figure 5.7 presents the TGA traces of selected solid polymer electrolytes, 

as well as the polymer matrix of BCP70. All the materials show decomposition 

temperatures (Td) higher than 300 oC, which are suitable for ASSLMBs where the 

stability is limited by the melting point of Li° electrode (Tm = 180 oC). The slightly 

lower value of Td for BCP70‒3# compared to that for the representative LiTFSI/PEO 

electrolyte (referred as RE) imposes that the pyrolysis of the electrolytes is 

dominated by the thermal lability of the Jeffamine-based copolymer matrix. This is 

in agreement with the nearly overlapped TGA traces between the copolymer 

electrolyte (BCP70‒3#) and its matrix (BCP70), and the reported excellent thermal 

stability for LiTFSI (Td = 384 oC)[33]. 

One may also notice that the copolymer electrolyte (BCP70‒3#) has a Td 

value very close to the homopolymer electrolyte (SPE‒3#), suggesting that the 

introduction of PS block does not affect the thermal stability of the Jeffamine-

based SPEs and thermal degradation is initiated by polyether chain decomposition. 
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Figure 5.7. Thermal gravimetric analysis (TGA) traces of the polymer matrix and 

electrolytes. 

5.4.2.2. Differential scanning calorimetry (DSC) 

The flexibility of polymer segments is of great importance for facilitating 

the ionic motion in solid polymer electrolytes. It could be partially revealed by the 

glass transitions of the electrolytes. Figure 5.8 presents the thermograms of 

Jeffamine-based homopolymer (SPE), amine terminated poly(styrene) (PS‒NH2) 

and BCP70.  The magnified DSC trace is shown in Figure A.5.1 to make all the glass 

transitions legible. 

 

Figure 5.8. DSC traces of polymer matrices and PS‒NH2 starting product. 
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PS‒NH2 shows only glass transition at ca. 87 oC, which is related to the 

amorphous fraction within PS having molecular weight below 104 g mol‒1 [34]. The 

polyether fraction in SPE has glass transition at ‒62 oC, which is typical for 

Jeffamine side chains as described in Chapter 3 and Chapter 4 [12, 29]. The Tg 

value for Jeffamine and PS blocks in the copolymer are very close to the respective 

ones in the homopolymers, e.g., ‒62 oC (Jeffamine in BCP) vs. ‒61 oC (Jeffamine in 

homopolymer) and 86 oC (PS in BCP) vs. 87 oC (PS in homopolymer). This indicates 

that Jeffamine and PS blocks are immiscible and separated blocks in the copolymer 

matrices. However, in addition to the benefit that copolymerization by PS side 

chains led to an improvement in global mechanical properties (Scheme 5.1), the 

copolymer was free from the crystallization of EO or, of course, PO units which 

could be ascribed to the presence of rigid PS phase that could block the 

reorganization of ether units to form crystalline phase. 

Figure 5.9 depicts the dependence of Tg values (for polyether moieties) vs. 

salt concentration for both copolymer and homopolymer-based electrolytes. The 

corresponding DSC traces of BCP- and SPE-based electrolytes are presented in 

Figure A.5.2.  

 

Figure 5.9. The dependence of Tg values (for polyether moieties) vs. salt 

concentration for both copolymer and homopolymer-based electrolytes. 
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The value of Tg for SPE without salt reaches ‒62 oC, and then increases up 

to ‒38 oC (EO/Li = 10) with the addition of lithium salt. This is a characteristic 

behaviour of solid polymer electrolytes where salt concentration increases the 

number of transient crosslinking in bulk polymer resulting in higher energy 

required for Tg of polymer [2]. With increasing salt content in copolymer 

electrolyte, Tg values of EO segments are increasing but not as significantly as 

those for the homopolymer samples. The lower value of Tg in BCP vs. SPE could be 

the result of the dilution of the ionic interaction in the presence of the PS block. 

Interestingly, new Tg values in the range between 45‒86 oC are detected for the PS 

fraction in the copolymer (Figure A.5.2). 

It is proposed that at low salt concentrations, Li+ interacts primarily with 

the PEO segments from the Jeffamine while the less solvating propylene oxide 

(PO) segments remain free. This free PPO segments are able to plasticize the PS 

blocks due to the interaction between them in the contacting surface due to the 

interaction between them in the contacting surface and, as a consequence, the Tg 

value is decreased. At very high salt concentration (BCP70‒5#) the PPO itself 

becomes involved in the solvation, and the PS blocks regain their original Tg as 

illustrated in Figure 5.10.  

 

Figure 5.10. Schematic illustration of the phase transition in copolymer and homopolymer-

based electrolytes. 
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In particular, a dramatic increase of Tg in BCP-based electrolytes appears 

for salt concentrations higher than EO/Li = 8. This behaviour indicates that there is 

a preferential salt/EO-PO interaction, thus leaving less PO segments free to 

plasticize the PS block and giving higher Tg values corresponding to PS fraction.  

5.4.3. Electrochemical characterization 

5.4.3.1. Ionic conductivity 

Figure 5.11 shows the ionic conductivity (σ) of the polymer matrix BCP70 

with different salt concentration. The temperature dependence of ionic 

conductivities for all the BCP-based samples follows a continuous Vogel-Tamman-

Fulcher (VTF) behaviour, indicating a fully amorphous nature of the electrolyte in 

the measured temperature range. This is supported by the DSC results where low 

glass transitions of ‒60 to ‒30 oC are observed for those BCP-based polymer 

electrolytes without any other thermal change before reaching the Tg of the 

styrene blocks (Figure A.5.2). 

 

Figure 5.11.Arrhenius plot of ionic conductivity for the polymer matrix BCP70 with 

different salt concentration. 
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The effect of salt concentration on ionic conductivity for the BCP-based 

electrolytes is comparatively displayed with SPE-based electrolytes in Figure 5.12. 

For both type of electrolytes, an optimal amount of lithium salt is observed, due to 

the trade-off between ion species and ion mobility, i.e., the increase of salt 

concentration provides more ionic species but at the expense of a decreased 

flexibility of the polymer backbone. For example, the highest ionic conductivities 

are registered with 27 wt% (EO/Li = 8) and 18 wt% LiTFSI (EO/Li = 20) for the BCP-

3# and SPE-3# electrolytes, respectively 

 

Figure 5.12. Dependence of the ionic conductivity on the salt concentration for the BCP-

based and SPE-based electrolytes. 

Effectively, the ionic conductivity of BCP70-3# is very close to that of the 

SPE-3# and reaches a high value of 5 x 10‒4 S cm‒1 at 70 oC. It suggests that the 

incorporation of immiscible PS block into Jeffamine-based polymers improves 

remarkably the mechanical properties but with minimal impact on the ionic 

conductivity, a feature that has not been observed before for other block 

copolymers. 

Figure 5.13 compares further the ionic conductivity of BCP70-3#, SPE-3# 

and RE. Though the ionic conductivity decreases slightly at RT for BCP70-3#, is still 

higher than that of RE. This is due to the flexible PO/EO units within the Jeffamine 

10 20 30 40 50

-4,8

-4,4

-4,0

-3,6

-4,0

-3,6

-3,2

lo
g

1
0
 (


 /
 S

·c
m


1
)

3

4

8

10

20

10

1520
30

 

Salt concentration  / wt%

50

34

8

10

20

50

30

20 15

10

 BCP70

 SPE

40 
o
C

70 
o
C

 

 

 

 



Chapter 5 

 

136 

 

block, which could ensure the high mobility of polymer backbone, and thereby 

resulting in higher ionic conductivities. 

 

Figure 5.13. Comparison of the ionic conductivity of BCP70-3#, SPE-3# and reference 

electrolyte. 

5.4.3.2.  Li-ion transference number 

The lithium-ion transference number (TLi
+) was measured by the method 
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electrolytes. As an example, the EIS spectra and polarization profile of a Li │BCP70-

3#│Li cell is presented in Figure 5.14. 
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Table 5.3. The calculated values of Li-ion transference number (TLi
+) of various 

electrolytes at 70 oC. 

Electrolyte 
I0 

[a] / 
µA 

IS 
[b] / 

µA 
Rb

0 [c] / 
Ω 

Rb
s [d] / 
Ω 

Ri
0 [e] / 
Ω 

Rl
s [f] / 
Ω 

ΔV [g] / 
mV 

TLi
+ 

BCP70-3# 60 8 59 54 92 81 10 0.08 

SPE-3# 8 2 435 442 966 812 10 0.16 

RE 23 12 30 31 360 364 10 0.17 

[a] Initial and [b] steady-state current obtained by dc polarization; [c] initial and [d] final resistances of 
the electrolytes measured by ac impedance method before and after polarization, respectively; [e] 
initial and [f] final resistances of interfacial layer between electrode/electrolyte measured by ac 
impedance method before and after polarization, respectively;

 
[g]

 
the dc voltage subjected to the Li° 

symmetrical cell. 

 

Figure 5.14. a) Impedance spectra and b) time-dependence response of current to 10 mV 

dc polarization for the BCP70-3# obtained on the Li° symmetric cell at 70 
o
C. 
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when salt-laden, this lower TLi
+ can be likely ascribed to the increased tortuosity of 

the lithium path in the Jeffamine chains due to the PS and PPO domains, as the Li+ 

cations are ‟bound” to polymer backbones and their transport relies heavily on the 

properties of polymer host. However, unsolvated TFSI‒ anions are less sensitive to 

these phase separations and may diffuse at least in the PPO phase. 

5.4.3.3. Electrochemical stability toward oxidation 

The choice of cathode materials for ASSLMBs is generally governed by the 

anodic stability of SPEs. Figure 5.15 exhibits the linear sweeping voltammetry (LSV) 

profiles of the Li°││stainless steel (SS) cells using BCP70-3#, SPE-3# and RE at 70 oC.  

 

Figure 5.15. Linear sweeping voltammetry profiles of Li°││stainless steel (SS) cells using the 

as-prepared BCP70-3#, SPE-3# and RE at 70 
o
C. 
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of the electrode and prevent access of the ether-containing chains to the 

electrode. 

It is worthy to point out that the oxidation potential of those three 

electrolytes could be marked to be higher than 5 V vs. Li/Li+, if one overwhelms the 

minor oxidation of EO-containing matrices around 4 V vs. Li/Li+. However, it may 

not be significant for the implementation of those electrolytes in ASSLMBs, since 

the active materials such as lithium cobalt oxide (LCO) or lithium nickel manganese 

cobalt oxide (NMC) can strongly oxidize catalytically the PEO matrices at a 

potential ca. 4 V vs. Li/Li+. Therefore, the BCP-based solid polymer electrolytes are 

better suited for the cathode having a working potential lower than 4 V vs. Li/Li+, 

such LFP (< 4.5 vs. Li/Li+), sulphur (S8) and oxygen (O2) (< 3.0 vs. Li/Li+) cathode 

materials. 

5.4.3.4. Compatibility with Li° electrode 

The operation of ASSLMBs requires a highly reversible, dendrite-free cycling 

of the Li° electrode. This could be assessed by the platting/stripping 

measurements under galvanostatic mode. Figure 5.16 shows the voltage profiles 

of Li° symmetric cells after applying a constant current density of 0.1 mA cm‒2. 

The cell using LiTFSI/PEO reference electrolyte lasts only 160 hours before 

the occurrence of internal short-circuit. In contrast, the replacement of PEO with 

Jeffamine-based homopolymer and copolymer improves remarkably the cycle life 

of Li° symmetric cells (> 700 hours), which is attributed to the good contact 

between electrolyte/electrode inherited from the extremely flexible and elastic 

properties of the Jeffamine block. Therefore, the BCP-based electrolyte would be a 

safe and stable electrolyte against the use of Li° electrode. 
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Figure 5.16. Galvanostatic cycling performance for the Li° symmetrical cells using the as-

prepared BCP70-3#, SPE-3# and RE at a constant current density of 0.1 mA cm
‒2

, each half-

cycle lasts 2 h at 70 
o
C. 

5.4.3.5. Cycling of Li° ││ LiFePO4 cell performance 

In view of above mentioned good chemical and electrochemical 

properties, the feasibility of employing the prepared BCPs as solid electrolytes for 

ASSLMBs is demonstrated by the galvanostatic cycling of the Li°│BCPs│LFP cells. 

Figure 5.17 shows the cycling performance of the cells using BCP70-3# and SPE-3# 

electrolytes at 70 oC. 

As it can be observed in Figure 5.17 a) and b), both the BCP70-3# and SPE-

3# cells could deliver a high specific discharge capacity of ca. 140 mAh g‒1 at the 

first cycle and maintains it stable after three formation cycles. This is attributable 

to the high ionic conductivity of both electrolytes and the good compatibility of 

Jeffamine-based polymer matrices with Li° electrode.  

Note that the charge/discharge plateau of BCP-based cell deviates more 

from the theoretical values (3.45 V vs. Li/Li+) compared with that of the SPE-based 

one, indicating a higher polarization for the former cell. This would be attributed 

to: 1) the relatively lower Li-ion conductivity resulted from the decreased TLi
+ of 

the copolymer electrolyte, 2) the inferior binding properties of BCP matrix in the 
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composite LFP cathode, thus leading to an increased cell resistance. Nevertheless, 

BCP-based cell could be cycled with good Coulombic efficiency for 30 cycles, 

whereas the RE-based cell encounters deteriorated stability for charging process 

due to the formation of soft Li dendrites, as shown in recent publication from the 

group [36]. 

 

Figure 5.17. Charge/discharge profiles of the Li°│SPEs│LFP cells using a) BCP70-3# and b) 

SPE-3# as electrolyte at 70 
o
C. Charge/discharge rate 0.05/0.05C. c) Specific discharge 

capacity and Coulombic efficiency vs. cycle number for the cells using BCP70-3# and SPE-3# 

electrolytes cycled at 70 
o
C. Charge/discharge rate: 0.05/0.05C (the first five cycles) and 

0.1/0.1C (the following cycles). 

5.5. Conclusions 

A new family of self-standing and highly conductive solid polymer 
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comb polymer containing polyether side moieties, Jeffamine®) and a structural 

block (i.e., amine terminated PS), could be used as a scaffold to build solid polymer 

electrolytes with a well-balanced ionic conductivity and mechanical properties. 

The improved mechanical properties of the Jeffamine-based copolymer 

electrolytes at a very small expense of the ionic conductivity are crucial for 

processing solid polymer electrolytes in large-format polymer batteries, since they 

could allow the adaptation of Li-ion battery production line by using those self-

standing electrolyte membranes like conventional separators (~25 μm). Moreover, 

with continuous effort on developing lithium salt with less mobile anions, the Li-

ion conductivities of the Jeffamine-based copolymer electrolytes could be further 

improved. 

The incorporation of the PS block into the Jeffamine-based polymer could 

also improve the electrochemical stability of BCP-based solid polymer electrolytes 

vs. Li° electrode. The Li°││LFP cell using BCP-based electrolytes shows good cycling 

stability and high Coulombic efficiency. However, despite the promising properties 

of these novel BCPs, the Li°││LFP cell could not be cycled for more than 30 cycles 

with good cycling stability. As a consequence, further modifications are required in 

order to obtain promising candidates for designing safe and high-performance all-

solid-state lithium metal batteries. 
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6.1. Introduction 

As it has been shown in previous chapters, Jeffamine®-based comb-like 

homopolymers present several advantages compared to poly(ethylene oxide) 

(PEO) for their application in all-solid-state lithium metal batteries (ASSLMBs) [1, 

2]. These new polymer electrolytes (SPEs) present a completely amorphous nature 

with low glass transition temperature (Tg) values, leading to a high ionic 

conductivity, especially at room temperature (RT) compared to other SPEs. 

Moreover the chemical and electrochemical stability against lithium (Li) is 

remarkably enhanced. The Li°│LiFSI/SPE│LFP cells show good cyclability even when 

decreasing the operational temperature close to RT. However, the main barrier for 

the commercial application of these materials is their poor processability and the 

impossibility of obtaining self-standing membranes. 

In order to overcome the above mentioned drawback related to the 

mechanical properties, a new type of tailor-made block copolymer (BCP) was 

synthesized in Chapter 5 [3]. The introduction of polystyrene (PS) blocks into 

Jeffamine-based polymer resulted in the improvement of the mechanical 

properties with no detriment in the ionic conductivity. These BCPs showed 

improved electrochemical stability vs. Li° electrode. However, the Li°│BCP│LFP 

cells presented deteriorated performance compared to Jeffamine-based SPEs, 

possibly linked to the low lithium transference number. 

The concept of entanglement assumes that polymer long chains interact 

with other chains, restricting the motion of an individual chain caused by 

molecular movements of other chains [4]. Entanglement has a significant impact 

on the rheological behaviour and mechanical properties of the polymer [5].  

In general, macroscopic mechanical properties of the amorphous polymers 

depend on chain entanglement. The higher entanglement gives rise to improved 

mechanical stiffness but restricts the processability of the polymer (i.e. good 

solubility, extrusion…). The ionic conductivity and low temperature performance 

will be deteriorated due to the restriction of segmental motion of adjacent units in 

the polymer. The similar effect is observed for high salt concentration electrolytes 

with high density of transient cross-linking. However, cycle life will probably get 

better due to rigid mechanical properties [6, 7].  
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In this chapter, a new type of flowable polymer electrolyte (FPE) 

comprising of a variation of the super soft polymer matrix containing polyether 

side moieties (so-called Jeffamine®) and sulphonamide salts (i.e., LiTFSI and LiFSI) 

presented in Chapter 4 with the aim of improving the interfacial compatibility with 

electrode of polymer-based ASSLMBs is reported. These new FPEs obtained by 

tuning the chain entanglement of the polyether side group possess several 

distinctive features compared to conventional SPEs: 1) high mobility of Li+ ions and 

improved ionic conductivity due to the low Tg values and high amorphicity of the 

flowable polymer matrices; and 2) good adhesion properties and improved 

compatibility against Li° anode. These outstanding properties make them suitable 

as an artificial buffer layer for improving the compatibility of PEO-based SPEs with 

Li° electrode. Notably, the Li° ││ LiFePO4 cells using Jeffamine-based FPE as buffer 

layer and PEO as SPE could be cycled with remarkably enhanced electrochemical 

performance compared with the ones using plain PEO-based SPEs. 

6.2. Synthesis of Jeffamine-based polymer matrix 

The flowable polymer (FP) was easily obtained by one-pot reaction as 

shown in Scheme 6.1. A two steps reaction was carried out in an inert atmosphere 

in order to obtain the polymer matrix.  

 

Scheme 6.1. One-pot reaction for synthesizing the Jeffamine-based homopolymers. 

In the first step, 10 g of Jeffamine M-2070 was reacted with 0.63 g 

poly(ethylene-alt-maleic anhydride) (PEaMA) dissolved in 20 mL of solvent, giving 

O

x

O O

CH3
O

O

CH3

H2N
10 31

Solvent, RT
HN

O O

CH3

O

O

3
1 CH3

OH
Solvent NO O

CH3

O

O

3
1 CH3

One-pot reaction for synthesizing Jeffamine based comb-polymer

(a) Grafting Jeffamine side chain (b) Formation of maleimide ring

X
X

1
0

1
0



 Flowable polymer electrolytes for lithium metal batteries 

153 
 

C
h

ap
te

r 
6

 

a highly viscous solution as intermediate product. In the second step, the 

formation of maleimide ring by thermal treatment is carried out. In this step, more 

solvent is added (mass ratio 1:25) in order to ensure the free movement of the 

polymer chains and 0.56 g of Et3N are added as catalyst, resulting in a liquid-like FP 

matrix (yield 90%). 

The amount of solvent and the total dissolution of the reagents are found 

to tune the physical and mechanical properties of the resulting polymer matrices. 

Three different solvents were utilized [i.e., N,N-dimethylformamide (DMF); 1-

methyl-2-pyrrolidinone (NMP) and α,α´,α´´-trifluorotoluene (TFT)] resulting in no 

difference in the final product. The selection of the solvents was conceived on the 

basis of the next considerations: 

1) Their high boiling point, requirement to tolerate the high 

temperatures necessary for the formation of the imide ring. 

2) The solubility of the reagents. 

Depending on the total amount of solvent utilized during the reaction, 

different polymer matrices with different physical and mechanical properties were 

obtained as it can be observed in Figure 6.1.  

 

Figure 6.1. Jeffamine-based polymer matrices synthesized with different degree of 

entanglement. 
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Moreover, these polymer matrices presented distinct solubility in any kind 

of solvent. This is due to the different degree of entanglement obtained during the 

reaction as a consequence of the solvent amount. Higher amount of solvent used 

during the second synthesis step resulted in higher free movement of polymer 

chains, giving lower entanglement as a result. Although the entanglement is a 

parameter difficult to quantify, the synthesis was optimized to obtain non-

entangled and highly-entangled polymer matrices. 

In this chapter two polymer matrices have been chosen; 1) non-soluble 

polymer matrix (SP) that was described in Chapter 3 and Chapter 4 and 2) 

completely soluble flowable polymer matrix (FP). 

6.3. Chemical characterization 

In order to study if the difference between both matrices could be due to 

decomposition of the polymer chains attributed to the high temperature reached 

during the synthesis, the chemical structures of the resulting Jeffamine-based FP 

and SP matrices are characterized by 1H NMR and ATR-FTIR measurements. 

6.3.1. Hydrogen-1 nuclear magnetic resonance (1H NMR)  

 

Figure 6.2. 
1
H NMR spectra of both FP and SP Jeffamine-based matrices. 
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Figure 6.2 shows the 1H NMR spectra for Jeffamine-based FP and SP 

matrices. The doublet at 1.2 ppm and the singlet at 3.6 ppm, named as A and C in 

the spectra, correspond to the protons from ‒CH3 and ‒CH groups of the 

propylene oxide units (PO) in Jeffamine® side chains, respectively. The singlet peak 

at 3.4 ppm, marked as B, corresponds to the terminal ‒CH3 of the ethylene oxide  

(EO) units of the Jeffamine® side chains. Finally, the intense peak at 3.7 ppm, 

designated as D, corresponds to the protons from ‒CH/‒CH2 group from the 

polymer backbone and ‒CH2 group from Jeffamine® side chains. These results 

suggest that the chemical structures of both matrices maintain the same though 

the physical behaviours are completely different. 

6.3.2. Attenuated total reflectance-Fourier-transform infrared spectroscopy 

(ATR-FTIR) 

The ATR-FTIR spectra for both polymer matrices where typical peaks 

related to polyether chain are observed are shown in Figure 6.3. 

 

Figure 6.3. ATR-FTIR spectra of both FP and SP Jeffamine-based matrices. 

The modes originating from C‒Hx bonds are detected in the spectra: 

stretching mode of C‒Hx at 3000 cm‒1; scissoring mode of C‒H2 at 1450 cm‒1; 

wagging mode of C‒Hx at 1350 cm‒1; twisting mode of C‒Hx at 1250 cm‒1 and 
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rocking mode C‒Hx at 950 cm‒1. The intense peak at 1100 cm‒1 is a result from the 

superposition of C‒O‒C stretching and C‒H2 bending modes. Finally, the signals at 

1700 cm‒1 correspond to the carbonyl stretching absorption (C=O) from the 

poly(maleimide) polymer backbone. Clearly, only marginal differences can be 

observed within both spectra, suggesting that both matrices have the same 

chemical structure. ATR-FTIR spectra for all the as-prepared electrolytes are 

summarized in Figure A.6.1. 

6.4. Morphological characterization: Scanning electron microscopy (SEM) 

 

The morphology of the polymer matrices was analysed by SEM. As it can 

be observed in Figure 6.4 the SP matrix appears to be very elastic and sticky 

presenting a wrinkled surface. In contrast, the suppression of the entanglement 

dramatically changes the morphology of the polymer matrix. In the case of the FP, 

some ‟butterfly” shaped figures can be observed in the SEM image. This 

phenomenon can be ascribed to the crystallization of the polymer matrix. In the 

case of SP, it is not able to crystallize due to the movement restriction and 

rearrangement inability as a consequence of the entanglement domains. 

 

 

 

Figure 6.4. SEM images of the a) SP and b) FP polymer matrices. 

6.5. Mechanical properties 

Figure 6.5 represents the dependency of storage (G′) and loss (G′′) 

modulus versus shear stress at 20 oC and 70 oC, where G′ and G′′ are related to the 

a) b)
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elastic and viscous properties of the polymer matrix, respectively. At low stress 

amplitudes G′ and G′′ curves for both materials reveal constant plateau values. For 

FP polymer a viscous behaviour dominates over elastic one, evidenced by a clear 

prevalence of G′′ modulus over G′. This behaviour is typical in liquid-like polymer 

materials. Above 100 Pa material starts to flow, indicating the deviation of both 

moduli from linearity. SP shows an opposite performance, with a predominance of 

an elastic component (represented by G′) over the viscous one (G′′) for the whole 

studied amplitude range. These results evince the hindrance effect of the 

entanglement in the flowing properties of the SP matrix, blocking the movement 

of the polymer chains and conferring it certain rigidity. Moreover, the ratio of 

G′/G′′ calculated for SP is much lower than 103 which can be treated as an 

evidence of weak physical interactions rather than chemical crosslinking [8].  

As it can be observed, when the temperature is increased G′ and G′′ values 

for SP do not show a big difference, whereas for FP the decrease in the value of 

both moduli is obvious and the gap between G′ and G′′ is higher. This divergence is 

due to the different nature of the polymer matrices. SP is a rigid sample where the 

elastic modulus is not affected by the increase of temperature. On the other hand, 

FP is a liquid-like polymer, where the increase of temperature means the decrease 

in viscosity and elastic properties of the material. 

 

Figure 6.5. Storage (G′) and loss (G′′) modulus vs. shear stress at a) 20 
o
C and b) 70 

o
C. 

Figure 6.6 shows broad temperature dependence of complex viscosity 

(η*), G′ and G′′ values. For FP, the temperature increase results in lower values of 

η* and G′, which indicates increased mobility of polymer chains and enhanced 

fluidity of the material at oscillatory conditions. On the contrary, in the SP matrix, 
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the values of η* and G′ are temperature independent, which is an additional 

indication for the high entanglement of polymer chains resulting in solid rubber-

like properties at a macroscopic scale. 

 

Figure 6.6. Loss (G′′) and storage (G′) modulus and complex viscosity (η*) vs. temperature. 

As schematically shown in Figure 6.7, the as-prepared SP has a solid-like 

appearance and it could be turned into flowable polymer (FP) upon the 

disentanglement of the side chains (e.g., heating the polymer in a high boiling 

point solvent for several hours). Conversely, FP converts to SP slowly at RT. 

 

Figure 6.7. Schematic illustration of the chain ordering in solid and flowable Jeffamine-

based polymer matrices. 
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6.6. Thermal characterization 

The evaluation of properties such as thermal stability and phase transition 

are important for screening the suitable polymer electrolytes, as these two 

parameters are associated with the operational temperature of ASSLMBs and Li-

ion conductivity of the electrolytes respectively. 

6.6.1. Thermogravimetric analysis (TGA) 

Figure 6.8 presents the TGA traces for both Jeffamine-based FP and SP 

matrices, as well as the reference polymer PEO, measured under argon (Ar) flow. 

All studied polymers are thermally stable above 300 oC, which is much higher than 

the operational temperature of ASSLMBs. Moreover, nearly overlapped TGA traces 

are obtained with decomposition temperatures (Td) of 353 and 341 oC for FP and 

SP, respectively. This result suggests that the different mechanical properties do 

not affect the thermal stability and evinces that thermal degradation is governed 

by the chemical composition of the matrix, more concretely by the polyether chain 

decomposition. 

 

Figure 6.8. TGA traces for both Jeffamine-based matrices and PEO reference matrix. 
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6.6.2. Differential scanning calorimetry (DSC) 

Figure 6.9 compares the obtained DSC traces for FP and SP matrices. 

Comparing the first heating scan for both neat polymers, a slightly lower Tg value is 

observed for the Jeffamine-based FP compared to that for the SP one [‒70 oC (FP) 

vs. ‒66 oC (SP)], indicating a higher flexibility of the former matrix.  

 

Figure 6.9. DSC traces of both polymer matrices. 

More interestingly, though both polymers present a semicrystalline 

nature, the quantification of the enthalpy for crystallization and melting transitions 

prove a higher fraction of crystalline phase in the case of the flowable polymer 

[e.g., 41 J g‒1 (FP) vs. 15 J g‒1 (SP) for melting transition] as it can be observed in 

Table 6.1. This is ascribed to the hindrance effect of the entanglement on the 

crystallization of the polymer matrix [9, 10]. This effect is even more obvious upon 

the cooling scan where in the case of FP a prominent exothermic peak is obtained 

at crystallization temperature (TC = ‒46 oC), while SP is not able to recrystallize at 

high cooling rates. Both the higher Tg value and lower ΔHm of SPE can be attributed 

to the movement limitation and rearrangement inability as a consequence of the 

entanglement and crystallization susceptibility. 
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Table 6.1. The characterization data for the phase behaviour for the as-prepared 

polymer matrices. 

Matrix Tg 
a 

Tc 
b (ΔHc)

 c 

Heating 

Tc 
b (ΔHc)

 c 

Cooling 
Tm d (ΔHm) e 

FP ‒70 −48 (24) −45 (27) −1 (41) 

SP −66 −34 (14)  −1 (15) 

[a] Glass transition temperature (
o
C) taken as the midpoint of the inflexion; [b] 

Crystallization point (
o
C) taken as the maximum value of the crystallization peak; [c] 

Enthalpy of crystallization (J g
−1

); [d]  Melting point (
o
C) taken as the maximum value of the 

melting peak; [e] Enthalpy of melting (J g
−1

). 

DSC traces and phase transition temperatures for all the as-prepared 

electrolytes are summarized in Figure 6.10 and Table A.6.1 and Figure A.6.2, 

respectively. For both FPE and SPE, the addition of small amount of lithium salt 

gives rise to amorphism of the polymer electrolyte (PE), obtaining a fully 

amorphous electrolytes with slightly higher Tg than bare matrix for EO/Li ratios 

above 20. Comparing the effect of the type of the Li salt added, no differences are 

found, the same tendency is observed for both LiFSI and LiTFSI. Nevertheless, the 

main differences are again ascribed to the Jeffamine-based matrix nature. 

LiFSI/FPE and LiTFSI/FPE show lower Tg values compared to that of their LiFSI/SPE 

and LiTFSI/SPE counterparts [e.g., ‒57 oC (LiFSI/FPE) vs. ‒49 oC (LiFSI/SPE) and ‒58 
oC (LiTFSI/FPE) vs. ‒50 oC (LiTFSI/SPE)], suggesting a higher segmental flexibility for 

the FP-based electrolytes, and thereby an improved ionic motion. 

 

Figure 6.10. DSC traces of SPE and FPE a) using LiFSI as salt and b) using LiTFSI as salt with 

EO/Li = 20. 
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6.7. Electrochemical characterization of FPEs 

The analysis of properties such as ionic conductivity, Li-ion transference 

number, electrochemical stability toward oxidation and compatibility with Li° 

electrode is essential as these parameters will determine the suitability of the 

polymer electrolytes for their application in ASSLMBs. 

6.7.1. Ionic conductivity 

Figure 6.11 shows the Arrhenius plot of ionic conductivity (σ) vs. 

temperature for both the TFSI‒ and FSI‒ based FPE and SPE, as well as for PEO 

based reference electrolytes. In all cases a molar ratio of ‒[CH2CH2O]‒ EO/LiX = 20 

(X = TFSI, FSI) was used as, in Chapter 4 it was concluded that this was the 

optimum salt composition for this kind of electrolytes.  

 

Figure 6.11. Temperature dependence of ionic conductivity for the TFSI- and FSI-based 

FPEs, SPEs and PEO reference electrolytes with EO/Li = 20. 
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amorphous nature of the electrolyte in the measured temperature range (see 

Figure 6.10) and, as a consequence, giving a much higher ionic conductivity at 

lower temperatures compared to the reference electrolytes. On the other hand, 

FPEs present slightly higher ionic conductivity than their SPEs counterparts, 

regardless the salt content (Figure A.6.3). This is due to the flexible PO/EO units 

within Jeffamine side-chains. In the case of the SPEs the entanglement decreases 

the free movement of the chains showing a lower conductivity. In the case of FPEs, 

the complete suppression of the entanglement ensures the high mobility of the 

polymer chains resulting in higher ionic conductivities. This is in accordance with 

the results obtained for the DSC study where lower values of Tg were obtained for 

the FP and its corresponding electrolytes than for SPEs. 

6.7.2. Li-ion transference number 

The Li-ion transference numbers (TLi
+) of the TFSI- and FSI-based FPEs, SPEs 

and PEO reference electrolytes were measured and the calculated values using the 

method described in Chapter 2 section 2.4.5 have been summarized in Table 6.2. 

The obtained values (ca. 0.15) suggest a negligible difference between the 

measured samples, presenting typical TLi
+ values for salt-in-polymer systems [11]. 

Table 6.2. The calculated values of Li-ion transference number (TLi
+
) of various electrolytes 

with the same EO/Li ratio of 20 at 70 
o
C. 

Electrolyte I0 / 
µA

[a] 
IS / 

µA
[b]

 
Rb° / 
Ω

[c]
 

Rb
s
 / 

Ω
[d]

 
Ri° / 
Ω

[e]
 

Rl
s
 / 

Ω
[f]

 
ΔV / 
mV

[g]
 TLi

+
 

FPE Jeff2k:TFSI 
20:1 43 8 101 92 61 81 10 0.14 

FPE  Jeff2k:FSI 
20:1 43 8 116 116 99 119 10 0.12 

SPE  Jeff2k:TFSI 
20:1 8 2 435 442 966 812 10 0.16 

SPE  Jeff2k:FSI 
20:1 13 3 452 445 785 848 10 0.16 

PEO:TFSI 20:1 23 12 30 31 360 364 10 0.17 

PEO:FSI 20:1 32 15 33 33 257 258 10 0.13 

[a] Initial and [b] steady-state current obtained by dc polarization; [c] initial and [d] final resistances 
of the electrolytes measured by ac impedance method before and after polarization, respectively; [e] 
initial and [f] final resistances of interfacial layer between electrode/electrolyte measured by ac 
impedance method before and after polarization, respectively; [g] dc voltage subjected to the Li° 
symmetrical cell. 
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6.7.3. Electrochemical stability toward oxidation 

The anodic stability of polymer electrolytes is generally limited by the 

nature of polymer matrix and the perfluorinated anion as a conducting counter ion 

in the salt [2, 12], and it is determined by linear sweep voltammetry (LSV). As 

shown in Figure 6.12, Jeffamine-based FPE and SPE, and the reference PEO 

electrolytes show minor oxidation peaks at a potential higher than 3.8 V vs. Li/Li+ 

at 70 oC, which could be ascribed to the gradual oxidation of EO-containing 

moieties in the above three matrices.  

  

Figure 6.12. LSV profiles measured on stainless steel electrode for the TFSI- and FSI-based 

FPEs, SPEs and PEO-based reference electrolytes with EO/Li = 20. 

This is in agreement with previous studies that state EO-based polymers 

are suitable for < 4 V class LMBs [2, 11]. For both LiFSI and LiTFSI-based 

electrolytes, the SPE shows better stability towards oxidation than FPE, which 

might be related to the easier access of polyether chains to the working electrode 

(WE). In the case of the SPE the chain mobility is restricted due to the 

entanglement. However, for the FPE, the oxidation reaction is favoured at terminal 

moieties due to the higher flexibility of the former matrix. In addition, LiFSI-based 

electrolytes tend to be oxidized more easily compared to LiTFSI-based ones, 

irrespective of the kind of polymer matrices, which is due to the lower intrinsic 

oxidation stability of FSI‒ [13]. 
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6.7.4. Compatibility with Li° electrode 

The interphase formed between Li metal electrode and the electrolyte is 

one of the key parameters in determining the cycling performance of rechargeable 

ASSLMBs. The properties of the SEI film are highly dependent on the identity of 

lithium salt, hence, the stability of the interphase of Li metal electrode with the 

FSI‒ and TFSI‒ based PEO, SPEs and FPEs were investigated. Electrochemical 

impedance spectroscopy (EIS) plots of Li° symmetric cell for SPE and FPE with EO/Li 

= 20 are presented in Figure 6.13 (corresponding data for PEO reference cells were 

presented in Chapter 4). The simplified equivalent circuit used to fit collected EIS 

data is given in Figure A.6.4 and the best-fitted results are summarized in Table 

A.6.2.  
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Figure 6.13. Electrochemical impedance spectra of Li° symmetric cell for SPE and FPE with 

EO/LiX = 20 (X = TFSI, FSI). 
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Figure 6.14 shows the temperature effect on the total resistance (Rtotal) of 

the Li° symmetric cells of the studied systems. The tendency of Rtotal vs. T is 

consistent with the conductivity and DSC results where Jeffamine-based 

electrolytes present a completely amorphous nature, fitting with Vogel-Tamman-

Fulcher (VTF) theory, whereas PEO-based ones present their melting transitions at 

ca. 60 oC. Unlike PEO-based electrolytes, SPEs show a lower Rtotal for LiFSI than for 

LiTFSI; imperceptible differences in the case of FPEs. This performance suggests 

that the amorphous nature of the polymer matrix not only enhances the ionic 

transportation, but also regulates the chemical compatibility of the electrolytes 

with Li° electrode. Interestingly, the Rtotal for FPEs is lower than that for SPEs. This 

can be attributed to the good adhesive properties presented by these materials 

allowing a better contact between Li° electrode and the electrolyte, behaviour that 

may retard the formation of dendritic lithium in the Li° symmetric cells. 

 

Figure 6.14. Total resistance (Rtotal) of the Li° symmetric cells of PEO reference electrolytes 

and Jeffamine-based FPEs and SPEs using LiTFSI and LiFSI as salt. 
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Chapter 4 [1, 2], Jeffamine-based SPEs presented outstanding electrochemical 

3,3 3,2 3,1 3,0 2,9

2

3

4

5

6

2,9 3,0 3,1 3,2 3,3

Heating

T / 
o
C

 

1000/T (
o
K)

lo
g

1
0
 (

R
to

ta
l /

 
c

m
2
) Cooling

 

 LiTFSI/SPE

 LiFSI/SPE

 LiTFSI/FPE

 LiFSI/FPE

 LiTFSI/PEO

 LiFSI/PEO

30 40 50 60 70

 

70 60 50 40 30

2

3

4

5

6

 

 



Chapter 6 

168 
 

properties, such as high ionic conductivity, good stability against Li° anode and 

good cyclability of Li° ││LiFePO4 based batteries; however, the absence of 

solubility of these SPEs in acetonitrile and other aprotic solvents results in a poor 

processability. Inspired by the above-mentioned advantageous properties of FPEs, 

in this chapter we propose the utilization of Jeffamine-based FPEs as an artificial 

buffer layer for protecting the Li° anode in PEO-based ASSLMBs, taking advantage 

of the good electrochemical stability of Jeffamine-based electrolytes and the 

mechanical properties of PEO-based ones. 

6.8.1. Formation of buffer layer 

For the formation of FPE buffer layer, Jeffamine-based FP with a molar 

ratio of EO/Li = 20 (X = TFSI, FSI) was homogeneously spread on the top of Li metal 

anode and kept reacting over 1 h before the cell assembly as shown in Figure 6.15. 

The formation of the buffer layer was controlled by the mass of the FPE (ca. 20 

mg). In order to study the effect of the Jeffamine-based buffer layer, PEO 

reference membranes with a molar ratio of ‒[CH2CH2O]‒ EO/Li = 20 (X = TFSI, FSI) 

were used as both polymer electrolyte and separator. 

 

Figure 6.15. Buffer layer of Jeffamine-based FPE formation on top of Li metal disk. 

6.8.2. Electrochemical stability of electrolyte/Li° electrode 

Figure 6.16 presents the voltage profiles of Li° symmetric cells after 

applying a constant current density of 0.1 mA cm‒2 at 70 oC for PEO-based 

electrolytes with and without buffer layer based on FPEs. The cell based on 

LiTFSI/PEO reference electrolyte lasts only 160 h before the occurrence of internal 
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short-circuit, whereas LiFSI/PEO lasts 520 h. This clearly suggests that the FSO2
‒ 

functional group can greatly regulate the morphology, composition and 

mechanical stability of the SEI layer, thus mitigating the growth of Li° dendrites in 

the corresponding electrolytes [2, 13, 14]. In contrast, the application of FPE 

remarkably improves the cycle life of Li° symmetric cells. For the cell comprising of 

PEO/LiTFSI/FPE the cell was running for 690 h before internal short-circuit, 

whereas the cell based on PEO/LiFSI/FPE was running for more than 1000 h 

without any internal short-circuit. This is attributed to the good contact between 

the FPE and the electrode and the ad hoc SEI chemistry from FSI‒ [12].  

One may also notice that the overpotential of LiFSI/FPE+LiFSI/PEO-based 

Li° symmetric cell is higher than that of LiTFSI/FPE+LiTFSI/PEO-based one, which 

might be ascribed to the following reasons: 1) The S―F bonds in LiFSI are easier to 

reduce than the C―F bonds in TFSI, resulting in a thicker, but more protective SEI 

layer of mainly LiF on the Li° electrode [12]; 2) the interfacial wettability for LiFSI is 

lower than that for LiTFSI due to the less amount of fluorine atoms in the former 

salt, which may lead to an increased resistivity in the interphase between FPE and 

PEO-based membrane. 

 

Figure 6.16. Galvanostatic cycling of the Li° symmetric cells at 70 
o
C with a current density 

of 0.1 mA cm
‒2

, and a half-duration of 2h. 
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6.8.3. Cycling performance of Li°||LiFePO4 cell 

The feasibility of implementing FPE as an artificial buffer layer for 

rechargeable ASSLMBs was further evaluated by the cycling performance of Li° ││ 

OPeFiL4 cells.  

LiFePO4 based cathodes were prepared with 63 wt% LFP active material, 7 

wt% C65 conductive carbon and 30 wt% PEO/LiX (X = TFSI,FSI) as polymer binder. 

The composite cathodes were prepared following the method reported in Chapter 

2 section 2.3.1.  

 

Figure 6.17. Charge/discharge profiles of the Li° │ SPEs │ LFP cells using a) 

LiFSI/FPE+LiFSI/PEO and b) LiTFSI/FPE+LiTFSI/PEO as electrolyte at 70 
o
C under a constant 

C-rate of 0.1/0.1C.  Specific charge/discharge capacities and Coulombic efficiency vs. cycle 

number for the cells using c) LiFSI/FPE+LiFSI/PEO and d) LiTFSI/FPE+LiTFSI/PEO as 

electrolyte at 70 
o
C under a constant C rate of 0.1/0.1C. All the electrolytes were compared 

with the PEO-based reference electrolyte. 
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Under a constant charge/discharge rate of 0.1/0.1C, the Li° ││ LFP cells 

using FPE/PEO-based electrolytes outperform the ones using conventional PEO-

based electrolytes in terms of both Coulombic efficiency (CE) and capacity 

retention. For example, Li° │ LiTFSI/FPE+LiTFSI/PEO │ LFP cell delivers a discharge 

capacity of 150 mAh g‒1 with a CE close to 100% after 30 cycles (Figure 6.17 b and 

d); while the corresponding LiTFSI/PEO cell attains a low discharge capacity of 125 

mAh g‒1 with a CE of 98% even after the first few cycles. This could be attributed to 

the improved contact between Li° anode and PEs in the presence of amorphous 

and liquid-like FPE layer, which can remarkably facilitate the ionic transport in the 

vicinity of Li° surface. Thus, the soft-dendrite formation is mitigated due to 

unavoidable current inhomogeneities as a consequence of the semi-crystalline 

nature of the PEO-based electrolytes. 

As it can be observed in Figure 6.17a and c, the cells using LiFSI-based FPE 

and LiFSI/PEO electrolyte show much lower capacity fading than that of the LiTFSI-

based one after 50 cycles. This performance can also be noticed in Figure 6.18 

where capacity retention vs. cycle number for both type of electrolytes is shown. 

This behaviour could be related to better electrochemical compatibility between 

Li° anode and LiFSI-based electrolyte, since the key SEI building specie LiF is one of 

the main products generated from the electrochemical reduction of LiFSI. 

 

Figure 6.18. Capacity retention of the Li°│ SPEs │ LFP cells using FPE as buffer layer at 70 
o
C. 
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Furthermore, the rate capability of Li° ││ LFP cells using LiFSI-based FPE is 

presented in Figure 6.19, where the cell shows good long-term cycling stability at 

0.2C for 200 cycles and a high discharge capacity of 110 mAh g‒1 at a moderate 

charge/discharge rate of 0.5/0.5C. Those results suggest that the electrochemical 

stability of Li° electrode towards PEs could be effectively improved in the presence 

of FPE layer. 

 

Figure 6.19. Specific charge/discharge capacities and Coulombic efficiency vs. cycle number 

for the cell using LiFSI/FPE+LiFSI/PEO as electrolyte at 70 
o
C and different C-rates. 

6.9. Conclusions 

In this chapter, different synthesis methods for the preparation of a comb-

like polymer matrix are described. The one-pot reaction allows obtaining the same 

polymer matrix with two different mechanical properties due to the control of the 

entanglement of the side-chains. The suppression of the entanglement on the 

Jeffamine-based polymers results in higher flexibility of the former matrix, thus 

giving lower Tg values and higher ionic conductivities. Moreover, the good 

adhesive properties presented by these novel materials endow a better contact 

between Li° electrode and the electrolyte, thus retarding the dendrite formation. 

This novel FPE is not able to give self-standing membranes by itself, but 

can be easily processed as buffer layer. Motivated by this fact, and to overcome 

the inferior electrochemical performance of PEO, FPEs were used as a stable buffer 

layer between the Li° electrode and PEO-based membranes. The stability against 

Li° electrode was significantly improved. The Li° ││ LFP cell using LiFSI/PEO 
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membrane and LiFSI/FPE showed good cycling stability and high Coulombic 

efficiency at different C-rates. Therefore, new FPEs are promising candidates for 

designing high-performance all-solid-state lithium metal batteries. 
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7.1. Introduction 

In contrast to conventional liquid electrolytes used in LIBs, solid 

electrolytes (SEs) possess inherently enhanced safety under abuse conditions due 

to the absence of flammable liquid components, as well as better chemical and 

electrochemical compatibility with the ‛Holy grail’ lithium metal (Li°) anode [1, 2] 

and other metallic anodes [3], thereby favouring the stable and reliable operation 

of rechargeable batteries [4-11]. Currently, there are three families of SEs 

investigated as solid ionic conductors for SSBs, enlisting polymer electrolytes (PEs) 

[9-11], inorganic solid electrolytes (ISEs) [4, 7, 8] and composite /hybrid polymer 

electrolytes (CPEs/HPEs) [5, 6], as it can be observed in Scheme 7.1. Among these 

SEs, PEs containing lithium salts dissolved in electron-donating polymer matrices 

are the promising candidates to replace their liquid counterparts due to their 

better processability, flexibility and ease in structural design [11, 12]. 

 

Scheme 7.1. Comparison of the state-of-the-art electrolytes for rechargeable batteries and 

the preparation of NRPEs. 
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In general, PEs are classified into dry solid polymer electrolytes (SPEs, 

containing only salt and polymer matrix) and gel polymer electrolytes (GPEs, > 70 

wt% liquid plasticizers) [11, 13]. Poly(ethylene oxide) (PEO) is one of the most 

widely used polymer matrices [14, 15]. However, due to its semi-crystalline nature 

it requires heating accessories for maintaining the temperature of the battery 

pack, thereby causing decreased overall energy density and efficiency [16, 17]. 

Alternative polymer matrices such as polycarbonates (PC) [18, 19] have been 

capturing attention towards room temperature (RT) operation of polymer-based 

SSBs; however, these polymers have poor compatibility against Li° electrode and 

reverse to their cyclic monomers, leading to the loss of mechanical properties 

upon cycling [20]. On the other hand, higher ionic conductivity and better 

interfacial contact are achieved with GPEs which are usually plasticized with 

flammable liquid solvents or better ionic liquids. Nonetheless, GPEs have poorer 

mechanical properties and the reactivity of that added plasticizer with electrode 

materials can be crippling [21-25]. 

Trying to overcome the drawbacks presented by the above mentioned 

polymers, Jeffamine-based PEs have been synthesized and characterized in this 

thesis work. All these PEs presented a completely amorphous nature with low 

glass transition temperature (Tg) and high ionic conductivity at RT. However, the 

different modifications applied to these materials did not meet the requirements 

for their application in all-solid-state lithium metal batteries (ASSLMBS) at RT, i.e., 

high ionic conductivity, good mechanical properties and high stability with Li 

electrode. 

In the case of Jeffamine-based SPE presented in Chapter 3 and Chapter 4, 

the Li°│LiFSI/SPE│LFP cell delivered decent specific/areal capacity with good 

Coulombic efficiency when decreasing the operational temperature close to RT. 

Nevertheless, the mechanical properties presented by these materials did not 

allow obtaining self-standing membranes. The introduction of polystyrene blocks 

in Chapter 5 dramatically improved the mechanical properties of the PE, but the 

Li°│BCP70│LFP cell could not be cycled for more than 30 cycles with good cycling 

stability. The suppression of the entanglement presented in Chapter 6 resulted in a 

high flexible flowable polymer that could be successfully implemented as buffer 

layer in order to improve the cell performance of PEO-based cells. However, 
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despite the promising properties presented by this material, the liquid-like 

mechanical properties prevented the acquisition of self-standing membranes. 

Trying to overcome these shortcomings, in this chapter a nanofiber-

reinforced polymer electrolyte (NRPE) comprising of poly(vinylidene fluoride) 

(PVDF) fibers along with flowable polymer electrolyte (presented in Chapter 6) and 

sulfonimide salts (i.e., LiTFSI and LiFSI) is proposed. This work is based on the 

following considerations: 

1) The liquid-like PE presents high mobility of Li+ ions and improved ionic 

conductivity due to the high amorphicity along with good adhesion properties and 

improved compatibility against Li° electrode [26]. 

2) PVDF nanofibers improve the mechanical properties of PEs, leading to 

self-standing membranes with good electrochemical performance [27-29], which 

are essential for the scalable processing of large-format SSBs. 

3) The sulfonimide anions [i.e., bis(trifluoromethanesulfonyl)imide anion 

(TFSI‒) and bis(fluorosulfonyl)imide anion (FSI‒)] are chemically stable and 

structurally flexible, enabling the fast motion of ions and good thermal stability of 

the electrolytes.  

As shown in Scheme 7.1, the typical solvent casting technique using the Li 

salt/flowable polymer solution on top of the PVDF fibers yields self-standing 

membranes with good ductility. 

7.2. Preparation of NRPEs 

 Jeffamine M-2070-based flowable polymer matrix (FP) was prepared 

according to the procedures reported in Chapter 6, whereas the PVDF nanofibers 

were prepared by electrospinning as described in Chapter 2 section 2.2.4. 

The NRPEs were obtained by a solvent casting method as schematically 

shown in Figure 7.1. First, the polymer matrix was dissolved in acetonitrile (ACN) 

(mass ratio 1:5) and then a pre-determined amount of Li salt (LiTFSI or LiFSI) was 

added (‒[CH2CH2O]‒ EO/Li = 20). Then, a certain amount of electrolyte solution 

was casted on the top of the PVDF fibers in order to obtain membranes with 

different amount of PVDF and an average thickness of 50 μm. The resulting 

membranes were dried in a vacuum oven for 24 h at 80 oC. All the materials used 

in this chapter are summarized in Table 7.1. 
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Figure 7.1. Schematic illustration of the solvent casting method carried out to obtain the 

NRPEs. 

Table 7.1. Abbreviations and corresponding composition of the as-prepared electrolytes. 

Acronym Polymer matrix[a] PVDF / wt [b] 

FSI-NRPE Jeffamine-based flowable polymer 10 

FSI-NRPE(1#) Jeffamine-based flowable polymer 10 

FSI-NRPE(2#) Jeffamine-based flowable polymer 15 

FSI-NRPE(3#) Jeffamine-based flowable polymer 20 

FSI-NRPE(4#) Jeffamine-based flowable polymer 25 

   

TFSI-NRPE Jeffamine-based flowable polymer 10 

TFSI-NRPE(1#) Jeffamine-based flowable polymer 10 

TFSI-NRPE(2#) Jeffamine-based flowable polymer 15 

TFSI-NRPE(3#) Jeffamine-based flowable polymer 20 

TFSI-NRPE(4#) Jeffamine-based flowable polymer 25 

   

FSI-RE PEO ‒ 

TFSI-RE PEO ‒ 

[a] Type of polymer matrix used for the electrolyte preparation. [b] The weight percentage of the 
PVDF fibers in the NRPEs. 
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7.3. Chemical characterization of NRPEs 

The NRPEs were analysed by attenuated total reflectance-Fourier-

transform infrared spectroscopy (ATR-FTIR). The results obtained for FSI-NRPE and 

TFSI-NRPE-based polymer electrolytes are depicted in Figure 7.2a and b, 

respectively. 

 

Figure 7.2. ATR-FTIR spectra of the a) FSI-NRPE and b) TFSI-NRPE-based polymer 

electrolytes with all the studied lithium salt concentrations. 

PVDF can present at least four different polymorphs, including three 

polar phases (β, ϒ, δ) and one non-polar phase (α) depending on the chain packing 

lattices [28]. The β phase has been the most widely studied because of its pyro-, 

piezo and ferroelectric properties [30]. Infrared spectroscopy can be successfully 

used for determining the crystalline phases present in the PVDF materials by the 

analysis of specific absorption bands for different polar or non-polar phases [31, 

32].  

It is known that PVDF powder is rich in non-polar α phase, presenting 

absorption peaks at 975, 795, 765 and 614 cm‒1. Nevertheless, after the 

electrospinning process, the absorption peaks for PVDF fibers confirms the co-

existence of β- (1275 cm‒1 and 840 cm‒1) and α phases (765 cm‒1 and 614 cm‒1) 

[28]. However, these small peaks disappear when the flowable polymer electrolyte 

(FPE) is added to the PVDF membranes, indicating that pure β phase NRPEs are 

obtained and suggesting interaction between the two polymers. These signals can 

a) b)
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overlap with the signals corresponding to ethylene oxide units. However, the 

interaction between Jeffamine-based FPE and PVDF fibers cannot be excluded. 

Apart from these characteristic absorption signals and the peaks 

obtained for the FPE that were previously described in Chapter 6, PVDF presents 

vibration bands at 1170 cm‒1 and 1204 cm‒1 that can be assigned to the 

asymmetrical and symmetrical stretching of CF2 group, respectively. 

7.4. Morphological characterization 

 Figure 7.3 presents the morphological properties of the pristine PVDF 

fibers and the as-prepared NRPEs. As it can be observed in the optical images, both 

electrolytes are soft and self-standing membranes with good ductility and the 

mechanical integrity of PVDF fibers is retained after the addition of Jeffamine-

based FPEs. However, from the analysis of the SEM images, it can be concluded 

that the addition of the FPEs results in the swelling of the PVDF fibers. 

 

Figure 7.3. Optical and SEM images of the pristine PVDF fibers and the as-prepared NRPEs. 

More interestingly, the micromorphology of the PVDF fibers tends to be 

influenced by the type of the incorporated salts, as clearly evidenced in Figure 7.4, 

where the diameters of the fibers after the electrolyte addition are represented. 

The PVDF nanofibers become thicker after blending with Jeffamine-based PEs, due 

to the partial miscibility between PVDF and ethylene oxide (EO) side moieties but 
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only in the presence of lithium salt [33]. Thus, the average thickness for pristine 

fibers is ~350 nm and increases to ~550 nm for FSI-NRPE and ~750 nm for TFSI-

NRPE. 

 

Figure 7.4. Fiber diameter distribution of the as-prepared FSI-NRPE, TFSI-NRPE and pristine 

PVDF fibers. 

Such difference between FSI-NRPE and TFSI-NRPE can be rationalized by 

the different interactions between these two salts and PVDF. The terminal ‒SO2F 

group of LiFSI presents moderate affinity for the ‒[CH2CF2]‒ groups of PVDF 

impeding the penetration of the Jeffamine-based polymer and salt into the fibers.  

However, the -CF3 group of LiTFSI exhibits high fluorophilicity due to a 

larger number of fluorine atoms and thus interacts easily with the ‒CF2 groups of 

PVDF fibers, and thereby resulting in a higher swelling of the PVDF fibers due to 

the improved penetration of Jeffamine-based polymers. This behavior is 

schematically shown in Figure 7.5. 
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Figure 7.5. Schematic illustration of the interaction between salt and PVDF fibers. 

7.5. Mechanical characterization 

 The mechanical properties of the nanofiber-reinforced polymer matrix 

(NRP), TFSI-NRPEs and TFSI-PEO reference electrolyte were measured by 

differential mechanical analysis (DMA). The obtained results are summarized in 

Table 7.2. As it can be observed, all the NRP-based materials present storage 

modulus values ~109 MPa and ~105 MPa before and after the transition, 

respectively. These values are very similar to the ones obtained for the pristine 

PEO-based reference electrolyte, which it is well-known for its desirable 

mechanical properties, concluding that the mechanical properties are highly 

improved by the addition of the PVDF fibers to the FP matrix. 

 On the other hand, it is observed that the storage modulus values do not 

vary with the increasing amount of PVDF. Finally, comparing the results obtained 

for NRPs and NRPEs, it can be concluded that the addition of the salt does not 

affect to the mechanical properties of the material. It can be concluded that the 

global mechanical properties are determined by the PVDF fibers and practically 

independent from the addition of the FPE. 
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Table 7.2. Differential mechanical analysis results for NRPs, NRPEs and reference PEO 
electolyte. 

Acronym PVDF  
(wt %)[a] 

Storage Modulus 
before transition 

(MPa)[b] 

Storage Modulus 
after transition 

(MPa)[c] 
Tg (

oC)[d] 

NRP(1#) 10 1,6·109 1,7·104 -54 

NRP(2#) 15 6,9·108 8,7·105 -53 

NRP(3#) 20 2,3·109 5,3·105 -53 

NRP(4#) 25 4,4·108 5,3·105 -52 

     

TFSI-NRPE(1#) 10 2,9·109 3,5·105 -53 

TFSI-NRPE(2#) 15 4,0·109 5,2·105 -54 

TFSI-NRPE(3#) 20 2,7·109 3,4·106 -53 

TFSI-NRPE(4#) 25 1,8·109 6,8·105 -52 

     

TFSI-RE ‒ 3,8·108 2,0·105 -32 

[a] The weight percentage of the PVDF fibers in the NRP and NRPEs. Storage modulus [b] before and 
[c] after the transition (Mpa). [d] Glass transition temperature (

o
C). 

7.6. Thermal characterization 

The flexibility of polymer segments is of great importance for facilitating 

the ionic motion in solid polymer electrolytes. For this reason, the study of the 

phase transition is important for screening the suitability of the electrolytes for 

their application in ASSLMBs. As it is known from Chapter 6, FPE presents low Tg 

values and good ionic motion. In this chapter, the influence of the PVDF fibers in 

these properties will be analyzed. 

7.6.1. Thermogravimetric analysis (TGA) 

Figure 7.6 presents the TGA traces of both types of NRPEs, pristine PVDF 

fibers and PEO matrix as a reference. All the materials present decomposition 

temperatures (Td) higher than 200 oC, which are well above the operational 
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temperature of ASSLMBs (< 80 oC). Notice that the lower value of Td for FSI-NRPE 

compared to the other studied materials is attributed to the thermal lability of FSI‒ 

(Td = 225 oC for FSI-NRPE vs. Td = 350 oC for TFSI-NRPE) [34]. 

 

Figure 7.6. TGA traces of NRPEs, pristine PVDF fibers and PEO reference. 

7.6.2. Differential scanning calorimetry (DSC) 

The interaction between salt and fibers is further analyzed by DSC study. 

Figure 7.7 depicts the DSC traces for a) FSI-NRPE and b) TFSI-NRPE, respectively, as 

well as pristine PVDF fibers. As it can be observed, the PVDF melting temperature 

(Tm) of FSI-NRPEs presents small variation for the different measured samples 

regardless the electrolyte amount. However, in the case of LiTFSI-NRPEs, lower Tm 

values are observed with decreasing amount of PVDF fibers. Such behavior 

testifies the improved fluorophilic nature of LiTFSI vs. LiFSI, i.e., when the fiber 

concentration is low (TFSI-NRPE (1#)), the salt can easily diffuse between the 

chains interacting with them and, as a consequence, decreasing the Tm values. 
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Figure 7.7. DSC traces of pristine PVDF fibers and a) FSI-NRPEs and b) TFSI-NRPEs. 

Table 7.3 summarizes the thermal transitions and the calculated value of 

crystallinity for the NRPEs. As it can be observed, both NRPEs show glass 

transitions at ca. −55 oC, signature of the high segmental mobility of hanging EO 

units in Jeffamine-based polymers [26]. Upon increasing the content of Jeffamine-

based PEs, the melting enthalpy at ca. 160 oC assigned to PVDF decreases 

monotonically from ~12 J g−1 to ~6 J g−1 indicating a higher amorphicity of the 

electrolytes.  

The crystallinity of the measured samples was calculated by Equation 7.1. 

As it is shown in Table 7.3, pristine PVDF fibers present a crystallinity value of 45 %, 

whereas the values for NRPEs range between 41% and 57 %. However, these 

values do not follow any tendency. This can be ascribed to the errors made when 

the sample is weighted for electrolyte and DSC sample preparation. A deviation of 

0.1 mg when the sample is weighted results in a variation of 5 % in the crystallinity 

value. For this reason, it can be concluded that the crystallinity values obtained for 

NRPEs are comparable to that obtained for the pristine PVDF fibers. 

𝜒𝑐 =
Δ𝐻𝑚

Δ𝐻𝑃𝑉𝐷𝐹 ×  𝑓𝑃𝑉𝐷𝐹
× 100 

Equation 7.1 wherein, 𝜒𝑐  is the crystallinity (%), ∆Hm is the melting enthalpy of 
electrolyte, fPVDF is the weight fraction of PVDF in the electrolyte, and ∆HPVDF is the value of 
104.7 J g

−1
 for totally crystalline PVDF reported in literature [35]. 
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Table 7.3. The characterization data for phase behaviour for the as-prepared electrolytes. 

Samples Tg
[a] Tm

[b] (ΔHm) [c] c
[d] 

PVDF fibers −41 166 (47.1) 45 

FSI-NRPE    

FSI-NRPE(1#) −54 157 (6.0) 57 

FSI-NRPE(2#) −54 157 (6.5) 41 

FSI-NRPE(3#) −54 159 (9.0) 53 

FSI-NRPE(4#) −53 160 (10.5) 40 

TFSI-NRPE 
 

  

TFSI-NRPE(1#) −52 152 (5.5) 52 

TFSI-NRPE(2#) −54 154 (7.6) 48 

TFSI-NRPE(3#) −54 156 (9.8) 47 

TFSI-NRPE(4#) −57 165 (11.5) 44 

[a] Glass transition temperature (
o
C) taken as the midpoint of the inflexion. [b] Melting point (

o
C) taken 

as the maximum value of the melting peak. [c] Enthalpy of melting (J g
‒1

). [d] Crystallinity (%). 

 

7.7. Electrochemical characterization 

The study of properties such as ionic conductivity, Li-ion transference 

number, diffusion coefficient, electrochemical stability toward oxidation and 

compatibility with Li° electrode is essential as these parameters will determine the 

suitability of the polymer electrolytes for their application in ASSLMBs. 

7.7.1. Ionic conductivity 

 Figure 7.8 shows the ionic conductivity for all the prepared a) FSI-NRPEs 

and b) TFSI-NRPEs materials. As it can be observed, both types of electrolytes 

follow the same tendency; higher ionic conductivities are achieved at lower 

amount of PVDF fibers. However, it is worth to mention that two differentiated 

regions are observed; low PVDF fiber amount (ca. 10 and 15 wt % PVDF) where the 

ionic conductivities are higher in the case of FSI-NRPEs than for TFSI-based ones, 

and high PVDF amount (ca. 20 and 25 wt % PVDF) where the opposite behavior is 

obtained.  
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Figure 7.8. Temperature dependence of ionic conductivity for all the prepared a) FSI-NRPEs 

and b) TFSI-NRPEs. 

In the case of the samples with high electrolyte amount (ca. 10 and 15 wt 

% PVDF) the excess of electrolyte results in higher ionic conductivity values, being 

higher in the case of FSI-based electrolytes. These results are in accordance with 

the previous chapters where it has been explained that the smaller size of the FSI 

anion favors the ion mobility. This behavior could be explained by the higher 

swelling of PVDF nanofibers in TFSI-NRPEs, resulting in a higher degree of 

tortuosity for ion transport and, as a consequence, lower ionic conductivity values 

are obtained. This behavior is explained in Figure 7.9a. 

 
Figure 7.9. Schematic illustration of the effect of tortuosity on the ion transport in FSI-NRPE 

and TFSI-NRPE. 
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However, when the amount of PVDF is increased the tortuosity is high for 

both types of electrolytes, Figure 7.9b, resulting in a big drop in the ionic 

conductivity, especially for LiFSI-NRPEs. In the case of TFSI-NRPEs, the fluorophilic 

nature of ‒CF3 group favors the interaction with the ‒CF2 groups from PVDF 

favoring the ionic transport and resulting in a relatively higher ionic conductivity 

(Figure 7.5). 

For both types of NRPEs, 10 wt% PVDF fibers gave the highest ionic 

conductivity values for the measured temperature range. For this reason, these 

electrolytes were chosen as best candidates for further analysis. Figure 7.10 shows 

the temperature dependence of ionic conductivities for both the FSI- and TFSI-

based NRPEs, FPEs, as well as for PEO-based reference electrolytes (hereafter REs). 

All the Jeffamine-based PEs follow a continuous Vogel-Tamman-Fulcher behaviour, 

indicating a fully amorphous nature of the electrolytes; whereas the REs display a 

knee in ionic conductivity because of the melting transition of the crystallized PEO 

phase between 60 and 70 oC [15]. 

 

Figure 7.10. Temperature dependence of ionic conductivity for NRPEs, FPEs and reference 

PEO electrolytes. 

At RT, NRPEs possess significantly higher ionic conductivities (~10‒4 S cm‒1) 

than REs (~10‒5 ‒ 10‒6 S cm‒1) due to the high amorphicity of Jeffamine-based PEs. 
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could be explained by the higher swelling of PVDF nanofibers in TFSI-NRPEs, 

resulting in a higher degree of tortuosity for ion transport, as schematically 

illustrated in Figure 7.9a. 

7.7.2. Li-ion transference number 

The contribution of Li-ion to the total ionic conductivity is quantified by the 

lithium-ion transference number (TLi
+) measurement via a combination of 

electrochemical impedance spectra (EIS) and polarization method described in 

Chapter 2 section 2.4.5 [36]. Table 7.4 summarizes the measured results of the 

parameters used to calculate the value of TLi
+ for the NRPEs at different 

temperatures. These results suggest an insignificant difference with the variation 

of temperature. 

Table 7.4. The calculated values of Li-ion transference number (TLi
+
) of various NRPEs at 

different temperatures. 

Electrolyte T 
/

o
C 

I0 / 
µA

[a]
 

IS / 
µA

[b]
 

Rb° / 
Ω

[c]
 

Rb
s
 / 

Ω
[d]

 
Ri° / 
Ω

[e]
 

Ri
s
 / 

Ω
[f]

 
ΔV / 
mV

[g]
 TLi

+
 

FSI-NRPE          

 70 100 30 33 31 52 49 10 0.16 

 60 62 20 41 40 107 108 10 0.13 

 50 25 9 72 72 276 280 10 0.15 

 
40 3 5 113 112 591 587 10 0.12 

 30 6 3 192 195 1332 1340 10 0.11 

TFSI-NRPE          

 70 112 25 42 40 36 40 10 0.14 

 60 64 17 60 60 80 84 10 0.15 

 50 22 7 102 103 313 321 10 0.12 

 
40 11 4 157 157 666 675 10 0.12 

 30 51 2 262 262 1494 1491 10 0.14 

 [a] Initial and [b] steady-state current obtained by dc polarization; [c] initial and [d] final resistances 

of the electrolytes measured by ac impedance method before and after polarization, respectively; [e] 

initial and [f] final resistances of interfacial layer between electrode/electrolyte measured by ac 

impedance method before polarization and after polarization, respectively; [g] the dc voltage 

subjected to the Li° symmetrical cell. 
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In terms of salt type, the obtained results (ca. 0.15) suggest a negligible 

difference between the measured samples with the same EO/Li ratio for both 

LiTFSI and LiFSI, presenting typical TLi
+ values for salt-in-polymer systems.  

7.7.3. Electrochemical stability toward oxidation 

The anodic stability of the as-prepared NRPEs and PEO-based reference 

electrolytes was determined by linear sweep voltammetry (LSV). These LSV 

profiles show that the anodic stabilities of NRPEs are higher than those of the 

corresponding REs where oxidation currents at ca. 4 V vs. Li/Li+ are observed due 

to the degradation of EO groups when the PEO is in renewed direct contact with 

the electrode [26]. This implies that the nanofibers reinforcement in NRPEs 

mitigates the electrochemical decomposition of EO units by minimizing the direct 

contact between the electrolyte and electrode. 

 

Figure 7.11. Linear sweep voltammetry profiles measured on stainless steel (SS) electrode 

at 70 
o
C. 

7.7.4. Compatibility with Li° electrode 

Figure 7.12 shows the temperature dependence of the total resistance 

(Rtotal)) measured on Li°││Li° symmetric cells. Similar to the tendency observed in 

Figure 7.10 for ionic conductivity, Rtotal for NRPEs changes gradually in the studied 

temperature range (30‒70 oC) and a drastic decrease (or increase) in Rtotal is 
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observed for REs during the heating (or cooling) scan. This result suggests that 

solid electrolyte interphase (SEI) layer formed on Li° electrode inherits the intrinsic 

properties of bulk electrolytes, and chemical decomposition of amorphous and 

conductive NRPE results in a less resistive SEI layer. See Table A.7.1 for the 

comparison of interfacial resistance between NRPEs and REs.  This behavior is 

similar to the one obtained for FPE itself in Chapter 6. 

 

Figure 7.12. Total resistance (Rtotal) of the Li° symmetric cells using various electrolytes at 

heating and cooling scans. 

Electrochemical impedance spectroscopy (EIS) plots of Li° symmetric for 

NRPEs and PEO reference electrolytes at different temperatures are presented in 

Figure A.7.2 and Figure A.7.3 respectively. The simplified equivalent circuit used to 

fit collected EIS data is given in Figure A.7.1 and the best fitted-results are 

summarized in Table A.7.1. 
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circuit, whereas the rest of the electrolytes retain continuous cycling for more than 

500 h without any internal short-circuit or impedance raise. This can be attributed 

to the good contact between the NRPEs and the electrode and the SEI-favourable 

FSI‒ that can significantly improve the electrochemical stability of Li° electrode 

with the electrolyte. Notice that the higher overpotential in NRPE-based cells than 
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that in the RE-based ones is probably associated with lower ionic conductivity of 

the former electrolyte at 70 oC. 

 

Figure 7.13. Galvanostatic cycling of the Li° symmetric cells at 70 
o
C with a current density 

of 0.1 mA cm
‒2

 for NRPEs and REs. 

 Overall, these physicochemical and electrochemical characterizations 

clearly testify the suitability of NRPEs for Li°-based rechargeable SSBs. 

7.7.5. Cycling of Li°││LiFePO4 cell performance 

7.7.5.1.Solvent-casting method in LiFePO4-based cathodes 

The possibility of implementing the NRPEs in rechargeable ASSLMBs is 

further evaluated by the cycling performance of Li°││LiFePO4 cells. 

First, LiFePO4 based cathodes were prepared using 63 wt% LFP active 

material, 7 wt% C65 conductive carbon and 30 wt% SPE/LiX [(SPE = Jeffamine-

based FPE, PEO) and (X = TFSI, FSI)] as polymer binder following the method 

reported in Chapter 2 section 2.3.1 

However, the FPE presented really poor binding properties, resulting in a 

completely cracked electrode with delamination problems, as it can be observed in 

Figure A.7.4. Moreover, the sticky nature of the obtained NRPEs made the sample 

handling unmanageable. For this reason, so as to improve the wetting and contact 
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between PEs and porous LFP cathode, the electrolytes were in-situ casted on the 

top of the cathodes. In order to determine if this solvent casting method is 

suitable, PEO-based reference cathodes were obtained and compared with the 

Jeffamine-based ones using the same cathode composition. 

Trying to improve the mechanical and binding properties of Jeffamine-

based cathodes, 6 wt% Kynar® (1000 HD homopolymer) was added to the 

electrolyte slurry. The composition of the prepared cathodes was: 63 wt% LFP 

active material, 7 wt% C65 conductive carbon and 30 wt% SPE/LiX (X = TFSI, FSI) 

polymer binder , where 24 wt% is the corresponding polymer matrix and 6 wt% 

Kynar® (1000 HD homopolymer) using a mixture of ACN and 1-methyl-2-

pyrrolidinone (NMP) (6 : 1 by volume) as solvent. 

For sample preparation, the LFP based cathode was placed on the top of 

the stainless steel (SS) electrodes and the corresponding polymer electrolyte 

dissolved in acetonitrile (ACN) was cast on the top of it, using PVDF fibers as spacer 

in the case of NRPEs, as schematically illustrated in Figure 7.14. After solvent 

evaporation the samples were dried in a vacuum oven for 24 h at 50 oC. 

 

Figure 7.14. Schematic illustration of the processing of the NRPE and RE-based cathodes. 
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 In the case of NRPE, the PVDF nanofibers act as a protective layer, 

preventing the migration of active material (AM) into electrolyte solution, and 

thereby maintaining the integrity of the electrode. In sharp contrast, the direct 

casting of RE solution on the top of the cathode causes the dissolution of the 

binder and diffusion of electrode material particles into electrolyte phase and the 

breakdown of electrode. Such behaviour was ascertained by energy dispersive X-

ray spectroscopy (EDX) mapping of the cross-sectional view of the as-prepared 

electrodes, as it is shown in Figure 7.15. 

 NRPE-based electrode shows three distinctive layers: 1) current collector 

as seen by the aluminium (Al) spectrum; 2) LFP cathode indicated by the iron (Fe); 

and 3) electrolyte bulk evidenced by fluorine (F) of the electrolyte salt. Yet, a blend 

between the Fe and F can be observed in RE-based electrode, which strongly 

suggests the breakdown of the cathode during the casting of the electrolyte. 

 

Figure 7.15. SEM and EDX images of the LiFEPO4 cathodes (F in yellow, Fe in green and Al in 

pink). 
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7.7.5.2. Cycling of Li° ││LiFePO4 cell performance at RT 

 The feasibility of implementing NRPEs in rechargeable ASSLMBs is 

evaluated by the cycling performance of Li°││LiFePO4 cells. Figure 7.16 depicts the 

cell performance of FSI-NRPE and TFSI-NRPE under a constant charge/discharge 

rate of 0.1/0.1C at 30 oC. Both cells are cycled with excellent Coulombic efficiency 

(CE > 99%). The areal capacity of TFSI-NRPE-based cell is higher than that of the 

FSI-NRPE-based one. This difference can be attributed to the poor fluorophilicity of 

LiFSI which impedes the ion transport of LFP. Under a low C-rate of 0.05/0.05C, a 

high areal capacity of > 0.6 mAh cm‒2 is reached for both cells. This high cell 

capacity at RT outperforms most of the reported ones in literature, as it can be 

observed in Table A.7.2; e.g, 0.35 mAh cm‒2 for polycarbonate-based SPEs, 0.19 

mAh cm‒2 for tetraglyme-added GPEs and 0.37 mAh cm‒2 for succinonitrile-

containing PEs (Table A.7.2 entries 3, 5 and 11, respectively). 

 

Figure 7.16. Areal charge/discharge capacities and Coulombic efficiency vs. cycle number 

for the cells using Li°│NRPEs│LFP cells at 30 
o
C. 

7.7.5.3. Cycling of Li° ││LiFePO4 cell performance at different temperatures 

 Figure 7.17 further shows the specific capacity and Coulombic efficiency 
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cell using TFSI-NRPE delivers a discharge capacity of 0.8 mAh cm‒2 (159 mAh g‒1) at 

an elevated temperature of 70 oC, and shows a slightly decreased capacity of 0.75 

mAh cm‒2 (145 mAh g‒1) after lowering the operational temperature down to 50 
oC. However, after prolonged cycling, the TFSI-NRPE-based cell encounters low CE 

due to formation of soft dendrites [26].  

 

Figure 7.17. Areal charge/discharge capacities and Coulombic efficiency vs. cycle number 

for the cells using a) Li°│FSI-NRPE│LFP and b) Li°│TFSI-NRPE│LFP cells at variable 

temperature under a constant C-rate of 0.1/0.1C. 
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 For the cell using FSI-NRPE (Figure 7.17a), an areal capacity of 0.9 mAh 

cm‒2 (159 mAh g‒1) is obtained at 70 oC, and decreasing to 0.7 mAh cm‒2 (130 mAh 

g‒1) at 50 oC. Further decrease of the temperature to 40 oC results in a significant 

drop of capacity [i.e., 0.2 mAh cm‒2 (40 mAh g‒1)], and it is tempting to associate 

this effect to a poorer miscibility between LiFSI + polyether and PVDF existing in 

both electrolyte and cathode below 50 oC, resulting for the latter in reduced 

percolation. However, the capacity for LiFSI-NRPE reversibly regained a good 

Coulombic efficiency after several cycles when the temperature is returned to 70 
oC. This behaviour is attributable to the good SEI formation due to FSI− that keeps 

in the NRPE membranes. The decent cycling performance of NRPE-based cells 

affirms the technological feasibility of NRPE as safe and reliable electrolyte for 

accessing high-performance SSBs. 

7.8. Conclusions 

In this chapter the method for obtaining NRPEs by solvent casting method 

is described. These NRPEs present improved mechanical properties compared to 

the FPE itself, allowing the preparation of self-standing membranes. These 

electrolytes are completely amorphous with low Tg values, leading to a higher ionic 

conductivity than REs at RT (~10‒4 S cm‒1 vs. ~10‒5 S cm‒1). 

  The addition of PVDF nanofibers into FPE does not affect the stability 

against Li° electrode (< 800 Ω cm2 at 30 oC). As a result, the corresponding Li° | | 

LiFePO4 cells show decent performances even at RT (~0.7 mAh cm‒2 at 30 oC and 

C/20). LiTFSI is more compatible with PVDF fibers giving higher areal capacity. 

However, TFSI ion does not protect the Li surface as effectively as FSI ion. Further 

optimization on the electrolyte formation such as the use of SEI-forming additives 

and novel salts could be beneficial for improving the energy density of NRPE-based 

SSBs. Therefore, NRPEs combining both rigid PVDF nanofibers and a high 

molecular weight but flowable polymer are believed to be one of the most 

appealing candidates for attaining high-performance SSBs in the near future. 
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8. Conclusions 

The main objective of this thesis work was the design and synthesis of 

novel polymer matrices that combine good mechanical properties and high ionic 

conductivity in order to decrease the operational temperature of all-solid-state 

lithium metal batteries (ASSLMBs). In order to overcome this challenge, this PhD 

work was focused on the synthesis of comb-like polymer electrolytes in which 

grafted units present extremely high chain flexibility.  

In the first stage of this thesis, new type of comb-like polymer matrices 

based on imide ring and highly flexible Jeffamine® side chains comprising ethylene 

oxide (EO) and propylene oxide (PO) units were synthesized. It has been proven 

that the ratio between EO and PO units was a determining factor in order to find a 

good compromise between low crystallinity values and high ionic conductivity. EO 

units provide high ionic conductivity and good solvation power; whereas PO 

prevents the crystallization of the polymer chains and the glass transition 

temperature (Tg) is decreased.  On the other hand, the influence of the molecular 

weight (Mw) of the chains on the mechanical properties was analysed, showing 

higher degree of entanglement for higher values of Mw. The polymer matrix based 

on Jeffamine M-2070 was selected as representative compound for further 

investigation in next chapters of the thesis. This decision was motivated by the low 

fraction of crystallinity and high ionic conductivity presented by this material even 

at room temperature (RT).  

The influence of different sulfonimide salts on the properties of the solid 

polymer electrolytes (SPEs) was analysed; lithium bis (trifluoromethanesulfonyl) 

imide (LiTFSI) and lithium bis(fluorosulfonyl)imide (LiFSI). These selected salts 

present different properties in terms of Li metal compatibility. All the prepared 

SPEs showed high ionic conductivity at the temperature ranging from 70 oC to RT 

region, due to the high amorphicity of the polymer matrix, and obtaining the 

highest ionic conductivities with a molar ratio of EO/Li = 20. At this salt 

concentration the SPEs presents completely amorphous nature and low Tg values. 

These SPEs were also used as polymer binders in lithium iron phosphate (LiFePO4, 

LFP) based cathodes. The Li°││LFP cell using LiTFSI/SPE and LiFSI/SPE at 70 oC 

exhibited good cycling stability and high Coulombic efficiency. When decreasing 

the temperature, the Li°││LFP cell using LiFSI/SPE delivered decent specific/areal 
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capacity with good Coulombic efficiency. This was ascribed to SEI-favourable FSI‒ 

that could significantly improve the electrochemical stability of Li° electrode with 

the electrolyte. 

Despite the outstanding electrochemical performance exhibited by these 

SPEs, they did not present sufficient mechanical properties to obtain self-standing 

membranes. To enhance the stiffness of the SPEs while keeping the good contact 

between the electrolyte and the electrodes, further modifications were carried 

out. In this context, a new family of tailor-made block copolymers based on the 

above mentioned SPE and amine terminated polystyrene (PS) were synthesized. 

Glassy polymers with high values of Tg, such as PS, could play the role of scaffold 

for polymer matrix.  These new polymer electrolytes (PEs) showed improved 

mechanical properties at a very small expense of the ionic conductivity. The 

incorporation of the PS block into the Jeffamine-based polymer improved the 

electrochemical stability of SPEs vs. Li° electrode. The Li°││LFP cell using BCP-

based electrolytes presented acceptable cycling stability and high Coulombic 

efficiency. However, these cells showed slightly deteriorated cell performance 

compared to the Jeffamine-based homopolymers. This behaviour was ascribed to 

the poor binding properties of the BCP in the cathode material due to the phase 

separation between different blocks. 

 

Figure 8.1. Temperature dependence of ionic conductivity for the TFSI- based 

electrolytes synthesized in this thesis work. 
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The BCP and PEO based electrolytes emphasize the major problem with Li 

metal cells. Apart from ionic conductivity the compatibility against electrode is a 

key factor for successful operation. As another alternative, physical modifications 

were carried out in the base SPE. The mechanical properties of the SPE were 

controlled by the modification of synthesis parameters, obtaining a flowable 

polymer electrolyte (FPE) as a result. The suppression of the entanglement on the 

Jeffamine-based polymers resulted in higher flexibility of the former matrix, thus 

giving lower Tg values and higher ionic conductivities. Moreover, the good 

adhesive properties presented by these novel materials endowed a better contact  

between Li° electrode and the electrolyte, thus retarding the dendrite 

formation. Due to the poor mechanical properties presented by these materials, in 

a first stage FPEs were used as a stable buffer layer between the Li° electrode and 

poly(ethylene oxide) (PEO)-based membranes.  As a consequence, the stability 

against Li° electrode was significantly improved. Moreover the Li° ││ LFP cell using 

LiFSI/PEO membrane and LiFSI/FPE as buffer layer showed better cycling stability 

and high Coulombic efficiency even at different C-rates, compared to the reference 

LiFSI/PEO membranes at 70 oC. However, PEO did not allow the cycling of these 

cells at temperatures below the melting temperature (ca. 65 oC). 

 

Due to the poor mechanical properties presented by the FPE, and the 

impossibility of decreasing the operational temperature of BCP and PEO-based 

cells, encourage to look for further modifications. In this regards, the FPE was 

blended with poly(vinylidene fluoride) (PVDF) fibers in order to provide robustness 

to the PE. These nanofiber reinforced polymer electrolytes (NRPEs) were self-

standing and highly conductive at RT. Moreover, the stability against Li° electrode 

was not affected by the incorporation of PVDF fibers, resulting in good cell 

performance of Li° || LiFePO4 cells even at RT. 
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Figure 8.2. Comparison of the mechanical properties and cell performance at RT 

for the electrolytes prepared in this thesis work. 

In conclusion, the new polymer backbones presented in this PhD work 

represent reliable solutions for the scientific community for the development of 

all-solid-state lithium metal batteries in terms of safety, cost-effectiveness and 

environmentally friendly. Moreover, the extreme simplicity of the synthesis of all 

the polymers made in this study from commercial precursors suggests that they 

can be scaled up easily for commercial applications. Particularly, and taking into 

account all the conclusions arisen from this work, the synthesis of a block-

copolymer based on PS and FPE could led to a well-balanced ionic conductivity and 

mechanical properties, becoming a suitable candidate to meet the demand for this 

kind of batteries. 
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A.1. List of abbreviations and symbols 

ACN Acetonitrile 

ΔHc Enthalpy of crystallization 

ΔHm Enthalpy of melting 

Ar Argon 

ΔV DC voltage 

ASSLMBs All-solid-state lithium metal batteries 

ATR-FTIR Attenuated total reflectance Fourier-transform infrared 
spectroscopy 
 

B Pseudo-activation energy 

BCP Block copolymer 

BF4
‒ Tetrafluoroborate 

BSE Back-scattered electron detector 

  

C65 Conductive carbon 

CDI 1,1-carbonyldiimidazole 

(CD3)2SO Deuterated dimethyl sulfoxide 

CE Coulombic efficiency 

ClO4
‒ Perchlorate 

CO2 Carbon dioxide 

CPE Composite polymer electrolyte 
 

D Diffusion coefficient 

DMA Dynamic mechanical analysis 

DMF N,N-dimethylformamide 

DMSO Dimethyl sulfoxide 

D2O Deuterium oxide 

DSC Differential scanning calorimeter 
 

Ea Activation energy 

EDX Energy dispersive X-ray spectroscopy 

EES Electrochemical energy storage 

EIS Electrochemical impedance spectroscopy 

EO Ethylene oxide 

ETD Secondary electron detector 

Et3N Triethylamine 
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FP Flowable polymer 

FPE Flowable polymer electrolyte 
 

G′ Storage modulus 

G′′ Loss modulus 

GPE Gel polymer electrolytes 
 

1H NMR Hydrogen-1 nuclear magnetic resonance 

HPE Hybrid polymer electrolyte 
 

I0 
 Initial current 

IEA International energy agency 

Is Steady-state current 

ISE Inorganic solid electrolytes 
 

LCO Lithium cobalt oxide 

LFP Lithium iron phosphate 

Li Lithium 

LIB Lithium-ion battery 

LiFSI Lithium bis(fluorosulfonyl)imide 

LSV Linear sweep voltammetry 

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 
 

Mw Molecular weight 
 

η* Complex viscosity 

NA Nucleophilic addition 

NMC Manganese cobalt oxide 

NMP N-methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

NOx Nitrogen oxide 

NRPE Nanofiber-reinforced polymer electrolyte 
 

OCV Open circuit voltage 
 

PAN Poly(acrylonitrile) 

PC Polycarbonate 
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PE Polymer electrolyte 

PEaMA Poly(ethylene-alt-maleic)anhydride 

PEC Poly(ethylene carbonate) 

PEG Poly(ethylene glycol) 

PEO Poly(ethylene oxide) 

PEO-b-PS Poly(ethylene oxide)-block-polystyrene 

PF6
‒ Hexafluorophosphate 

PMMA Poly(methyl methacrylate) 

PO Propylene oxide 

PPO Poly(propylene oxide) 

PS Polystyrene 

PS-PEO Poly(styrene-b-ethylene oxide) 

P(TMC-co-CL) Poly(trimethylene carbonate-co-caprolactone) 

PVC Poly(vinyl chloride) 

PVDF Poly(vinylidene fluoride) 

PVDF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene) 
 

Rb
o Initial resistance of the bulk electrolytes 

Rb
s Final resistance of the bulk electrolytes 

Rl
o  Initial resistance of the interfacial layers of the Li° 

electrode/electrolyte 
Rl

s Final resistance of the interfacial layers of the Li° 
electrode/electrolyte 

RT Room temperature 

Rtotal Total resistance 
 

σ Ionic conductivity 

SE Solid electrolyte 

SEI Solid electrolyte interphase 

SEM Scanning electron microscopy 

SOx Sulphur oxide 

SP Solid polymer 

SPE Solid polymer electrolyte 

SS Stainless steel 

SSB Solid state battery 

STA Simultaneous thermal analyser 
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Tc Crystallization temperature 

Td Decomposition temperature 

TGA Thermogravimetric analysis 

TFT α,α´,α´´-trifluorotoluene 

THF Tetrahydrofuran 

Tg Glass transition temperature 

TLi
+ Lithium transference number 

Tm Melting temperature 
 

VTF Vogel-Tamman-Fulcher 
 

𝜒𝑐 Crystallinity 
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A.2. SEM images of the cathodes 

Table A.2.1. SEM images of the cathodes used during this thesis work using different 

magnifications. 
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A.3. Supplementary information Chapter 3 

A.3.1. Hydrogen-1 Nuclear magnetic resonance (1H NMR) 

The 1H NMR spectrum obtained for the intermediate product with the imide 

ring opened for SP-2k is depicted in Figure A.3.1. This technique was used to follow 

the imide ring closing reaction by changes in the signals related to ‒NH and ‒OH 

groups. The peaks at 1.2 and 3.6 ppm, named as A and C in the spectrum, 

correspond to the protons from ‒CH3 and ‒CH groups of the PO units in Jeffamine® 

side chains, respectively. The peak at 3.4 ppm, marked as B, corresponds to the 

terminal ‒CH3 of the EO units of the Jeffamine® side chains. Finally, the peak at 3.7 

ppm, designated as D, corresponds to the protons from ‒CH/‒CH2 group from the 

polymer backbone and ‒CH2 group from Jeffamine® side chains. The peaks, named 

as E and F in the spectrum, correspond to the ‒NH and ‒OH groups of the open ring. 

 

Figure A.3.1. 
1
H NMR spectrum for the intermediate product of SP-2k matrix. 
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A.4. Supplementary information Chapter 4 

A.4.1. Differential scanning calorimetry (DSC) 

 

Figure A.4.1. DSC traces of the a) LiFSI/SPE and b) LiTFSI/SPE polymer electrolytes with 

different concentration of lithium salt at the second heating scan. 

 

A.4.2. Compatibility with Li° electrode 

 

 
Figure A.4.2. The simplified equivalent circuit adopted to fit the collected electrochemical 

impedance spectra in Figure 4.10. In the circuit, Rb, bulk resistance of polymer electrolyte; Ri, 

Li/SPEs interface resistance; Qdl, double layer capacity of Li/SPEs interface; Z, diffusive 

impedance [1]. 
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Table A.4.1. The best-fitted results of the EIS spectra using the simplified equivalent circuit in 

A.4.2 for Li° symmetric cells with various electrolytes. 

Samples 
T[a] / oC Rb

[b] /          

Ω cm2 

Ri
[c] /          

Ω cm2 

Rtotal
[d] /              

Ω cm2 

LiFSI/SPE (heating scan) 

 25 490 1233 1723 

 40 145 363 508 

 50 80 189 269 

 60 50 89 138 

 70 33 41 74 

LiFSI/FPE (cooling scan) 

 25 333 2818 3151 

 40 126 570 696 

 50 70 204 275 

 60 45 85 131 

 70 33 43 76 

LiFSI/PEO (heating scan) 

 25 69631 620111 689741 

 40 19133 120077 139211 

 50 4098 29575 33673 

 60 486 1690 2176 

 70 68 250 319 

LiFSI/PEO (cooling scan) 

 25 13306 58024 71330 

 40 1614 6874 8488 

 50 408 1531 1939 

 60 104 430 535 

 70 71 249 319 

LiTFSI/PEO (heating scan) 

 25 31437 114749 146186 

 40 680 2666 3347 

 50 192 707 899 

 60 62 271 333 

 70 20 102 122 

LiTFSI/PEO (cooling scan) 
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 25 1420 7857 9277 

 40 216 1377 1593 

 50 40 431 472 

 60 27 210 237 

 70 20 103 122 

[a] Temperature at which the measurement was performed. [b] Bulk resistance. [c] Interfacial 

resistance. [d] Total resistance. 
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A.5. Supplementary information Chapter 5 

A.5.1. Differential scanning calorimetry (DSC) 

 

Figure A.5.1. DSC traces of BCP70 with the insets to make the glass transitions legible. 

 

Figure A.5.2. DSC traces of a) BCP and b) SPE-based electrolytes. 
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A.6. Supplementary information Chapter 6 

A.6.1. Attenuated total reflectance-Fourier-transform infrared spectroscopy 

(ATR-FTIR) 

Characteristic signals assigned to TFSI― appear at ~1380 cm―1 (asymmetric 

(υa) stretching of SO2), ~1130 cm―1 (symmetric (υs) stretching of SO2), 1060 cm―1 (υa 

(SNS)), 761 cm―1 (υs (SNS)) [2]. Signals assigned to FSI― appear at ~1370 cm―1 (υa 

(SO2)), 1235―1150 cm―1 (υs(SO2)), 890―850 cm―1 (υa (SNS)), and ~740  cm―1 (υs 

(SNS) and υs (SF)) [3]. 

 

Figure A.6.1. ATR-FTIR spectra of the a) LiFSI/FPE and b) LiTFSI/FPE-based polymer 

electrolytes with all the studied lithium salt concentrations. 

A.6.2. Differential scanning calorimetry (DSC) 

 

Figure A.6.2. DSC traces of the a) LiFSI/FPE and b) LiTFSI/FPE-based polymer electrolytes with 

different concentration of lithium salt at the second heating scan. 
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Table A.6.1. The characterization data for the phase behavior for the as-prepared 

electrolytes. 

Samples EO/Li Tg 
[a] Tc 

[b]  (ΔHc)
 [c] Tm [d]  (ΔHm) [e] 

LiFSI/SPE     

 50 −58 −26 (21.9) 4 (22.4) 

 30 −54 −13 (5.5) 7 (4.6) 

 20 −49   

 15 −48   

 10 −37   

LiTFSI/SPE     

 50 −58 −28 (21.9) 4 (25.6) 

 30 −56 −14 (3.3) 6 (3.8) 

 20 −50   

 15 −46   

 10 −38   

LiFSI/FPE     

 50 −64 −30 (19.5) −2 (20.5) 

 30 −60   

 20 −57   

 15 −52   

 10 −47   

LiTFSI/FPE     

 50 −64 −35 (26.2) −1 (27.3) 

 30 −62   

 20 −58   

 15 −53   

 10 −47   

LiFSI/PEO 20 −47 3 (0.8) 63 (67) 

LiTFSI/PEO 20 −45  65 (50) 

[a] Glass transition temperature (
o
C); [b]  Crystallization point (

o
C); [c] Enthalpy of crystallization (J g

−1
); 

[d] Melting point (
o
C); [e]  Enthalpy of melting (J g

−1
). 
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A.6.3. Ionic conductivity 

 

Figure A.6.3. Arrhenius plot of ionic conductivity for a) LiFSI/FPE, b) LiTFSI/FPE, c) LiFSI/SPE 

and d) LiTFSI/SPE with different salt concentration. 

A.6.4. Compatibility with Lio electrode 

 

Figure A.6.4. The simplified equivalent circuit adopted to fit the collected electrochemical 

impedance spectra in Figure 6.14. In the circuit, Rb, bulk resistance of polymer electrolyte; Ri, 

Li/SPEs interface resistance; Qdl, double layer capacity of Li/SPEs interface; Z, diffusive 

impedance [1]. 
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Table A.6.2. The best-fitted results of the EIS spectra using the simplified equivalent circuit in 

A.6.4 for Li° symmetric cells with various electrolytes. 

Samples 
T[a] / oC Rb

[b] /         

Ω cm2 

Ri
[c]/           

Ω cm2 

Rtotal
[d] /              

Ω cm2 

LiFSI/FPE (heating scan) 

 25 273 568 841 

 40 161 239 400 

 50 80 74 154 

 60 51 36 87 

 70 36 8 43 

LiFSI/FPE (cooling scan) 

 25 262 1198 1460 

 40 132 431 563 

 50 72 165 238 

 60 47 78 126 

 70 31 36 67 

LiTFSI/FPE (heating scan) 

 25 234 843 1076 

 40 92 237 330 

 50 52 100 152 

 60 31 43 74 

 70 20 20 40 

LiTFSI/FPE (cooling scan) 

 25 247 950 1198 

 40 95 263 358 

 50 48 99 147 

 60 30 45 75 

 70 19 21 41 

LiFSI/SPE (heating scan) 

 25 490 1233 1723 

 40 145 363 508 

 50 80 189 269 

 60 50 89 138 

 70 33 41 74 

LiFSI/SPE (cooling scan) 

 25 333 2818 3151 

 40 126 570 696 
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 50 70 204 275 

 60 45 85 131 

 70 33 43 76 

LiTFSI/SPE (heating scan) 

 25 750 7119 7870 

 40 213 1213 1427 

 50 128 568 695 

 60 80 287 367 

 70 54 182 236 

LiTFSI/SPE (cooling scan) 

 25 491 9216 9706 

 40 194 2142 2336 

 50 119 935 1054 

 60 76 364 439 

 70 55 184 238 

LiFSI/PEO (heating scan) 

 25 69631 620111 689741 

 40 19133 120077 139211 

 50 4098 29575 33673 

 60 486 1690 2176 

 70 68 250 319 

LiFSI/PEO (cooling scan) 

 25 13306 58024 71330 

 40 1614 6874 8488 

 50 408 1531 1939 

 60 104 430 535 

 70 71 249 319 

LiTFSI/PEO (heating scan) 

 25 31437 114749 146186 

 40 680 2666 3347 

 50 192 707 899 

 60 62 271 333 

 70 20 102 122 

LiTFSI/PEO (cooling scan) 

 25 1420 7857 9277 
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 40 216 1377 1593 

 50 40 431 472 

 60 27 210 237 

 70 20 103 122 

[a] Measured temperature. [b] Bulk resistance. [c] Interfacial resistance. [d] Total resistance. 

  



Appendix 

235 
 

A
p

p
e

n
d

ix
 

A.7. Supplementary information Chapter 7 

A.7.1. Compatibility with Li° electrode 

 

Figure A.7.1. The simplified equivalent circuit adopted to fit the collected electrochemical 

impedance spectra in Figure 7.12. In the circuit, Rb, bulk resistance of polymer electrolyte; Ri, 

Li/SPEs interface resistance; Qdl, double layer capacity of Li/SPEs interface; Z, diffusive 

impedance [1]. 

 

Table A.7.1. The best-fitted results of the EIS spectra using the simplified equivalent circuit in 

A.7.1 for Li° symmetric cells with various electrolytes. 

Samples T[a] / oC 
Rb

[b] /         

Ω cm2 

Ri
[c] /            

Ω cm2 

Rtotal
[d] /       

Ω cm2 

FSI-NRPE (heating scan)     

 

25 

40 

50 

60 

70 

75 

45 

28 

19 

13 

626 

288 

135 

66 

34 

701 

333 

163 

85 

47 

FSI-NRPE (cooling scan)     

 

25 

40 

50 

60 

70 

72 

42 

27 

18 

13 

661 

288 

142 

68 

35 

734 

331 

170 

86 

48 

TFSI-NRPE (heating scan)     

 

25 

40 

50 

60 

156 

94 

63 

54 

895 

408 

191 

93 

1051 

502 

254 

148 
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70 30 48 78 

TFSI-NRPE (cooling scan)     

 

25 

40 

50 

60 

70 

156 

97 

83 

43 

30 

1012 

438 

212 

101 

51 

1167 

536 

295 

145 

81 

FSI-RE (heating scan)     

 

25 

40 

50 

60 

70 

69631 

19133 

4098 

486 

68 

620111 

120077 

29575 

1690 

250 

689741 

139211 

33673 

2176 

319 

FSI-RE (cooling scan)     

 

25 

40 

50 

60 

70 

13306 

1614 

408 

104 

71 

58024 

6874 

1531 

430 

249 

71330 

8488 

1939 

535 

319 

TFSI-RE (heating scan)     

 

25 

40 

50 

60 

70 

31437 

680 

192 

62 

20 

114749 

2666 

707 

271 

102 

146186 

3347 

899 

333 

122 

TFSI-RE (cooling scan)     

 

25 

40 

50 

60 

70 

1420 

216 

40 

27 

20 

7857 

1377 

431 

210 

103 

9277 

1593 

472 

237 

122 

[a] Measured temperature. [b] Bulk resistance. [c] Interfacial resistance. [d] Total resistance. 
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Figure A.7.2. Electrochemical impedance spectra of Li° || Li° symmetric cell for NRPE with 

EO/Li = 20 (X = TFSI, FSI). 
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Figure A.7.3. Electrochemical impedance spectra of Li° || Li° symmetric cell for PEO with 

EO/Li = 20 (X = TFSI, FSI). 
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A.7.2. Solvent casting method in LiFePO4-based cathodes 

 

Figure A.7.4. SEM images for FPE-based cathode with a magnification of a) x50 and b) x500.  

  

a) b)
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A.7.3. Cycling of Li°││LiFePO4 cell performance at RT 

Table A.7.2. State-of-art of the electrochemical performance of the Li-based cells solid 

and gel polymer electrolytes. 

Entry Electrolyte composition
[a] 

T
[b]

/ 
o
C 

σ 
[c]

/ 
S cm

‒1
 

Areal 
capacity

[d]
 / 

mAh cm
‒2

 

Cathode 
loading

[e]
/ 

mg cm
‒2

 Ref 

1 PCL+TMC/LiTFSI 25 4.1 x 10
−5

 0.13 1.8‒2.5 [4] 
2 PPC+LAGP/LiFSI RT 10

−4
 0.35 2-3 [5] 

3 PEC+PVDF-HFP/LiTFSI 30 1.08 x 10
−4

 0.35 2.5 [6] 
4 Jeffamine/LiFSI 30 10

−4
 0.1 6 [7] 

5 POC+tetraglyme/LiTFSI RT 3.75 x 10
−5

 0.19 1.2 [8] 
 POC+tetraglyme/LiTFSI RT     
6 BEMA+PEGMA/PY1.2O1TFSI RT 1 x 10

−3
 0.25 3 [9] 

7 
PVDF-HFP/1g13LiTFSI-
LiTFSI 25 3.16 x 10

−4
 0.29 2.0-2.5 [10] 

8 
PVDF-
HFP+GBL/LiTFSI+S221TFSI RT 6.32 x 10

−4
 0.33 2.0-2.5 [11] 

9 PDADMATFSI/EMIM-TFSI 22 3 x 10
−3

 0.39 2.31 [12] 

10 
POSS-PEO+POSS-IL 
(EC/DMC)/LiTFSI EC/DMC 25 4.8 x 10

−4
 0.45 2.8 [13] 

11 PP+PPC+SN/LiTFSI 25 2.18 x 10
−4

 0.37 2.65 [14] 

12 FSI-NRPE 30 6.4 x 10
‒5 

0.25 6.0 
This 
work 

13 TFSI-NRPE 30 3.9 x 10
‒5

 0.15 5.5 
This 
work 

[a] Abbreviations are listed as follows: poly(ε-caprolactone) (PCL), trimethylene carbonate (TMC); 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI); poly(propylene carbonate) (PPC); 
Li1.5Al0.5Ge1.5(PO4)3 (LAGP); Lithium bis(fluorosulfonyl)imide (LiFSI); poly (ethylene carbonate) (PEC); 
poly (vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP); poly(oxo-carbonate) (POC); dimethacrylic 
oligomer bisphenol A ethoxylate dimethacrylate (BEMA); poly(ethylene glycol) methyl ether 
methacrylate (PEGMA); N-[2-(methacryloyloxy)ethyl]-N-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide (PY1.2O1TFSI); γ-butyrolactone (GBL); 1,1,2,3,3-pentamethyl-2-
propylguanidinium bis(trifluoromethanesulfonyl)imide (1g13TFSI); diethylmethylsulfonium 
bis(trifluoromethanesulfonyl)imide (S221TFSI); poly[diallyldimethylammonium 
bis(trifluoromethane)sulfonimide] (PDADMATFSI), 1-ethyl-3-methyl imidazolium 
bis(trifluoromethanesulfonylimide) (EMIM-TFSI), pentaoxaheptadecan-1-ol silane (POSS), 
pentaoxaheptadecan-1-ol silane-co-poly ethylene oxide (POSS-PEO), ethylene carbonate/dimethyl 
carbonate (EC/DMC), polypropylene (PP), succinonitrile (SN). [b] Cycling temperature. [c] Ionic 
conductivity of the electrolytes. [d] Areal capacity of the cell. [e] Loading of active mass in the cathode. 
Color codes: Green (solid polymer electrolytes), blue (gel polymer electrolytes), red (polymers with 
properties between solid and gel) and yellow (present work). 
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