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In recent years, continuous progress in electronic devices, especially in wearable devices, has 

attracted surging attention from the consumer market. Therefore, flexible energy storage was 

developed to fulfill the needs of new flexible devices with ultra-lightweight and small volume. The 

very recent products and concepts such as touch screens, roll-up displays, wearable sensors, and 

even implantable medical devices have shown great potential in flexible applications because of 

their extreme convenience. However, the development of corresponding power sources largely 
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lags behind these emerging technologies of flexible devices.  

Lithium-ion batteries (LIBs), owing to high energy density and high operating voltage, have 

been serving as an ideal power source for flexible devices. Nevertheless, direct implementation of 

commercial LIBs leads to irreversible deformation of structural integrity, short-circuiting or even 

severe explosion hazard. Such dilemma originates from the poor flexibility of electrode and 

electrolyte. For electrode side, current electrode sheets used in LIBs are manufactured by holding 

active material particles and conductive agents by a small weight fraction of polymeric binders. 

Such fragile electrode structure could easily lose electrical contact under physical deformation, 

leading to disintegrated electrode sheets, drastic degradations of electrochemical performance, and 

even safety issue due to internal short-circuiting. For electrolyte side, LIBs employ nonaqueous 

liquid electrolyte with high ionic conductivity and excellent electrode wettability. However, the 

drawbacks of such electrolyte system are also evident: poor ion selectivity, flammability, and 

leakage issue while being deformed render unsuitability of liquid electrolyte for flexible device 

application.  

To fabricate flexible LIBs, the current state-of-the-art research employs two design strategies 

involving electrode structure. One popular strategy is constructing scaffolding structure using 

carbonaceous materials to function as supportive matrix for active materials. Given carbon 

nanotubes (CNTs) as an example, the CNTs possess remarkable electrical conductivity and 

mechanical strength (elastic modulus: 1 TPa, tensile strength: 100 GPa), which contribute to 

conductive and flexible electrodes as the high-aspect ratio of CNTs can serve as threading 

materials. Another strategy is rational architecture design of active materials that are 

conventionally particulate. For example, vanadium pentoxide nanowires can be readily fabricated 

into free-standing and binder-free electrode membrane. Nevertheless, the most of strategies above 



iv 

still fall short of practicality due to reduced portion of active materials and consequently 

compromised energy density.  

In comparison with the mobile liquid electrolyte, the emerging solid-state electrolytes could 

largely solve circumventing issues of ion selectivity, flammability and leakage. As one prevailing 

category, solid polymer electrolytes comprising polymers and lithium salts feature decent 

manufacturing flexibility. Meanwhile, their poor ionic conductivity (10−8 ~ 10−5S cm−1) could be 

ameliorated by gel polymer electrolytes with organic solvents (plasticizers) and/or inorganic solid 

fillers (e.g., SiO2). Nevertheless, the non-conductive fillers block ion-transport pathways while 

allow partial electrical conduction, limiting the interfacial engineering and compatibility with 

electrodes.  

In this dissertation, we tackle the aforementioned critical issues of flexible batteries in two 

aspects. Firstly, we design and synthesize flexible electrode from prospective of material and 

architecture. A novel cathode constructed by entangling networks of V2O5, CNTs and 

polytetrafluoroethylene (PTFE) is design and fabricated. Notably, the resulting flexible battery 

simultaneously achieves excellent mechanical strength (800 MPa young’s module), superior cycle 

durability (86% retention after 1000 times bending) and intriguing capacity (300 mAh g-1 at 0.25C).  

Furthermore, a Zr-based metal-organic-framework (MOF) possessing open-metal sites 

(OMSs) was used as the microporous filler to facilitate cation (Li+) conduction in GPL. Compared 

with the state-of-the-art research, our work significantly enhanced tLi
+ of GLP from 0.39 up to 0.66 

while maintained 1.5 mS cm−1 ionic conductivity. Notably, a reduced thermal activation energy 

(from 113 to 76 meV) was observed, suggesting diffusion energy barriers was eased by selective 

promotion of Li+ conduction.  

To conclude, flexible Li-ion batterie system research is still at early developing stage. Above 
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work provides rational design and improvement of the current FLIBs system in rather facile and 

cost-effective way. The methodology we proposed are hoped to bring further innovation toward 

FLIBs field and be extended to numerous applications in the future. 
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Chapter 1. Background  

1.1 Introduction 
1.1.1 Energy storage 

In the past 300 years, human civilization has gone through a miraculous advance because of 

new forms of energy were explored. The rapid growth of economic today is inextricably linked 

with energy consumption. Nevertheless, we have entered a new historical period, where the 

traditional fossil fuels can no longer sustain. Every day, human society burns more than a million 

terajoules of energy, which is roughly 3000 times of the daily output of Palo Verde nuclear power 

plant in Arizona.1 The amount of energy we are chewing down has reached all-time high in human 

history. The rapid demand growth in developing countries and the increasing impact on our living 

environment has pushed us to transform our way of utilized energy to more efficient way. 

 

Figure 0-1. World Energy Consumption and shares of global primary energy.2 

According to the Statistical Review of World energy 2020 report from BP2, during the past 
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couple decades, along with the increasing consumption of the energy resources, the percentage of 

fossil resource usage kept decreasing while renewable energy started to overtake nuclear energy 

and makes up a huge portion of the energy consumption increase. Renewable energies such as 

solar power, wind power, and hydraulic power started to make more and more contribution to 

global primary energy shares. Nevertheless, direct utilization of different kinds of energy takes 

incredible efforts since their instability and complexity. Most of the renewable energy also shares 

a common drawback-discontinuity. Solar power and wind power for instance, can only be utilized 

during a certain period of time during a day.  

Therefore, developing an efficient way of energy conversion and storage is important. The 

ultimate goal is to collect different forms of energy and keep them into a storage system that can 

be easily draw out and used without excess waste.  

 

1.1.2 Electrochemical System 

 

Thanks to tremendous amount of effort and research has been done in the past century, among 

all different kinds of energy conversion and storage systems, electrochemical system has been 

chosen as the most promising candidate due to its high efficiency. By using electricity as a median 

with chemical form of energy storage, the new era of renewable energy was able to be convert and 

storage in electrochemical system and transfer into electricity while we needed. Electrochemical 

storage system provides an environment friendly way to utilize energy in an efficient, stable, more 

flexible way via its chemical properties and variety of physical shapes.  

There are many different types of electrochemical systems has been built during the last 

century. In order to distinguish them, the Ragone Plot has been developed. Using specific power 

and specific energy as parameter, electrochemical system can be evaluated with their 
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charge/discharge speed and their life span. As shown in the Figure 1-2, energy density means total 

amount of energy that can be stored inside of the system, and power density means the rate of 

energy transfer from the system. 

 

 
 

Figure 0-2. Energy-storage Ragone plot3. 

From the perspective of energy density, fuel cells obtain the highest specific energy which 

means they can have the most energy amount storage among all these systems. However, the 

current fuel cell technology is limited by its high requirement of working conditions and lack of 

safe storage solutions. In terms of power density, although the specific power of the capacitors can 

reach as high as 107W kg-1, their relative energy density usually is about 30 times lower than 

practical cells, which is not enough to provide consistence usage in daily life. By comparison, 

electrochemical capacitors and batteries obtains the best energy-power density ratio which 

regarded as the best solution for electrical storage, especially battery category.  
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1.1.3 Basic concepts of electrochemistry and cell construction4 

 

An electrochemical cell is the basic electrochemical unit that provides source of electrical 

energy by converting chemical energy into electric energy through electrochemical oxidation-

reduction(redox) reaction. Each cell consists of components of anode, cathode, electrolyte and a 

separator. Electrochemical cell is connected either in series or parallel in order to provide required 

operating voltage and current levels. A cell can be viewed as two serially connected half-cells. 

Electrochemical cell can be easily divided into two main categories, primary battery and secondary 

batteries. 

Primary battery is designed for generation of electrical energy until exhausted. Primary battery 

must be assembled in the charge state and discharge is the primary process during operation. 

Primary batteries cannot be recharged because their active materials cannot be returned to the 

original states hence the reactions are not reversible. Common types of primary batteries include 

Zinc-carbon batteries, alkaline batteries and lithium batteries. These batteries are designed for 

supplying high energy density, however, they are not suitable for wider applications because of 

the insufficient high-drain ability as well as serious environmental effect and tedious recycle 

procedure.  

A secondary battery is a cell or group of cells for the generation of electrical energy in which 

the cell, after being discharged, may be restored to its original charged condition by an electric 

current flowing in the direction opposite to the flow of current when the cell was discharged. Other 

terms for this type of battery are rechargeable battery or accumulator. As secondary batteries are 

usually assembled in the discharged state, they must be charged first before they can undergo 

discharge in a secondary process. With better feasible manufacture cost and satisfying energy 

density, secondary batteries candidates such as Pb-acid, Ni-Cd, Ni-MH and lithium ion batteries 
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are popular to be used in electronic systems.  

To define a good rechargeable battery, properties such as rate capability, cost, cycle life and 

temperature tolerance must be taken into consideration in any evaluation of a rechargeable battery. 

It is the improvement in energy density that has primarily driven the overall technological progress 

over the past 150 years — from lead–acid cells in the 1850s, nickel–cadmium cells in the 1890s 

and nickel metal hydride cells in the 1960s to, finally, lithium-ion batteries (LIBs) in the present 

day.5   

 

 

 

1.1.4 Introduction to lithium-ion battery 

 

 

Figure 1.3 Different rechargeable battery systems comparison in terms of volumetric and gravimetric 

energy density.6  

 

Although all secondary batteries are well-established technology, some intrinsic shortcomings 
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have hindered their widespread applications. According to Figure 1.3, for instance, utilization of 

Pb-acid and Ni-Cd batteries is limited by relatively low energy density. Commonly used Ni-MH 

battery only achieves an energy density of half of the Lithium ion (Li-ion) battery. These batteries 

are hindered by their relatively low energy density hence they can hardly be fabricated with 

lightweight or small size. However, it does not mean higher energy density is better. The only 

candidate that can achieve the highest energy density in rechargeable battery systems-Li metal 

battery, suffers from safety issues that also hindered its potential use in electronic devices. 

Among all various existing technologies (Fig.1.3), lihtium-ion batteries currently outperform 

all other systems, occupying ~63% of worldwide sales values in portable batteries. Lithium-ion 

batteries (LIBs), as the main power source, dominate the electronic device market due to their high 

energy density, high output voltage, long-term stability and environmentally friendly operation.  

Firstly, lithium has the lowest reduction potential compare with other elements, allowing Li 

based batteries to have the highest possible working voltage. Second, Li is the lightest metallic 

element and has the smallest ionic radii in any single charged ions. These advantages allow Li-

based batteries to acquire high volumetric and gravimetric energy density and power density. 

Lastly, although multivalent cations afford for higher charge capacity, the additional charge 

severely decreases their mobility. Known that ionic diffusion in the solid electrodes is often the 

rate-limiting issue for power performance, this offers a giant obstacle for the further development 

of such alternative chemistries.  

Considering of the combination of high energy and power density, lithium-ion battery was 

able to fulfill most of our daily used electronic appliances such as cell phones, laptops, or 

earphones with rather small battery size. In addition to small appliances, lithium-ion batteries also 

became the technology of choice for larger energy storage system because of sufficient power 
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density. Instead of conventional combustion engine, it provided a good alternative choice for large 

Electrical Vehicles (EVs) and UPS systems (uninterruptable power supply). Therefore lithium-ion 

battery is of intense interest from both research and consumer markets in recent years.  

 

1.1.5 Battery mechanism and thermodynamics 

A lithium-ion battery consists of three functional components, the anode (negative electrode), 

cathode (positive electrode) and electrolyte (Fig. 1.4). When the battery is discharged, lithium ions 

move from anode to cathode through the non-aqueous electrolyte, carrying the current. During 

charging, an external electrical power source forces the current to pass in the reverse direction and 

make lithium ions migrate from the cathode to the anode across the electrolyte. Separator is placed 

between the cathode and anode in a lithium-ion battery in order to prevent the physical contact of 

electrodes and allow ionic transport.  

 

 

 
Figure 1.4 schematic illustration of a LiFePO4 lithium-ion battery7 

 

Given a reversible LiFePO4 cell as an example to illustrate these two processes, where Li(1-
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x)C6 serves as anode and LixFeO4 is used as cathode material. The discharge reaction can be 

written as follows: 

Negative electrode: 

 

 

Positive electrode: 

 

 

 

The overall reaction can be expressed as: 

 

 

 

The storage electricity or capacity of a cell is determined by the amount of active materials in 

the electrode. It is expressed as the total quantity of electricity produced in the electrochemical 

reaction and is defined in terms of coulombs or ampere-hours.  

 

1.1.6 Considerations of battery parameters 

 

1) Theoretical specific capacity8 



9 

 

For a given redox electrode reaction, the theoretical specific gravimetric capacity can be 

calculated based on the following equations: 

𝑛𝑍𝐹 = 𝐼𝑡 (𝐹𝑎𝑟𝑎𝑑𝑦 ′𝑠 𝑙𝑎𝑤) 

𝑄𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑧𝐹

3.6𝑀
 (𝑚𝐴ℎ 𝑔−1) 

 

n: amount of active material (mol); 

z: amount of electron involved per molar active material; 

F: Farady constant (9.65×104 C/mol, A·s/mol)); 

M: molar mas of active material (g/mol); 

 

2) Energy density 

The specific energy (energy per unit weight)  can be obtained by measuring the time 

∆𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  for its complete discharge under constant current 𝐼𝑑𝑖𝑠 = 𝑑𝑄/𝑑𝑡: 

 

𝐸 = ∫ 𝑉𝐼𝑑𝑡
𝑡

0

= ∫ 𝑉
𝑞

0

𝑑𝑄 (𝑊ℎ 𝑘𝑔−1) 

 

The energy density (energy per unit volume) can be calculated by 𝐸 ∙ 𝜌, where 𝜌 is the tap 

density or packing density for electrode materials.  

 

3) Coulombic efficiency 

Coulombic efficiency can be calculated as follows: 

 

𝐸 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
 (%) 
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The Coulombic efficiency is primarily induced by irreversible process due to parasitic reactions, 

like electrolyte decomposition and SEI formations. Unstable SEI layer with electrolyte-permeable 

defects or cracks would result in continuous consumption of electrolyte and deterioration of battery 

calendar life.  

 

 

1.1.7 Current state of art of lithium ion battery materials. 

 

At present lithium-ion batteries (LIBs) are one of the most promising candidates for power 

sources of flexible devices because of their high energy density, large power density and long-

term stability. Each LIBs consist of different components including current collector, active 

material, separator, electrolyte, packaging materials and adhesives. The selection, assembly of 

electrode materials, separator and packaging are central issues in developing high performance 

flexible LIBs. 

Searching for higher power and higher energy density within lithium ion batteries is endless. 

Most of the research efforts are devoting in electrode materials, which intrinsically determine the 

energy and power density, as well as the cycling performance of the cell.  

 

 

1.1.7.1 Cathode materials  

A LIBs cathode has a solid host network which is able to store guest Li+ ions. This so-called 

intercalation process allows guest Li+ ions both inserting and escaping from the cathode side 

reversibly. All LIBs cathode materials are consisting of metal chalcogenides, transition metal 

oxides, and polyanion compounds which can be distinguish into difference crystal structures such 

as spinel, layered, olivine and tavorite (Figure 2.1).  
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Lithium cobalt oxide (LiCoO2) is the most famous cathode material which is discovered by 

Goodenough in 1980. It was first commercialized by SONY, and remains as one of the majorities 

of commercial LIBs battery market. It has layered structure with a practical capacity of 140 mAh 

g-1. However, only about 0.5 Li can be utilized in LiCoO2, which brought the theoretical capacity 

of 273mAh/g to its half. When Li content is extracted above 0.5 in Li1-xCoO2, the transition from 

hexagonal to monoclinic phase will occur, leading to severe capacity fading and drastic exothermic 

reaction with organic electrolytes. Figure 2.1 (a) shows the structure of LiCoO2. It has high energy 

density, high electronic and Li+ ion conductivity. The practical specific energy is 150 Wh kg-1 

with graphite as anode.  

 
 

 
Figure 1.5 Crystal structures and discharge profiles of representative intercalation cathodes: structure of 

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

(reproduced with permission Copyright (2014) Royal Society of Chemistry.) 9, 10 

 

Unlike LiCoO2, LiMn2O4 obtains more stable structures that would not change easily during the 

lithium ion insertion and extraction. The stable structure of LiMn2O4 provides better safety and 
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rate performance. However, its low cycling life and capacity still hindered the overall performance 

of the material. Figure 2.1 (b) shows the crystal structure of LiMn2O4, the strong edge-shared 

octahedral structure allows reversible extraction of Li+ ions from tetrahedral sites without affecting 

[Mn2]O4 spinel framework. 

The structure of LiFePO4 is shown in Figure 2.1 (c) and falls into the category of olivines, 

consisting of a distorted hexagonal close-packed (hcp) oxygen framework with 1/8 of the 

tetrahedral holes occupied by P, and 1/2 of the octahedral holes occupied by various metal atoms 

(in this case Li and Fe). Layers of FeO6 octahedral are corner-shared in the b-c plane and linear 

chains of LiO6 octahedral are edge-shared in a direction parallel to the b-axis. These chains are 

bridged by edge and corner shared phosphate tetrahedral, creating a stable three-dimensional 

structure. Due to its unique structure property, LiFePO4 obtains superior safety and cycling 

performance compare to LiCoO2 and LiMn2O4. Nevertheless, the low cell voltage became the 

weakest point of this material and stand in the way to improve its capacity. 

 

 

1.1.7.2 Anode materials  

 

Anode is another essential part to fabricate a full LIB. As an anode material, Lithium (Li) metal 

was first used for rechargeable batteries because of its high theoretical specific capacity (3860 

mAh g-1), low density (0.59 g cm− 3) and lowest negative electrochemical potential (-3.040V).11 

However, the uncontrollable growth of lithium dendrite hindered the coulombic efficiency hence 

further limited its actual applications. Compare to lithium metal batteries, conventional LIBs anode 

used Graphitic and hard carbons in order to reduce the forming of lithium dendrites, hence higher 

battery safety. Li+ ions can be insert easily between the graphene layers, provides a good reversible 

intercalation (Figure2.2). Graphite has dominated the LIBs market because of its low cost, 
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abundant availability, high electrical conductivity and high Li+ transportation.   

 

 

Figure 1.6 Crystal structures of (a) lithiated graphite,12 (b) lithium titanate (LTO),13 and (c) 
silicon during lithiation (reproduced with Permission Copyright (2014) American Chemical 

Society) 14 

 

 Despite carbon-based materials, lithium titanium oxide (Li4Ti5O12/LTO) has also been 

successfully commercialized (Figure1.6b). Although LTO obtains relative low cell voltage and 

capacity(175mAhg-1), its high cycling life and high rate performance still make a good choice for 

batteries. Because of its highly stable lithiation/delithiation mechanism, LTO can restrain its 

volume change to a minimum amount (0.2%). A high equilibrium potential (~1.55V vs. Li/Li+) of 

LTO also allows the potential window to reach above 1 V, which can reduce SEI growth and 

increase SEI stability, hence leading to high rate performance and preventing dendrite formation. 

Therefore, LTO is considered as promising anode material for high power, high cycling life LIBs. 
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Among different types of anode materials, alloying materials that forms with lithium metal 

can obtain extremely high volumetric and gravimetric capacity. Given silicon as example (Figure 

1.6c), most of the alloying materials suffer from large volume change during the charge/discharge 

process, which leads to fracture in active materials and poor electrical contact. Therefore, even 

though Si has relatively low average delithiation potential and high gravimetric capacity, its high-

volume change has prevented it from becoming a practical battery use. 

 

1.1.7.3 Electrolyte materials  

 

Current electrolytes in commercialized LIBs are mostly liquid non-aqueous electrolytes that 

consist of different types of lithium salts (LiPF6/LiBF4/LiClO4) with organic solvents 

(EC/PC/DMC/EMC/DEC) and additives. The advantages of liquid electrolyte are due to its high 

wettability and ionic conductivity (10mScm-1 in ambient temperature). In table 1-1, the 

physicochemical properties of common solvents are listed. 

 

Table 1-1. The physicochemical properties of some common solvents.15 

 

Solvent FW d, 

g cm−3 (25 °C) 

εr (25 °C) η, mPa s 

(25 °C) 

Ehomo, 

eV 

Elumo, 

eV 

mp, °C bp, °C fp, °C 

Ethylene 

carbonate (EC) 

88 1.32 (40 °C) 90 

(40 °C) 

1.9 

(40 °C) 

−12.86 1.51 36 238 143 

Propylene 

carbonate (PC) 

102 1.2 65 2.5 −12.72 1.52 −49 242 138 

Dimethyl 

carbonate 

(DMC) 

90 1.06 3.1 0.59 −12.85 1.88 5 90 17 

Ethyl methyl 

carbonate 

(EMC) 

104 1.01 3 0.65 −12.71 1.91 −53 108 23 

Diethyl 

carbonate (DEC) 

118 0.97 2.8 0.75 −12.59 1.93 −74 127 25 

https://www.sciencedirect.com/topics/engineering/physicochemical-property
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 As the solvents in LIBs electrolytes, most of them are highly volatile and flammable agents. 

Therefore, in recent years, instead of developing higher electrical performance, attentions started 

switching to find solid-state/semi-solid-state electrolytes for better safety battery operations.  

 

1.2 Flexible batteries 
Many attempts have been tried to make battery flexible during the past decade. There are 

three main strategies: 1) replacing conventional components with deformable materials; 2) 

optimizing fabrication processes; 3) design new device structures. Among all three strategies, 

replacing components are being focused the most to construct flexible/stretchable batteries.  

 
1.2.1 CNT-based materials for flexible LIBs. 16 

 

Flexible electrode materials are core component to fabricate flexible LIBs. The main electrode 

materials for flexible LIBs are membrane like carbon-based materials, including CNTs, graphene 

and carbon cloth/textile. CNTs are one-dimensional (1D) carbon materials which are one of the 

core components for constructing flexible LIBs. The electrical conductivity of CNTs can be as 

high as 2×105 S cm-1. CNTs have an elastic modulus of approximately 1 TPa and a tensile strength 

of approximately 100 GPa. These performances make CNTs a very good material to construct 

flexible electrodes. Due to its structure, CNTs allowed high fault tolerance since different current 

pathways are enabled while there are disconnections or missing links. Their high aspect ratio, low 

density, chemical stability, high electrical conductivity and mechanical flexibility allowed them to 

be applied into flexible membranes with all different kinds of methods such as vacuum filtration, 

dry-drawing, self-assembly, blade-coating, and so on. To elaborate the structural design of the 

flexible battery electrodes, building free-standing CNT-based membrane would provide reduced 



16 

 

weight, better flexibility and conductivity.  

 

1.2.1.1 CNT-based anode materials for LIBs 

  

Flexible electrode can be achieved through using CNT flexible membrane as both electrode and 

current collector materials. For instance, Li et al. recently brought out an unique route by coating 

the CNT film on commercial separator by filtration method so flexible anode can be obtained 

directly.17 This method was achieved with free-standing single wall CNT/double-wall CNT and 

multi-wall CNT papers that were synthesized by vacuum filtration. The mechanical strength and 

flexibility of this integrated electrode have been greatly improved because the separator is a 

necessary component of LIBs. The absence of the binder and metallic current collector increases 

the energy density. Compare to electrodes made from casting CNTs on Cu current collector, the 

flexible electrode was able to obtain higher capacity, better rate capability and cycling stability. 

The disadvantage of the method is the small thickness (1um) of the active material, which limits 

the total energy of the cell. The capacity of the cell drops significantly decreases while the 

thickness increases from 1 to 6 um as well. In addition, the presence of the surfactants can be 

adsorbed on the surface of the CNTs and reduce the electrical conductivity. 

Other than vacuum filtration method, chemical vapor deposition (CVD) self-assembly is also 

being used to obtain flexible CNT membranes. In this specific method, surfactants can be avoided. 

For example, CNT/CL(highly conductive carbon layer paper) composite can be synthesized 

through direct CVD growth and show reversible capacity of 572mAhg-1 after 100 cycles at 0.2 mA 

cm-2. 18 

Aligned CNT (ACNT) array was also used to develop flexible electrodes. The high surface area, 

highly ordered structure, excellent electronic and mechanical properties allowed ACNT to 
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compete with other CNTs as the choice of electrode materials. ACNT/poly (3,4 

thylenedioxythiophene)/PVDF composite layer can show stable capacity of 265mAhg-1 at 0.1 mA 

cm-2, which the capacity is almost 50% higher than a free-standing SWCNT paper (173 mA h g-

1), thanks to its highly stable structure and larger surface area. ACNTs can be grown onto flexible 

grapheme paper by CVD method.19 In Figure 1.3 (a), a free-standing ACNT/GP film can show 

stable capacity of 290mA hg-1 at 30mAg-1. The fast ion transport paths provide by ACNTs 

attributes to the relative good performance. However, due to the complex preparation and 

expensive experimental requirements, this material is less favorable than the others. By using 

vacuum filtration, a flexible Fe3O4/SWCNT electrode was synthesized by embedding FeOOH 

nanorods in an interconnected SWCNT network through vacuum filtration followed by annealing 

(Fig.1.3b). With a 5% SWCNTs, this electrode obtains high reversible capacity of 1000 mA h g-1 

at 1C and a high-rate capability of 600 mA h g-1 at 10 C. some other method was also been 

developed, such as using aerosol spray process to synthesize Fe3O4 hybrid spheres that assembled 

into robust CNT network. CVD self-assembly is another way to build CNT flexible membranes 

that can avoid using surfactants in vacuum filtration. In this case, a flexible Fe2O3/SWCNT 

electrode material was prepared by Zhou et al. The loading of the active material can reach 88 wt% 

(Fig. 1.3c). In addition, a dry-drawing method from SACNTs to synthesize SnO2 /CNTs hybrid 

sheet was also been reported by Fan’s group. As a binder-free anode, it delivered an initial charge 

capacity of 851 mA h g-1 and retained 950 mA h g-1 after 50 cycles at 0.1C (Fig. 1.3d). 

Other high capacity anode materials such as Si, Ge, Sn and some transition metal oxides have 

attracted great interest as potential substitutes for carbonaceous materials mostly due to their high 

capacities. These materials often suffered from huge volume expansion, particle aggregation and 

unstable structure during cycling. Rigid metallic current collectors cannot restrict the volume 
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expansion of these materials, in which large internal stress leads to pulverization and delamination 

that decreased the cycling stability. However, the porous, high surface area structure of the CNTs 

makes it as a suitable substrate to support these active materials with high capacities. The matrix 

of the high capacity materials with flexible CNTs was then promising in developing highly flexible 

electrodes. 

 
 

Figure 1.3 (a) Cross-section SEM image of an ACNT/GP film.20 (b) Cross-section SEM image of a 

nanostructured Fe3O4/SWCNT electrode with colorization for improved contrast.21 (c)SEM image of a 

Fe2O3/SWCNT membrane.22 (d) SEM image of a SnO2/CNT hybrid sheet.23 

 

 

1.2.1.2 CNT-based cathode materials for LIBs 

 

At the cathode side of the LIBs, lightweight and chemically inert CNTs plays a much important 

role to form an electrode. Since the oxidizing corrosion often occurred on Al current collector 

under high voltage, a lose contact between active materials and the current collector surface might 

occur. The lost contact of the active materials with current collector can lead to huge increase in 

internal resistance.  

As described, CNT substrate incorporating with NaxV2O5 increased the cathode specific 
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capacity by 20-60% compared to Al foil coated NaxV2O5.
24 The absence of binder and conductive 

carbon additives improved cell performance and the lack of Al foil allowed high voltage 

electrolytes. The anti-oxidative ability of CNTs can provide long-term stability of the cathode 

structure and hence enable high voltage electrolytes usage which will cause Al foil corrosion. In 

addition, direct growth of LiMn2O4 on flexible CNTs was also reported.25 Through redox reactions 

between CNTs and KMnO4 with subsequent hydrothermal treatment with LiOH, the resulting 

cathode showed good reversible capability and cycling stability.  

All methods above require high energy consuming equipment and complex synthesis steps, 

which hindered them from mass production. In one of the recent research projects, a breakthrough 

was announced. Simple ultrasonication and co-deposition technique were adopted to fabricate 

flexible electrodes, in which commercial LiCoO2 particles were embedded in the 3D structural 

network of super-aligned CNT arrays (SACNTs) (Fig. 1.4)26. According to this advanced research, 

the flexible electrodes were comprised of as much as 95 wt% LiCoO2 active material and only 

consist of 5wt% SACNTs as both conductive additive and structural framework (Fig 1.4b-c). The 

unique composite showed higher conductivity, strength and Young modulus compared to 

conventional electrode mixture LiCoO2 and Super P. This typical LiCoO2 /SACNT cathode 

material obtained high capacity around 151.4 mAhg-1 at 0.1C, 142.0 mAhg-1 at 1C and 137.4 

mAhg-1at 2 C (Fig.1.4d). Compared to the existing method with Super P., this work showed a good 

improvement on its capacity and mechanical strength.   
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Fig. 1.4 (a) Fabrication of a LiCoO2/SACNT composite. (b) Schematic of the structure of the 

LiCoO2/SACNT cathode. (c) Cross-sectional SEM image of the LiCoO2/1 wt% SACNT composite. (d) 

Rate performance of the LiCoO2/SACNT cathode. (e) Specific capacities of the LiCoO2/3 wt% SACNT 
cathode and the classical LiCoO2-10 wt% Super P cathode at different rates, based on the total mass of the 

cathodes.26 

 

 

  

1.2.1.3 CNT-based current collector for LIBs 

 

Due to the superior properties of CNTs, the research of its application does not stop on electrode 

materials. As one of the most important components of the batteries, current collectors and 

separators can also benefit from CNTs. In Cui group’s recent work, other than mixing CNTs 

homogeneously with active materials, a CNT-based current collector was fabricated to laminate 

with active material layers (Fig. 1.5a-b). In this work, a lightweight CNT current collector 

accompanies with LCO and LTO coating as cathode and anode materials, respectively, was able 

to light up a LED device. The material’s good mechanical flexibility allows bending 50 times 

down to a radius <6mm without failure. The energy density of the flexible LIB is about 108 mW 

h g-1, and its total energy for the cell can be increased by simply stacking multiple cells in parallel 

(Fig 1.5d) and the assembled battery can light up LED device as Figure 1.5 (c) shows. 
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Fig. 1.5 (a) Schematic of the lamination process. A freestanding film is laminated on paper with a rod and 

a thin layer of wet PVDF. (b) Schematic of the paper LIB structure. (c) Flexible Li-ion paper battery 

lights an LED device. (d) Schematic of stacked cells separated by a 10 mm thick paper. 27 

 

 

In summary, there are four main advantages of using CNT network in constructing high 

performance flexible electrode materials: 

 

(1) The network of the CNTs provides resilient and strong base which can stabilize electrode 

structure during cycling process. 

(2) Fast electron transport paths are enabled which also improves electrochemical reaction 

kinetics of the electrode. 

(3) The special network structure provides channels for efficient ion transport.  

(4)A flexible and robust CNT network gives the electrodes structural integrity and 

accommodates repeated mechanical deformation in flexible LIBs, leading to better cycling 

stability, rate capability and mechanical durability 
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1.2.2 Graphene-based electrodes for flexible LIBs. 

 

Graphene is another promising material in the electrochemical energy storage field since its high 

surface area (2630 m2 g-1), lightweight, wide potential windows, high conductivity (2.5×105 

cm2V-1 s-1) and superior mechanical flexibility (a Young’s modulus of 1 TPa and intrinsic strength 

of 130 GPa). In recent years, the development of large scale and low-cost production has further 

strengthened the important role of graphene and its hybrids in energy storage. Compared to CNTs, 

graphene shows unique characteristics. For instance, the theoretical surface area of graphene is 

higher than that of DWCNTs and MWCNTs. The large surface area provides more electrochemical 

reaction active sites in energy storage. 

In addition, graphene surpasses CNTs on cleaning the residual metallic impurities, which is 

difficult to be removed from the porous structure and thus affects the cell performance. 

 

 

 
1.2.2.1 graphene-based anode materials for LIBs 

  Graphene-based papers were first investigated as flexible electrode materials by Wallace’s 

group. It can be easily synthesized through flow-directed assembly by vacuum filtration.28 

Although the graphene paper used was mechanically strong with a Young's modulus of 41.8 GPa 

and a tensile strength of 293.3 MPa and showed a high electrical conductivity of 351 S cm, it 

displayed significant drop (only 84 mA h g-1) at the second cycle with a large irreversible capacity, 

most likely due to the restacking of the graphene sheets.29 An unannealed lightweight graphene 

paper was also used as a binder-free anode, which was prepared by hydrazine reduction of a 

graphene oxide paper, although the cycling stability is improved, the capacity and rate capability 
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cannot be satisfied. Generally, graphene sheets are prone to agglomerate during the reduction and 

drying process because of strong inter-planar pi–pi stacking and Van Der Waals interactions 

between graphene, and tightly compacted graphene sheets can greatly inhibit efficient electrolyte 

diffusion.  

To prevent the restacking of graphene, CNTs can be used as the support, which randomly 

disperse between the graphene sheets to allow more effective contact between electrolyte and 

graphene. In order to increase the cross-plane diffusivity, in-plane porosity was introduced into the 

graphene sheets in the graphene paper by ultrasonic vibration and mild acid oxidation.30 These 

pores facilitate ion transport and storage, improving the power capability of the graphene 

electrodes, especially at high rates.31 

In addition to the commonly used vacuum filtration method to fabricate flexible graphene paper, 

Liu et al. developed an approach to fabricate graphene paper with a wrinkled structure by 

mechanically pressing a graphene aerogel.32 This free-standing graphene paper is highly flexible 

and shows high charge capacity of 864 mA h g-1 with a Coulombic efficiency of above 98% from 

the second cycle, high rate capability and good cycle performance after 100 cycles.  

 

1.2.2.2 Graphene-based cathode materials for LIBs 

 

As the bottleneck of producing high performance flexible LIBs, cathodes materials have been 

intensively researched. According to the recent research, Iron trifluoride (FeF3) can act as 

conversion reaction cathode material for high theoretical capacity and redox potential. By 

synthesizing FeF3/graphene paper with electrostatic assembly, the hybrid paper cathode with 

uniformly dispersed FeF3 NPs and opening porous channels, shows a relative high capacity 

(580mAhg at 100mAg) and good cycling performance.30, 33 
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Another promising cathode material that has low cost, high specific capacity and relative 

abundance resource in nature is V2O5.
34 In recent years, V2O5 NWs has been researched to be 

incorporated with graphene to form free-standing paper due to its superior flexibility and robust 

structure. With a 15 wt% V2O5 NWs, it can produce a specific capacity of 94.4 mAh g-1 which can 

be preserved over 100,000 cycles at high current density (2-3 orders of magnitude longer than 

regular cathode materials). In Figure1.6, a graphene-based flexible LIB was fabricated using 

flexible graphene paper and V2O5/graphene paper as anode and cathode, respectively. Through 

pulsed laser deposition technique, V2O5/graphene paper was produced and possessed both good 

mechanical strength and electronic conductivity.35 

 

 
 

Figure 1.6 Schematic of the flexible Li battery based on the graphene papers. 35 

 

 

 

 

 

1.2.2.3 Graphene-based 3D macrostructure as current collector materials for LIBs 

 

Recently, a 3D highly conductive graphene macrostructure, so called graphene foam (GF), was 

synthesized using Ni foam template-directed CVD.36 Due to its interconnected graphene network, 

this material was able to provide high electrical conductivity and mechanical strength. Based on 
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this technique, Li et al. developed 3D interconnected conductive ultra-thin graphite foam (UGF) 

as free-standing and lightweight current collector to reduce the weight and resistance of the 

electrodes.37 LiFePO4 was drop-casted onto the UGF to produce a cathode material and presented 

excellent electrochemical stability. Li et al. continued on this work, using 3D GF to drop-cast 

Li4Ti5O12 and LiFeO4 as anode and cathode, respectively. Without using any metal current 

collectors, the hybrid electrodes obtained excellent electrical conductivity and pore structure that 

allowed rapid electron and ion transport. The hybrid electrode materials were able to be repeatedly 

bended to a radius of <5mm without structural failure and loss of performance (Fig. 1.7 a-d), giving 

great promise in future flexible electronics development.38 

 

 
Figure 1.7 (a) Photograph of a free-standing flexible Li4Ti5O12/GF being bent. (b) Galvanostatic charge–

discharge curves of the battery when flat and when bent. (c) Lighting a red LED device under bending. 

(d) Cyclic performance of the battery under flat and bent states.38 

 

Graphene-based flexible hybrids exhibit exciting properties which exceed the intrinsic 

properties of each component and introduce some new properties and functions. The superiority 

of graphene-based flexible electrode can be ascribed to the fact that:  

(1) The flexible and strong graphene lays a foundation for constructing graphene-based high-
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performance flexible electrodes; 

(2) The graphene restrains the volume expansion during lithium insertion/extraction;  

(3) The pores developed between a secondary phase and graphene facilitate fast ion transport;  

(4) The interconnected graphene framework suppresses particle aggregation, while the active 

materials suppress the agglomeration/re-stacking of the graphene sheets and increase the available 

surface area;  

(5) The electrically conducting graphene network ensures good electrical conductivity of the 

electrodes.  

 

 

1.2.3 Carbon cloth-based electrodes for flexible LIBs. 

 

 

Other than CNTs and Graphene- based flexible electrodes, carbon cloth obtained high flexibility 

and strength that is capable of being a flexible LIB electrode material as well. Carbon cloth can 

serve as good conductive support for high performance electroactive materials such as ZnCo2O4 

NW arrays or Ca2Ge7O16 NW arrays. For example, ZnCo2O4 NW arrays anode material can be 

grown on the carbon cloth using hydrothermal method. It exhibits a 99% capacity retention after 

160 cycles at 200mAg-1 and retains 605 mAhg-1 at 4500 mAg-1. The intimate contact of ZnCo2O4 

NW arrays and carbon cloth with good charge transfer, the loose and open NW arrays with large 

accessible area and the fast Li+ ion diffusion paths and buffer space enable the high performance 

(Fig. 1.8 a). A prototype flexible battery consisting of ZnCo2O4/carbon cloth anode and LiCoO2/Al 

foil as anode and cathode respectively was built in Figure 1.8 (b). Although its loading density of 

active material is relatively low, the concept of this carbon cloth-based flexible battery has been 

proven and used as power source in devices such as LED and LCD (liquid crystal displays). 39 

CNT non-woven fabric can also serve as flexible substrate for coating Si to create high capacity 
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flexible anode with high mechanical strength, reported by Evanoff et al. In their work, Si-CNT 

fabric was able to reach stable capacity around 500 mAhg-1 over 150 cycles with 90% of its original 

strength by preventing Si pulverization through limiting the amount of Lithium ions insertion.40 

 

 
 

Figure 1.8 (a) Schematic of a ZnCo2O4 NW array/carbon cloth electrode. (b) Illustration of the 
fabrication of a hierarchical 3D ZnCo2O4 NW array/carbon cloth/liquid electrolyte/LiCoO2 flexible 

LIB.40 

 

A general strategy was also developed in order to fabricate flexible lithium metal oxides such 

as LiMn2O4 with carbon textile composites by in situ growth and chemical lithiation (figure 1.9).41 

Carbon textiles acts as lightweight flexible current collector in this case and promotes charge 

transfer and ion diffusion, which ultimately improves the overall energy density of the battery. For 

instance, taking Li4Ti5O12/carbon textile as anode and LiMn2O4/carbon textile composite as 

cathode, the battery shows good rate capacity of 103 mAhg-1 at 90 C and obtains only 5.3% of 

capacity loss after 200 cycles at 10 C. The combination of these two can be expected to use on 

wearable electronic devices. 
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Figure 1.9 Schematic of the fabrication of lithium metal oxide/carbon textile composites. 41 

 

Carbon cloth is a kind of commercially available material with low cost, high flexibility and 

light weight. Creating electrode material using carbon cloth without binders and additives is viable. 

Its structural advantage allows it to act as a great platform for constructing flexible batteries. Both 

direct growth and deposition/coating methods were recognized as efficient route to create better 

transport of electrons and ions. The advantages of carbon cloth can be summarized as: 

(1) Tight adhesion of the active material on carbon cloth provides good conductivity and 

stability during the cycling. 

(2) Porous structure allows easy diffusion of lithium ions into the material. 

(3) The flexible substrate allows for accommodation of volume expansion during lithium 

insertion and extraction. 

 

 

 

 

 

1.3 Electrolyte materials for flexible LIBs. 
 

Electrolyte with high ionic conductivity and chemical compatibility with electrodes is a key 

component for building a Li-ion battery. However, commercial Li-ion batteries have disadvantages 

such as toxicity, flammability, volatility, and potential leakage danger which hindered its 

application being use in FLIBs.42 Therefore, to solve the problem, gel electrolytes and solid-state 

electrolytes were being focused. 
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For a FLIB, with the repeated deformation of batteries, stable interface contact between the 

electrode and electrolyte is of critical importance. Fluidic properties of liquid electrolytes restrict 

stringently the design and size of a flexible battery. With the increase of the energy density of LIBs, 

safety problems have become a significant concern in their practical use.16 Solid-state and gel 

electrolyte are safer and more reliable compared with liquid electrolyte. Solid-state electrolytes are 

highly stable, allowing a wide range of operation temperatures and exhibiting negligible self-

discharge. However, they can suffer from low ionic conductivity (~10-6 S cm-1) at room 

temperature and their lack of fluidity can results in poor interfacial contact. Polymer electrolytes, 

composed of conventional liquid electrolytes within polymer matrix, have both high ionic 

conductivities and good mechanical flexibility. Polymer electrolyte can be flexible and maintain 

stable contact with the electrodes even though with repeated bending and stretching. Therefore, at 

present, polymer electrolyte will be one of the best choices for flexible LIBs.  

The alternative polymer-based electrolytes for LIBs must obtain good ionic conductivity, good 

thermal, chemical and mechanical stability, relatively high lithium transport number and 

compatibility with their electrodes. Many of the polymer electrolytes such as Polyethylene oxide 

(PEO), polypropyleneoxide (PPO), polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN) and 

polymethyl-methacrylate (PMMA), were selected because of their good performance.43 However, 

within large group of the electrolytes, PEO and PVDF-based matrices are currently the best choice 

to prepare SPEs and GPEs, respectively.  

Solid polymer electrolytes (SPEs) are ion-conducting single-phase or composite systems based 

on polymer-salt complexes. They can be synthesized by solvent casting, hot pressing, lamination, 

extrusion and in situ polymerization. As suitable matrixes for SPEs, polyethylene oxide and its 

copolymers have been tested for many years (different PEOn-LiX systems). The ion conduction is 
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based on an oxygen-assisted doping mechanism that takes place in polymer amorphous phase. Due 

to the semi-crystalline nature of the polymer, its conductivity shows relatively low value at room 

temperature but abruptly increases above the melting temperature, reaching 1mS cm-1 at 80-90 ℃, 

where most polymer is in a viscous liquid state. Its anion mobility along the polymer chains 

normally performs better than cation. Low lithium transport numbers (t+ <0.3) are also obtained, 

which may be improved by choosing salts with larger organic anions and huge electron 

delocalization. The presence of the salt increases the polymer amorphous fraction. At higher salt 

contents, the crystalline aggregates can lead to reduction of the conductivity and transport numbers, 

because of the formation of ion pairs and phase segregation. However, there are some 6:1 

crystalline complex such as PEO6-LiAsF6 may offer unique cylindrical structures where lithium 

ions reside without being coordinated by anions (Fig.1.10). 44 

 
 

Fig. 1.10 The structure of PEO6–LiAsF6 (hydrogen atoms are not shown). Left: view of the structure 

along the axis, showing rows of Li+ ions perpendicular to the page. Blue spheres, lithium; white spheres, 

arsenic; magenta, fluorine; green, carbon and oxygen in chain1; pink, carbon in chain 2; red, oxygen in 
chain 2. Right: view of the structure showing the relative positions of the chains and their conformations. 

Thin lines indicate coordination around the Li+ cation.44 

 

The technology using PEO-salt SPEs requires acceptable compromise among following features: 

1) suitable ionic conductivity; 2) good mechanical properties; 3) high transport number. Many 

efforts were made to this aim. One way was PEO blending and/or cross-linking with other 
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compatible polymers such as polyacrylic acid (PAA), polymethylmethacrylate (PMMA), which 

increase the conductivity and lithium transport number by blocking the anion. 

Dispersion of ceramic phases (filters) in PEO-based electrolytes to form nanocomposite systems 

is currently the most effective way to improve thermal, chemical and mechanical stability. The 

improvement is mainly due to suppression of the PEO crystalline fraction.  

Polymer alternative to PEO to fabricate the solid polymer electrolytes were developed during 

the last decade. All these matrix contain ethylene oxide units such as polyethylene glycol (PEG), 

polyethyleneoxide-methylether methacrylate (PEOMA), and so on. 43 

Gel polymer electrolytes (GPEs) are formed by swelling polymer matric with electrolyte 

solution that containing high-boiling solvents and/or plasticizers. It is also known as the hybrid 

polymer electrolytes (HPEs). Gel-polymer electrolytes are one of the most commonly used solid 

electrolytes in flexible batteries. GPEs simply composed of a polymer matric filled with liquid 

electrolyte and possessed both cohesive properties of solids and the diffusive properties of liquids, 

which lead to high ionic conductivities and good mechanical flexibility. Many of the polymer 

matrix were tested in the past, such as PAN PMMA, PVC and even PEO.43, 45, 46 The most 

important matrix in this electrolyte is (PVDF-HFP), which is available with HFP molar contents 

in the range of 5–25%. These materials were firstly proposed as electrolytes for LIBs by Bellcore.47 

Up till now, they are the most commonly used in the LPB market.   

GPEs are multiphase systems where crystalline, amorphous/swollen and liquid zones coexist. 

The polymer host becomes more amorphous in swollen state and its glass transition temperature, 

Tg, which is generally sub-ambient, further decreases by increasing the liquid content. Contrary 

to SPEs, ions move in liquid or liquid-like phases in this system, obtaining good conductivity 

values.  
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The simplest way to fabricate the flexible LIBs with GPEs is to sandwich a GPE sheet between 

the electrodes. The electrodes were precoated with GPE by dipping. And then additional 100 μm-

thick GPE layer was sandwiched between electrodes. Room temperature operation of the battery 

is acceptable. Saunier et al. made a flexible LIB using poly (vinylidene fluoride) [PVDF]-based 

GPE membrane with a LiCoO2/Al foil cathode and carbon anode that were hot-pressed together.48 

Its energy density was able to reach 95 W h kg-1. Appetecchi et al. also demonstrated a flexible 

LIB by laminating a graphite anode and a chromium-doped lithium manganese oxide spinel 

cathode with a GPE membrane composed of a mixture of LiClO4–EC–diethyl carbonate (DEC)–

PAN. The electrolyte had high ionic conductivity (4×10-3 S cm-1) at room temperature, enabling a 

comparable electrochemical property to that observed in conventional liquid electrolytes. 49 

 

 

 

 

 

 

1.4 New structure and stretchable lithium ion batteries 
 

In order to fabricate flexible LIBs, individual cell components with different mechanical 

properties are assembled together. Therefore, during deformation of the device, strain arises not 

only in each component, but also at the interfaces between components. The strain in the device 

under flexure or distortion must be managed. Therefore, the packaging materials and batteries’ 

structure design are very important for the mechanical performance.  

 

 

 

1.4.1 cable/wire type flexible LIBs 

 
With the rapid development of different electrode materials for flexible LIBs, the structure of 
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the LIBs has also started to reform. During recent research, flexible cable/wire structured LIBs 

started to gain attraction and show their future potentials. A cable/wire design of the LIBs has 

provided a new concept of the battery design that enabled better flexibility and devices design 

innovation.50, 51 In Figure 1.11(a-b), Kwon et al. has developed a novel cable-type LIB that can be 

place anywhere in different shapes with its perfect flexibility. This cell is constructed by hollow 

spiral Ni-Sn anode with LiCoO2 cathode and multi-helix structured polyethylene terephthalate 

nonwoven separator.51 The cable shows excellent mechanical flexibility and strength under severe 

bending and twisting (Fig. 1.11 c-d). 

 

 
 

Fig. 1.11 (a) Schematic of the cable cell with a hollow-helix anode. (b) Photograph showing the side view 

of a cable cell separated into component layers. (c) Discharge characteristics with changes in bending 
strain every 20 min. The discharge rate was 0.1 C and the grip speed of the testing machine was 100 mm 

min -1. (d) Photograph of a highly flexible cable cell under twisting. 52 

 

 

 

1.4.2 Transparent flexible LIBs53-56 

 

In recent years, some of the new application designs open a new requirement for transparent/ 
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semi-transparent flexible batteries. This requires all components including electrode, current 

collectors, electrolyte, separators and packaging to be transparent. As the most promising material, 

tin-doped indium oxide (ITO) has occupied the market with its transparency and relatively good 

flexibility. However, the low abundance of indium, significant electrical conductivity drops, low 

columbic efficiency and poor cycling performance still hindered the use of ITO in transparent LIBs. 

Yang et al. introduced a micro fluidics-assisted method that pattern graid-like transparent cathode 

(LiMn2O4)/anode (Li4Ti5O12) on a flexible polydimethylsiloxane (PDMS) substrate. Combine with 

PVC and transparent electrolyte, this transparent battery can light up a 10WhL-1 LED (Fig. 1.12).57  

 

 
Fig. 1.12 (a) Process for the synthesis of a transparent battery: (1) transfer a grid pattern from a silicon 

mold to PDMS; (2) evaporate a gold current collector on the PDMS substrate; (3) fill in battery electrode 
materials by a microfluidics-assisted method; and (4) peel the gold film from the top of the PDMS 

substrate. 57 

 

1.4.3 Stretchable flexible LIBs  

 
Stretchable LIBs are another new development that attracts lots of attention nowadays. Many of 

the special electronic devices such as skin sensors not only requires power source that can bend, 

but also requires mechanical stretch ability to a certain degree while the device remains its function. 

In this case, CNTs and conductive nanowire-assembled net-shape structures are commonly used. 
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Some “wavy” layout, stretch-tolerant structures that electrode are coated on pre-strained PDMS 

substrate are used as new structural design choice as well.58, 59 

According to Rogers’s group in their recent work, stretchable battery was developed by using 

segmented design with deformable electrical interconnects in self-similar geometries. Using 

LiCoO2 and Li4Ti5O12 as cathode and anode respectively, silicone elastomer as substrate, with gel 

electrolyte, this battery is useful for many practical applications such as in skin-mounted systems 

that are susceptible to physical contact. The potential to spread the battery system over arbitrary 

curve surface became very important for flexible/wearable devices development (Fig.1.13 a-c). 60 

Based on the elaborate design scheme, the batteries demonstrate biaxial stretch ability with strains 

up to 300% (Fig. 1.13d), an area capacity density of 1.1 mA h cm-2 at a charge–discharge rate of 

0.5 C and can be folded (Fig. 1.13e), twisted (Fig. 1.13f) or mounted on human skin (Fig. 1.13g) 

to light a LED without noticeable dimming.61 

 

 
 

Fig. 1.13 (a) Schematic of a complete device in a state of stretching and bending. (b) Exploded layout of 
various layers in the battery structure. (c) Illustration of ‘self-similar’ serpentine geometries used for the 

interconnects. (d–g) Operation of a battery connected to a red LED while (d) biaxially stretched to 300%, 

(e) folded, (f) twisted and (g) mounted on the human elbow. 61 

 

  In spite of the achievements of flexible LIBs, there exists substantial room for the 

development of high-performance flexible energy storage devices. Some challenges still need to 

be solved to forward the application of flexible LIBs.  

(1) To fabricate highly flexible energy storage devices with high energy/power densities, 
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operational safety and excellent cyclic stability are still great challenges. 

(2) The electrolyte plays a key role in securing battery safety. All solid-state flexible lithium 

batteries are thus promising because it gets rid of combustible organic electrolytes. 

(3) Lightweight, thin, flexible and stable packaging materials with exceptional barrier properties 

are also needed to protect battery from being affected by the external environment and ensure good 

mechanical performance. 

(4) The assessment criterion of flexibility, such as electrochemical performance with respect to 

the bending radii of device or bending times, needs to be standardized. 

 

 

Chapter 2 The objective and scope of this dissertation 
 

 A comprehensive literature research shows the key progress in the development of FLIBs and 

their key challenges. Many innovations of cell structures and incorporation of active materials 

have been uncovered for FLIBs. However, from the material perspective, the lack of intrinsically 

flexible active materials and fabrication methods substantially hampers the progresses in seeking 

high electrical performance and mechanical strength of the FLIBs. To incorporate with the FLIBs, 

electrolytes is also under challenges concerning their safety issue with organic solvents or their 

poor ion transportation in SSEs.  

In this dissertation, to integrate above requirements into FLIBs, robust structure design of 

cathode materials was developed and demonstrated with experiments. At the same time, new 

strategies on FLIBs electrolyte has also been develop with superior electrochemical performance. 

Specifically, a combined exploration of material and structural design can be separate into two 

main categories: (a) development of novel structure electrode materials V2O5/CNT with facile 
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fabrication method; (b) facilitates ion transportation in GPEs with MOFs additives.   

Compare with the poor mechanical strength of conventional electrode materials and sluggish 

ion transportation in most of the GPEs, these methods not only provide structural design of the 

active materials regarding robust mechanical strength, but also possesses high battery safety while 

maintaining high electrochemical performance. The above-mentioned findings are expected to 

further push the actual commercialization of the FLIBs.  

 

 

Chapter 3 Flexible Electrode material based on V2O5-CNT nanowire 

composite.  
 

It has been investigated that one-dimensional materials, such as nanobelt, nanowire/fiber 

and nanotube are able to provide transport and conductive merits because of the short diffusion 

distance in the radius direction and long electronic conductive pathway in axis direction. Therefore, 

by forming network architecture, an even higher conductivity can be achieved without much loss 

of surface properties.  

By taking full advantage of this concept, we herein report a facile and cost-effective method, 

which intergraded the in situ generated polytetrafluoroethylene (PTFE) fibrils, for the synthesis of 

V2O5-CNT nanowires matrix with superior mechanical strength. The composite was used as active 

material to assembly within lithium-ion batteries, exhibiting Young’s modulus at 800 MPa and 

103.1×10 4 J m-3 toughness while capacity retention maintained more than 86% after 1000 times 

bending at 1C.  
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3.1 Introduction 
Lithium-ion batteries (LIBs) are currently served as the major consumer market power banks 

due to their high specific energy and long lifespan. As mentioned above, there are many cathode 

active materials been developed and utilized into applications (LiCoO2, LiMn2O4 and LiFePO4). 

However, searching for higher power and higher energy density within lithium ion batteries is 

endless. In recent years, due to rapid blooming of flexible electronic devices, new electrochemical 

systems are required to reduce their size to further incorporate with the appliance. As a result, 

flexible electrodes were studied extensively to realize flexible electronic devices. In order to fulfill 

this, a cathode with both high energy density and high mechanical strength is urgently needed. 

As one of the most abundant elements in earth’s crust，vanadium is a common transition 

metal and has four oxidation states of V2+, V3+, V4+ and V5+, which associated with VO, V2O3, 

VO2 and V2O5, respectively.62 Vanadium pentoxide (V2O5), as a typical intercalation compound 

exhibits a well-ordered orthorhombic crystalline structure, holds large theoretical capacity of 

294mAh/g-1 when storing two lithium ions. Compared with the commercialized cathode materials 

in Table 3-1, V2O5 maintains higher practical capacity（170 Whkg−1）because of multi-electrons 

storage mechanism. In addition, while synthesized, its one-dimensional structures such as 

nanowires, nanorods, and nanotubes, contains huge potential to form flexible electrodes matrix 

while incorporated with other binders or composites.  

 

 
 
 



39 

 

Table 3-1. Capacities and energy density comparison of typical LIBs cathode63 

 

However, the practical application of V2O5 still seriously hindered by slow lithium-ion 

diffusion and low electronic conductivity, which leads to poor cycling stability and poor rate 

capability in LIBs. To overcome these barriers and further improve the mechanical performance, 

different forms of V2O5 incorporating with carbon nanotubes, graphene sheets, and carbon cloth 

sheets were reported. Dewangan et al. synthesized V2O5 nanofiber-bundles by a hydrothermal 

method using a vanadium hydroxylamido complex as a vanadium precursor.64 O'Dwyer et al. 

synthesized VOx nanotubes through a surfactant-assisted templating method.65 Xilai Jia et al. 

synthesized mesoporous V2O5 and penetrating CNTs via an aerosol-spray drying process.66 Bo 

Yan et al. proposed reduced graphene oxide-based functional materials by encapsulated hollow 

V2O5 nano/microsphere.67 The introduction of carbon materials in metal oxide electrode could 

effectively improve its conductivity, which has significant enhancement in electrochemical 

performance.  

Notably, among all different carbon-based materials, CNTs were able to form intertwined 

network with small amount of loading to provide relative strong mechanical support while remain 

most of their electronical performance. Given V2O5/CNT composite as example, the 

interpenetrating network forming between V2O5 and CNT was able to raise the composite electrode 

stress to 4.8 MPa, which is eight times of LCO/SACNT flexible electrode composite.68, 69 

Active 

materials 

Cell voltage 

(V 

vs. Li+/Li) 

Theoretical 

specific 

capacity

（mAh g-1） 

Practical 

capacity

（mAh g-1） 

 

Theoretical 

specific 

energy (Wh 

kg−1) 

Practical 

specific energy 

(Wh kg−1) 
 

LiCoO2 3.9 274 140 584 100-150 

LiMn2O4 4.1 148 110-120 424 80-100 

LiFePO4 3.4 170 160 510 80-100 

LixV2O5 2.5 294 250 735 120-170 
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Therefore, by taking full advantage of the crosslinking V2O5 /CNTs intertwined composite, we 

further improve it via in situ generated PTFE fibrils into existing network structure.  

Polytetrafluoroethylene (PTFE), which developed by DuPont, has linear macromolecule 

structure that can be form into chain conformation. Because its highly symmetric structure with 

“C-F” bonding on side chain, PTFE appears with high nonpolar and chemical resistance properties. 

In addition, PTFE also obtains excellent thermal resistance under both low and high temperature 

(- 190℃ ~ 260 ℃) which allows for numerous applications, especially under harsh environment.70  

Traditionally, PTFE can be obtained via polymerization of tetrafluoroethylene (TFE). This 

reaction usually contains radical initiator (ammonium persulfate), with condition of 310-350K and 

10-20atm. Fabrication of PTFE is often considered difficult because of the toxicity of TFE and 

requirement of high-pressure condition. To ease the fabrication method and apply PTFE into 

electrode, Kazuya Hiratsuka et al. filed a patent using 10% PTFE powder with simple physical 

kneading method.71 In this case, PTFE fibrils were synthesized simply by applying small amount 

of shear force. The fabricated PTFE fibrils perform as the binder for active materials while 

providing good mechanical support.   

Herein, in this work, we had developed a facile and cost-effective way to facilitate both lithium 

ion transportation and electron transfer speed while maintaining a relatively high mechanical 

strength via incorporating In-situ fibrillated PTFE with interpenetrating V2O5 /CNTs network. Our 

composite matrix achieved Young’s modulus at 800 MPa and toughness at 103.1×10 4 J m-3 while 

a bendable battery shows a capacity of 300 mA h g-1 at 0.25 C. Capacity retention maintained more 

than 86% after 1000 times bending at 1C.  
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3.2 results and discussions 
 In-situ growth of the V2O5 nanowires within CNT networks led to a highly flexible, dark-

green nanocomposites. To study the structure of the composites, we firstly analysis the structure 

and morphology of the CNTs and V2O5 nanowires.   
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Figure 3.2 SEM image of the V2O5/CNTs composites 

 

 

 

Figure 3.2 shows representative SEM image of the composites. Within the porous network, 

the entangled CNTs has a diameter of 10-30nm and lengths around micrometers; The diameter of 

V2O5 nanowires is around 20-50 nm and lengths up to tens of micrometers. The images also 

revealed the interpenetrating network structures of the nanowires. Such interpenetrating network 

structure creates intimate contact of the CNT and nanowire networks, enabled rapid electron 

transport along the trends of the nanowires.  
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The morphology and structure of the V2O5/CNT blended with PTFE were further revealed by 

Figure 3.2 (g)(h). After hot-press process, PTFE fibrils were infused into the composite framework 

and attached to the current collector. Fibrils were pulled out from original PTFE particle and 

reformed into smaller fibrils that connects each other to provide a robust support.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In such hierarchical structure, in-situ growth of nanowires within the CNT network results 

interpenetrating network structure. X-ray diffraction (XRD) reveals that V2O5 nanowires are 

highly crystalline with well-defined (001) reflections at 2-theta degree of 11.1, 15.5, 27.5, 41.5 

and 44.5, consistent well with previous studies (Fig. 3.3).   
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Figure 3.3 XRD patterns of carbon nanotube/vanadium oxide composites 

 

In order to confirm the excellent flexible performance, mechanical tests were conducted on 

INSTRON 5564 at 2.0 mm/min (Figure 3.4). The stress of the cross-linked electrode of Jia’s work 

is ~4.8 MPa, and modulus approaches ~500 Mpa. Our cathode material shows a stress around 

11.2MPa, and modulus is around ~ 800 MPa (Figure 3.4 a). The toughness is increased from 

18.2×104 J m-3 before hot press to 103.1×104 J m-3 after hot press. The huge improve of stress and 

toughness suggest that blending of PTFE into the cathode material can further strengthen the 

network and improve the mechanical performance.  
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Figure 3.4 mechanical strength comparison between current work and crosslinking approach from Jia, et 

al. 

The electrochemical performance of CNTs/V2O5 was tested by galvanostatic 

charge/discharge process using half-cell. In Figure 3.5 (a), the discharge capacity in the first cycle 

is ~300mAh g-1 based on the total mass of the composite electrode. This result indicates that V2O5 

has two electrons storage process. Note that, after performing the first charge/discharge test, same 

pouch cell was put onto hand bending test, both working voltage and the galvanostatic profile 

remained no change in flat and bent state. (Figure 3.5b-d).  
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Figure 3.5 (a) First three charge/discharge cycles of a CNT/V2O5 composite electrode (25wt% CNTs). 

The battery was tested at 0.25C; (b)Two charge/discharge cycles under bending and flat condition at 

0.25C (c,d) hand held bending test for working voltage comparison. 

 The battery’s electrochemical performance under repeating bending was further tested. As 

showed in Figure 3.6, the galvanostatic charge/discharge profile only shifts to leave a little after 

1000 times bending. The capacity retention is more than 86% after 1000 times bending. This result 

demonstrate that the battery can tolerate the bending and remain good electrochemical 

performance.  
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Figure 3.6 Galvanostatic charge/discharge test under repeating bending. The battery was tested at 1C. 

The cycling stability of the battery was further tested. As shown in Figure 3.7, the initial 

capacity can be 150 mA h g-1 at 1C. After 20cycles, a slow degrade was presented. Around 90 

mA h g-1 can be remained after 400 cycles, indicating a relatively good stability during the cycling. 

The coulombic efficiency was only around 90% at the first cycle, which is quite common in 

lithium-storage electrodes due to formation of some solid-electrolyte interface (SEI). Other than 

that, the coulombic efficiency reached ~100% from the second cycle and remains until the end, 

suggesting a high reversibility.  

 
Figure 3.7 Cycling performance test of the CNT/V2O5 composite with 25wt % CNTs under 1C condition. 

 

3.3 conclusion 
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In summary, we reported a facile and cost-effective fabricating strategy for the V2O5/CNT 

composite interpenetration network as high mechanical strength electrode material for flexible 

lithium-ion batteries. In our work, in-situ fibrillated PTFE can be incorporate into the existing 

network with simple kneading method and provide a sturdy support for the robust framework via 

its self-interconnection. Although the practical capacity of the composite matrix might still need 

improvement, the superior mechanical strength has already surpassed most of its competitors. With 

a young’s modulus at 800 MPa, this cathode sheet can sustain tremendous amount of bending 

without impact on performance. 

 

 

 

 

 

 

 

 

 

 

3.4 Experiment Section 
 

Synthesis of CNTs/V2O5 nanocomposites 

At the preliminary stage of the study, multi-wall carbon nanotubes (CNTs) were firstly 

functionalized to attach carboxylic groups on its surface using method similar to Gao. Then 

followed by similar hydrothermal method of Xiong, the composite was synthesized. Briefly, 
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certain amount of CNTs were acid treated and then mix with 0.15g ammonium metavanadate 

(NH4VO3), 0.5ml 2M HCl solution and 0.25g of surfactant P-123 (EO20PO70EO20), where EO and 

PO are ethylene oxide and propylene oxide, respectively. After ultrasonication for 30mins, stir the 

mixture for 12 hours, then transferred into 100ml Telflon-lined autoclave and heated to 120 oC for 

24 h. The final precipitates were rinsed with water, acetone under filtration and then vacuum dried. 

The amount of CNTs used were varied from 0.037, 0.061 to 0.09g, resulting in composites with 

20, 33 and 50 wt-% of the CNTs, respectively. 

 

Preparation of CNTs/V2O5 nanocomposite sheet 

After synthesis V2O5/CNT nanocomposites with hydrothermal approach, the product was 

washed and then vacuum dried overnight. The final product was then put into the grinder 

accompanied with 10-wt% PTFE solution for grinding while using ethanol as dispersion agent.  

After obtained a solid flexible electrode material from grinding about 30mins, place the material 

on flat surface and apply shear force by repeat rolling and folding process until the material became 

a flat sheet. At last, 300oC of hot press was performed to obtain an approximate 120um thickness 

sheet. 

Characterization 

The X-ray diffraction patterns were obtained from a Rigaku Miniflex II diffractometer using 

Cu Kα radiation operated at 30kV and 15mA. SEM morphology of the samples were obtained by 

a field-emission scanning electron microscopy (FEI Nova 230).  

 

Electrochemical Measurements 

 

The electrochemical performance was evaluated using CR2032 coin-type cells. Coin-type 
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half-cells were assembled in an argon-filled glove box with the composites mentioned in this paper 

as the positive electrode and Li metal foil as the counter and reference electrode. A Celgard 2400 

membrance was used as the separator and 1 M LiPF6 solution in ethylene carbonate (EC) and 

diethyl carbonate (DEC) mixed at weight ratio of 1:1 was used as electrolyte with 5% of 

fluoroethylene carbonate (FEC). Galvanostatic cycling tests were tested using a Land battery test 

system (Wuhan Land Electronic Co., China) with cut-off voltages of 1.8–4.0 V versus Li/Li+ at 

room temperature.  

Mechanical Measurements 

Tensile tests were conducted on INSTRON 5564 at 1.0 mm/min with a strain rate of 1% 

min−1 and a 1 cm gauge length.  

 

 

Chapter 4 Gel electrolyte for flexible battery 

 
 With the rapid increasing demand of the flexible batteries, various types of electrolyte system 

have been developed in order to fulfill the requirement of both high safety and high mechanical 

strength. Compare with liquid electrolytes that consist of high content of flammable solvents and 

solid-state electrolytes that suffered from low ionic transportation, gel polymer electrolytes have 

become the most promising candidate for flexible lithium batteries. However, low ionic 

conductivity and sluggish Li+ transport of polymer electrolytes is still a restriction towards their 

applications. Here metal-organic framework (MOF) containing open-metal sites (OMSs) are used 

as fillers that endow GPL with simultaneously high ionic conductivity (> 1 mS cm−1) and Li+ 

transference number (up to 0.66), which results from immobilized anions and facilitated cation 

conduction by virtue of OMSs. Implementations of the GPL with OMSs-laden MOF in pseudo-
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solid-state batteries significantly facilitates the ion transportation in Li-ion batteries (LIBs), which 

further the implication of GPL in flexible batteries.  

 

 

 

 

 

 

 

4.1 Introduction 
The rapid-growing market of portable electric applications has stimulated intensive 

research on flexible LIBs with high energy density, long cycling life and good safety. 

Conventional LIBs, primarily based on intercalation electrodes coupled with organic liquid 

electrolytes, suffer from the limited theoretical energy density and safety risks of leakage 

and flammability, struggling to completely fulfill the demand.72, 73 Solid-state electrolytes 

could largely solve these challenges by circumventing the electrolyte leakage and adopting high-

energy metallic Li anode.44, 74 The glass-/ceramic-based electrolytes as prevailing categories of 

solid-state electrolytes possess significant advantages in ionic conductivity (10−2 S cm−1) and 

mechanical strength. However, their scaled processability and interfacial resistance with electrodes 

are the formidable obstacles to practical implementation. 

 As an alternate category, solid polymer electrolytes comprising polymers (e.g., polyethylene 

oxide, PEO) and lithium salts feature decent processing flexibility while poor ionic conductivity 

(10−8 − 10−5 S cm−1), rendering their prospects less intriguing.75-77 To ameliorate such issue, gel 

polymer electrolytes imbibed with organic solvents (plasticizers) and/or incorporated with 
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inorganic solid fillers (e.g., SiO2, TiO2) have been effectively demonstrated to boost ion 

conductions, where the plasticizers and filler serve to dissociate lithium salts and reduce the 

crystallinity of the polymer.78, 79 Nevertheless, the non-conductive solid fillers block the ion-

translocation pathways that potentially limit interfacial engineering and compatibility with 

electrodes.80, 81 

Particular attention was given to metal-organic frameworks (MOFs) as an emerging class of 

microporous filler. The MOFs periodically built from metal clusters and organic ligands, provide 

an excellent platform of functional materials for tuning ion-transport behaviors.  Analogous to the 

solid fillers, prior studies have reported the use of MOFs (Al/Zn/Ni/Mg-based) as fillers for PEO-

based solid polymers.82-85 However, few studies have revealed that the MOFs could alter Li+ ion 

transference number (tLi+), which is referred to as the fraction of Li+ ion conductivity to overall 

ionic conductivity.  The reported low tLi+ of the electrolytes with MOF fillers (< 0.4) signifies that 

only a small portion of ion-conduction carries the effective Li+ ion conduction. The transport 

limitation during battery operation induces local depletion of Li+ ions that aggravates 

concentration polarization, deteriorates interfacial stability, and cycle lifespan.86 More recently, 

post-synthetic modifications endow a Zr-based MOF with charged ligands for immobilizing 

anions, and the resulting MOF-laden polymer electrolytes afford superior tLi+ above 0.7.87 

However, poor efficiency of this artificial modification leads to moderate conductivity (10−4 − 10−5 

S cm−1) and high activation energy (> 0.3 eV), which are detrimental to high-rate and low-

temperature operations of LIBs.  
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Figure 4.1 Illustrative drawings: (a) thermal activation of a Zr-based MOF (UiO-66) generates OMSs that 

tether anions while facilitating Li+-ion conduction in gel polymer electrolyte.   

 

 Herein, we rationally design and employ a Zr-based MOF possessing OMSs as the microporous 

fillers for GPLs (Figure 4.1a). Compared with those reported polymer electrolytes comprising 

MOFs, the present UiO-66 provides thermally generated OMSs with Lewis acidity that can readily 

anchor anions and facilitate cation (Li+) conduction (Figure 4.1b), which simultaneously afford 

high ionic conductivity in 1.52 × 10−3 S cm−1, high tLi+ up to 0.66 and low activation energy below 

0.1 eV. Such facile treatment of a Zr-based MOF endows gel polymer electrolyte with desirable 

ion-transport attributes that guarantee the safe and durable operation of batteries, thereby 

demonstrating a new class of filler additive for high-performance polymer electrolytes.  
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4.2 results and discussions 
 

Structural Properties 

The Zr-based MOF, namely UiO-66, is made by coordinating Zr6O4(OH)4 octahedron 

clusters with 1,4-benzenedicarboxylic acid (BDC) ligands, generating highly microporous 

scaffolds with structural rigidity and thermal stability. In this work, UiO-66 (Zr) was firstly 

synthesized by one-step hydrothermal reaction. Figure 4.2 (a-b) shows a scanning electron 

spectroscopy (SEM) image of UiO-66 synthesized according to well-reported literature,88 where 

the MOF exhibits octahedral-shaped morphology and uniform particulate size of 200 nm. 

 

 

Figure 4.2(a-b) SEM image of UiO-66 synthesized 
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Figure 4.3 (a) TGA curve of UiO-66 in N2 atmosphere. (b) N2 isotherms of UiO-66 and pore size 

distribution (inset). 

 

As shown in Figure 4.3a, N2 adsorption/desorption isotherms and corresponding pore size 

distribution (Density-Function Theory) curve indicate a huge BET (Brunauer-Emmett-Teller) 

surface area of 683 m2 g-1 and a dominant micro-pore size at 1 nm, respectively.  

The thermogravimetric analysis (TGA) verifies the superior thermal stability of UiO-66.89 

As shown in Figure 4.3b, the sample exhibits a progressive weight loss reaching a plateau at ~ 

300 °C, which could be attributed to the removal of guest molecules and departure of capped 

hydroxyl groups (Zr–OH) on Zr4+ (from Zr6O4(OH)4 to Zr6O6-based metal nodes). A subsequent 

sharp loss of 33% after 400 °C is associated with the decomposition of the ligands. The activation 

process was thus performed at 300 °C to expose OMSs via dihydroxylation.90 
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Figure 4.4 Photographs are showing freestanding and leakage-free (a) GPL and (b) MGPL membranes. 

(c-f) SEM images of GPL and MGPLs. 

A conventional gel polymer electrolyte denoted as GPL employs poly (vinylidene fluoride-

co-hexafluoropropylene) (PVDF-HFP) as the polymeric matrix and LiClO4 in propylene carbonate 

(PC) as the electrolyte. Figure 4.4a presents a photograph of GPL that could be prepared as a 

freestanding membrane with leakage-free and transparent appearances, which turn into pale-

yellow after incorporating the MOF. The MOF-mediated GPL comprises activated MOF particles 

in uniform combination with GPL, where the OMSs-abundant MOF nanoparticles function as the 

ion-transport regulators immobilizing diffusive anions and facilitating conduction of lithium-ions. 

The composite gel polymer electrolyte is hereinafter designated as MGPL-X, where the X 

represents the content ratio of MOF particles (e.g., MGPL-12 stands for 12 wt-% particle loading).  

The microstructures of electrolyte membranes were imaged by SEM (Figure 4.4c-f). As 

shown in Figure 4.4c, the GPL membrane exhibits a homogenous and smooth surface with dense 

bulk texture. In comparison, the micrographs of MGPL-12 (Figure 4.4d), MGPL-24 (Figure 4.4e), 

and MGPL-50 (Figure 4.4f) reveal increasing surface roughness and porosity along with the 

increasing MOF loading. In particular, MGPL-50 with the highest loading shows discernable 

particulate morphology. 
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c d

e f
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Figure 4.5 Young’s module mechanical test with different w% of MOFs additive. 

 

Table 4-1 Mechanical performance of GPL and MGPLs. 

Sample Stress (MPa) Strain (%) Modulus (MPa) 

GPL 1.23 ± 0.35 138.7 ± 21.2 2.03 ± 0.6 

MGPL-12 1.09 ± 0.46 101.3 ± 28.7 2.03 ± 0.25 

MGPL-24 0.39 ± 0.04 92.4 ± 2.8 0.66 ± 0.09 

MGPL-50 0.27 ± 0.03 76.3 ± 8.3 0.46 ± 0.04 

 

The mechanical property of electrolyte membranes (~ 80 µm) was assessed by the stress-

strain test. As shown in Figure 4.5 and summarized in Table 1.1, the GPL manifests the highest 

tensile strength of 1.23 MPa with elongation of 138.7% and Young's modulus of 2.03 MPa. The 

MGPL observes a downward trend over tensile strength with the increasing MOF loading. In 

particular, MGPL-12 provides a tensile strength of 1.09 MPa and Young's modulus of 2.0 MPa, 

which are comparable to the mechanical strengths of GPL.  
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Figure 4.6 (a) XRD patterns of simulated, pristine, and activated UiO-66. (b) XRD patterns of simulated 

UiO-66, PVDF-HFP powders, GPL, and MGPL-12. 

The structural evolutions of electrolyte membranes were further probed by X-ray 

diffraction (XRD) and infrared spectroscopy (IR). Figure 4.6(a-b) compares XRD patterns of 

MOF, polymer, GPL, and MGPL. The pattern of the MOF manifests preserved crystalline structure 

after thermal activation (Figure 4.6a). As shown in Figure 4.6b, three prominent diffraction peaks 

of PVDF-HFP powders at 18.2o, 19.8o, and 26.5o indicate the existence of α-phase, which turns 

into β-phase signified by an exclusive broad peak at 20.3o upon gelation with liquid electrolyte 

(GPL). The semi-crystallinity of PVDF-HFP in GPL affords both mechanical strength and high 

ambient ionic conductivity, which originate from the rigid support by crystal VDF and trapped 

electrolyte by amorphous HFP, respectively.91 Accordingly, the pattern of MGPL-12 encompasses 

both characteristic peaks of the MOF and the β-phase of PVDF-HFP.  
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Figure 4.7 (a)IR spectra of UiO-66, activated UiO-66, liquid electrolyte (1 M LiClO4 in PC) and 

(b)electrolyte-infiltrated UiO-66. 

Figure S4 displays the IR spectra of the pristine and activated MOF, where the 

dihydroxylation and emergence of Lewis acidic OMSs are evidenced by the disappearance of the 

band at 479 cm–1 for (HO)–Zr–(OH) bending mode.92 Meanwhile, the structural integrity of the 

activated MOF is supported by signals locating at 1410 cm–1 and 530 cm–1 for ligand (BDC) and 

metal clusters (Zr–O), respectively. Impregnating liquid electrolyte (LiClO4 in PC) into MOF 

particles reveals that the confined electrolyte species exhibit distinct vibrations compared to the 

parent liquid phase. As shown in Figure 2h, anion (ClO4
–) enclosed in MOF exhibits an additional 

vibration at 635 cm–1 besides its symmetric component at 626 cm–1, indicating the partial 

asymmetric configuration of bound anions in the activated MOF.93 As for PC solvent, a board peak 

at 1793 cm–1 ascribed to carbonyl (C=O) turns into a sharp one peaking at 1790 cm–1, hinting 

stronger solvation by PC trapped in MOF. The above bonding information collectively suggests 

an ion-regulating effect by particulate MOF fillers in the GPL.  

 

GPL MGPL-12

MGPL-24 MGPL-50

a

b

c d

e f

g h

2 µm

2 µm

2 µm

2 µm



60 

 

 

Figure 4.8 (a) Ambient ionic conductivity and thermal activation energy of electrolyte membranes, where 

the cation and anion conductivities partitioned on the basis of tLi
+. (b) Comparisons of activation energy 

between MGPL-X and GPL control group. (c) Low-temperature (0, –20 °C) conductivity of GPL, MGPL-

12, and GPL with 12% wt-% ZrO2.  

 

The ionic conductivity of electrolyte membranes was measured by electrochemical impedance 

spectroscopy (EIS) using identical stainless-steel disks as blocking electrodes. Meanwhile, ionic 

conductivities equilibrated at temperatures ranging from 20 to 80 °C were also collected and 

linearly fitted by the Arrhenius equation for thermal activation energy. As shown in Figure 4.8(a-

b), the ambient ionic conductivity of GPL, MGPL-12, MGPL-24, and MGPL-50 exhibits a 

downward trend of 1.57, 1.52, 1.33, and 1.11 mS cm–1, respectively. Such a phenomenon could be 

interpreted by the elevated transport tortuosity introduced by framework skeletons. However, the 

activation energy shows a decreasing trend of 113, 98, 87, and 76 meV with increasing content of 
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MOF particles, implying that the OMSs-containing MOF particles ease the diffusion energy 

barrier. Such facilitated ion-conduction was further supported by ionic conductivity at the low-

temperature. As shown in Figure 4.8c, the MGPL-12 exhibits superior ionic conductivity of 0.59 

mS cm–1 at –20 °C, notably exceeding 0.42 mS cm–1 from GPL and 0.48 mS cm–1 from GPL with 

conventional ceramic fillers (12 wt-% ZrO2). It is noted that the MGPL-12 affords analogous ionic 

conductivity and mechanical strength, as well as lower activation energy than GPL, affording a 

suitable MGPL for electrochemical performance evaluations.  

 

Figure 4.9 Measurements of tLi
+ on the basis of a potentiostat approach. 

As another pivotal electrolyte property, tLi+ serves to evaluate Li+ transport efficiency and 

predict the degree of ion-concentration polarization during battery operation. Symmetric Li (Li|Li) 

cells sandwiching electrolyte membranes were fabricated for measuring tLi+ by a well-established 
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potentiostatic polarization method (Figure 4.9). 94 The derived tLi+ of 0.39 for GPL is in good 

accordance with reported literature.95 With incorporation of MOF particles, the tLi+ of MGPL-12, 

MGPL-24 and MGPL-50 is appreciably improved to 0.64, 0.66, and 0.61, respectively. As 

summarized in Figure 4.8a, all MGPLs yield enhanced Li+ conductivity (product of tLi+ and ionic 

conductivity) despite the slightly decreased overall ionic conductivity compared with GPL. 

 

Figure 4.10 Ionic conductivty comparison between MGPL-12 and reported GPLs. 

 

Of particular, the high ionic conductivity and tLi+ of MGPL-12 are among the best recently 

reported polymer electrolytes involving MOFs (Figure 4.10) 82, 83, 85, 87, 96-103 and other fillers (Table 

4-2). The surpassing transport efficiency could be attributed to the OMSs-lined microporous 

channels, which impose confinement and complexation to the free anions as well as promote the 

preferential transport of Li+ ions. 101, 104, 105 

 

Table 4-2. Conductivity and Li+ transference number comparisons between polymer electrolytes 

with various filler materials 
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Electrolyte system 
Conductivity 

(S cm-1) 

Temperature 

(oC) tLi+ Ref. 

MGPL-12 1.52 × 10-3
 25 0.64 

This 

work 

[EMIM][TFSI]-LiTFSI-(MOF-525) 3 × 10-4 25 0.36 106 

PEO-LiTFSI-PC-SiO2 5 × 10-3 25 n/a 107 

PEO-LiTFSI-LLTO 5.53 × 10-5 25 0.195 108 

PAN-LiClO4-LLTO 2.4 × 10-4 25 n/a 109 

LiTFSI-[Py13][TFSI]-SiO2 1.37 × 10-3 30 0.22 110 

PEO-LiTFSI-LLZO 2.5 × 10-4 25 n/a 111 

PEO-LiTFSI-LLZTO 1.12 × 10-5 25 0.58 112 

LiClO4-PVDF-LLZTO 5 × 10-4 25 n/a 113 

PEO-LiTFSI-Cationic (UiO-66-NH2) 

(12.5 vol%) 
3.1 × 10-5 25 0.72 87 

PEO-LiTFSI-(Mg-BTC)  

(10 wt%) 
2 × 10-4 30 0.4 85 

PEO-LiTFSI-(MOF-5) 

(10 wt%) 

3.16 × 10-5 25 n/a 114 

PVDF- LiTFSI-(UiO-LiTFSI) 

(56 wt%) 
2.07 × 10-4 25 0.84 98 

PEO-LiTFSI-(Al-BTC) 

(10 wt%) 
~1 × 10-5 30 0.55 103 

PEO-(BMIM-PF6)-(Cu-BTC) 5.3 × 10-4 25 n/a 115 

PEO-LiTFSI-(Al-MOF) (5 wt%) 2.09 × 10-5 30 0.46 116 

PEO-LiTFSI-(MIL-53) (10 wt%) 1.62 × 10-5 30 0.34 117 

PEO-LiTFSI-(Ni-BTC) (10 wt%) 1.4 × 10-4 30 0.4 118 

PEO-LiTFSI-(Cu-BDC) (10 wt%) 9 × 10-5 30 0.41 119 
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PVDF-(MOF-74) 6.72 × 10-4 25 0.66 100 

PEO-LiPF6-(UiO-66) 1.47 × 10-4 30 0.47 97 

[EMIM][TFSI]-PEO-(UiO-66)  1.3 × 10-4 30 0.35 99 

 

 

 

 

 

 

 

 

 

Figure 4-11 CV curves of GPL and MGPL-12 sandwiched by Li metal and stainless-steel electrodes. 

The electrochemical stability window of electrolyte membranes was evaluated by cyclic 

voltammetry (CV) using stainless-steel as a working electrode and Li metal as a counter/reference 

electrode. As plotted in Figure 4-11, the CV curves of cells using GPL and MGPL-12 show 
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reversible Li/Li+ stripping-plating processes on steel electrodes (between –0.2 V and 0.2 V, vs. 

Li/Li+), and irreversible moderate oxidation peaks beyond 4.4 V, which demonstrate the 

electrochemical stability of MOF particles and a feasible working window for practical batteries.  

 

Figure 4.12 (a) Polarization tests of Li|Li cells (200 h) under 0.5 mA cm–2 with a time interval of 1 h (0.2 
mA cm–2 was applied for the first 10 h). (b) Galvanostatic cycling of pseudo-solid-state Li-metal cells 

(LiFePO4|Li) under 0.2C. (c) Galvanostatic cycling of pseudo-solid-state Li-ion cells (LiFePO4|Li4Ti5O12) 

under 0.5C 

The long-term electrochemical stability of electrolyte membranes (GPL and MGPL-12) 

against Li metal was investigated by the galvanostatic cycling of Li|Li cells (Figure 4.12a). At the 

initial stage, both cells show similar overpotentials at 0.2 mA cm–2 with a time interval of 1 h (for 

total 10 h). After 10 hours' operation, the cells were polarized at a higher current density of 0.5 mA 

cm–2, yielding stabilizing overpotentials of 40 mV and ~ 60 mV after 110 h for the cell with MGPL-

12 and GPL, respectively. Afterward, the cell using GPL suffers from gradually escalating 

overpotential as indicated by a cell voltage built-up from 50 mV at 110 h to 280 mV at 200 h. In 
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marked contrast, the cell using MGPL-12 maintains a considerably smaller overpotential of 72 mV 

after 210 h without a cell failure.  

 

 

Figure 4.13 SEM images of Li metal surface after cycling test (100 cycles) at 0.5 mA cm-2 with a 

deposition capacity of 0.5 mAh cm-2. (a) Li metal surface of the cell with GPL. (b) Li metal surface of the 

cell with MGPL-12. 

 

The post-cycle morphology of Li electrodes was examined by SEM imaging, which 

confirms a filamentous surface from the Li electrode harvested from the cell using conventional 

GPL (Figure 4.13). Consistently, the cycled Li electrode coupled with MGPL-12 shows less porous 

surface without protruded morphology, indicating that the MOF particles suppress the interfacial 

degradation between GPL and metallic Li.  

  The application assessment of electrolyte membranes (GPL and MGPL-12) for pseudo-solid-

state batteries was conducted using LiFePO4 as the cathode material, and Li or Li4Ti5O12 as anode 

materials. Figure 4b shows galvanostatic cycling of prototype pseudo-solid-state Li-metal cells 

comprising LiFePO4 and Li (LiFePO4|Li, 0.2C, 2.5-4 V), where the cells using GPL and MGPL-
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12 deliver almost identical and stabilized specific capacity of 122 mAh g–1 for the first 100 cycles. 

Afterward, the cell using GPL initiates an accelerating capacity fade with 87 mAh g–1 retained by 

the end of 180 cycles. While the cell using MGPL-12 robustly affords 120 mAh g–1 at the same 

end condition. The cycling results involving Li are in good agreement with the polarization tests 

of symmetric Li cells, again proving that the facilitated Li+-ion conduction by MOF fillers benefits 

constructing affinitive interfaces between GPL and Li. Furthermore, pseudo-solid-state Li-ion cells 

(1-3 V) combine LiFePO4 cathode, and Li4Ti5O12 anode was fabricated for validating cell 

durability adapting MGPL. The cell cycle stability at 0.5C was compared in Figure 4c. The cell 

using MGPL-12 delivers a discharge capacity of 88 mAh g–1 after 400 cycles, which corresponds 

to an exceptional capacity retention of 75% and an average Coulombic efficiency of 99.9%. In 

sharp contrast, the cell using GPL affords a lower average efficiency of 99.6% during the test 

period. Furthermore, only 50% of its original capacity was retained after 385 cycles (52 mAh g–

1), and the cell was terminated due to a short-circuit failure, which stems from the poor transport 

efficiency of GPL that leads to concentration polarization and fails to inhibit penetration of 

dendritic Li.   

 

 

 

 

4.3 conclusion 
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In summary, we have employed functional UiO-66 nanoparticles as the filler and PVDF-HFP 

as the host to construct a new hybrid membrane, where the tune of ionic transport is realized by 

the interaction between anions and unsaturated Zr4+ sites of UiO-66, meanwhile, the constant ion 

concentration is achieved due to the homogeneous physical structure and uniform particle 

distribution. This specific chemical regulation of ions enables high Li+ transport efficiency and 

good interface electrochemical stability, thus leading to promising electrochemical performance 

in solid-state lithium batteries. As a result, both LMBs and LIBs exhibit outstanding battery 

performance. In addition, we conclude that such chemical adsorbent is an effective strategy to 

improve electrolyte properties and increase lifetime of Li metal anode. The exclusive insight into 

structural optimization of electrolytes with high Li+ transport efficiency and good interfacial 

compatibility will provide new avenues for further rational design of solid-state electrolyte 

systems. 

 

 

 

 

3.4 experimental section 

 

Prepare UiO-66. Terephthalic acid (10 mmol, 1.66 g) was dissolved in DMF 180 mL, benzoic 

acid (10 equiv with respect to ZrCl4) and concentrated HCl (1.65 mL) were added into the solution. 

The solution was stirred at room temperature for 0.5 h, then ZrCl4 (10 mmol, 2.33 g) was dissolved 

in the solution. The reaction vessel was transferred to an oven and heated at 120 oC for 72 h. The 
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solution was cooled to room temperature and the precipitates were isolated by centrifugation. The 

solids were suspended in DMF and stirred overnight. The suspension was centrifuged and solid 

was washed with DMF for five times. The obtained solid was washed with methanol in the same 

way as described for washing with DMF. Finally, the solid was dried at 60 oC overnight under 

vacuum.   

Prepare hybrid polymer gel electrolyte. Take one composition with UiO-66 accounts for 12% 

as an example. UiO-66 was first activated at 300 oC for 24 h and then transferred to glove box. 

UiO-66 (63 mg) was immersed in 1 M LiClO4-PC (1.2 mL) electrolyte overnight, then 6 mL 

dimethyl carbonate (DMC) was added. The suspension was stirred for 6 h, then poly(vinylidene 

fluoride-co-hexafluoro propene) (PVDF-HFP) (460 mg) was added into the suspension. The 

mixture was stirred at 60 oC overnight. 1.5 mL suspension was taken and casted on a polypropylene 

(PP) plate. After the evaporation of the solvent, the composite polymer gel electrolyte can be 

obtained. Pure polymer gel electrolyte was prepared as the same method only without the addition 

of UiO-66.  

Characterization. XRD was tested by a Rigaku powder X-ray diffractometer. Fourier 

Transform Infrared Spectroscopy (FTIR) data were recorded on a Nicolet 6700 FTIR. SEM images 

were taken using FEI Nova 230. X-ray photoelectron spectroscopy (XPS) characterization was 

tested by using a Kratos AXIS ULTRADLD XPS system equipped with an Al Kα monochromated 

X-ray source. For XPS tests of SEI layer, the batteries were tested 100 cycles at 0.5 mA cm-2 with 

deposition of 0.5 mA h cm-2 and disassembled in glove box. The Li metals were sealed in a 

transporter in the glove box before being quickly transferred to the high-vacuum chamber of XPS 

(AXIS Ultra DLD) for analysis. The binding energy values were all calibrated using C 1s peak at 

284.8 eV. Thermogravimetric analysis (TGA) was tested using TA instruments Q500. Mechanical 
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tensile-stress experiments were carried out using an Instron 5942 at a strain rate of 5 mm min-1.  

Electrochemical measurements. Ionic conductivity test was measured in a coin cell with 

structure stainless steel (SS)| gel electrolyte |SS structure. Alternating current (AC) impedance 

spectroscopy was used and the frequency range was 500 kHz to 1 Hz with a voltage amplitude of 

10 mV in the temperature range from room temperature to 80 oC.  The conductivity σ was 

calculated according to the equation:  

σ =
𝐿

𝑅𝐴
 

L (cm) is thickness of gel, R (Ω) is resistance tested by AC impedance spectroscopy and A (cm2) 

is the area of stainless steel. 

Potentiostatic polarization method was used to test the transference number. Li metal | electrolyte 

| Li metal cells were utilized to test t+ and t+ was calculated by the following equation:  

 

𝑡+ =
𝐼𝑠(∆𝑉 − 𝐼0𝑅0)

𝐼0(∆𝑉 − 𝐼𝑠𝑅𝑠)
 

 

ΔV is the voltage polarization, applied voltage is 20 mV,  I0 and R0 are the initial current and 

resistance, Is and Rs are the steady state current and resistance, respectively.  

The batteries were tested using 2032 type coin cells. No matter in Li symmetric cells or 

LiNi1/3Co1/3Mn1/3O2-Li metal cells, composite polymer gel electrolyte was directly used without 

further addition of liquid electrolyte. Galvanostatic charge–discharge experiments were carried out 

with a LAND battery testing system. The cyclic voltammetry was performed on VMP3 

Potentiostat/Galvanostat (Princeton Applied Research). The electrochemical impedance 

spectroscopy (EIS) was tested with Solartron.  



71 

 

Cathode material (LiNi1/3Co1/3Mn1/3O2 or LiFePO4) was mixed with conductive carbon and 

polyvinylidene difluoride (PVDF) in a mass ratio of 80:10:10. Then N-methyl-2-pyrrolidone 

(NMP) was added into the solid powder to get the slurry. The slurry was casted on Al foil and 

dried at 90 oC under vacuum overnight. The Al foil coated with cathode material was cut to discs 

(diameter 14 mm). The mass loading of cathode was ca. 6 mg cm-2. The coin cells were assembled 

in a glove box and there were no liquid electrolytes were added in coin cells. 

 

 

Chapter 5 Conclusion of the dissertation 
  

Flexible lithium-ion battery system is considered as the requirement of portable /wearable 

electronic applications development. Designing flexible FIBs with different shapes and fabrication 

methods could open up a path for flexible device design innovation. Indeed, current flexible LIBs 

researches are still at very early stage. Nevertheless, with the development of the standards and 

new materials, the essential technical issues of the current FLIBs shall be solved. 

In this dissertation, couple strategies about developing flexible component materials for 

flexible lithium-ion batteries have been introduced. Started from facile design of cathode material 

to MOFs incorporated gel electrolyte for flexible lithium-ion batteries. The essential technical 

issues with current flexible lithium-ion batteries research were focused and uncovered.  

We first designed a robust cathode matrix structure by using V2O5/CNT composite 

incorporated with PTFE framework. PTFE obtains amongst the highest resistivity of any material 

that is insoluble in lithium-ion battery solvents. While V2O5/CNT frameworks might still break 

into fracture, small amount of PTFE directly formed a network structure within the composite after 
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heating, provides exceptional high mechanical strength without unnecessary loss of the capacity. 

The concept of designing composite material and fabrication method was proposed and 

demonstrated. A high stress resistance (11.2MPa), superior young’s modulus (~ 800), and its 

increased toughness (from 18.2×104 J m-3 before hot press to 103.1×104 J m-3 after hot press), 

provides an advanced standard for FLIBs electrode materials. 

In addition, we revealed that the lithium-ion conduction could be exclusively promoted in gel 

polymer electrolytes by metal-organic framework (MOF) fillers. Gel polymer electrolyte was 

considered as best candidate for flexible battery system because it exhibits higher ionic 

conductivity than conventional liquid electrolyte and most importantly, better battery safety. The 

optimum design of the MOF incorporated gel polymer was achieved by employed functional UiO-

66 nanoparticles as the filler and PVDF-HFP as the host to construct a new hybrid membrane. The 

tuning of ionic transport is realized by the interaction between anions and unsaturated OMS of 

UiO-66. This specific chemical regulation of ions enables high Li+ transport efficiency and good 

interface electrochemical stability, thus leading to promising electrochemical performance in gel 

polymer electrolytes. As a result, both LMBs and LIBs exhibit outstanding battery performance.  

Above works provided new strategies for design and improve the battery component materials 

in FLIBs with facile and cost-effective way. The methodology we proposed opens new path for 

designing FLIBs and hopefully lead to new innovations. 
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