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Abstract

Flexible batteries used in flexible applications including medical implants,
wearable electronics, consumer electronics or roll-up displays are often subjected to
bending and buckling during their operation life. It is imperative to investigate the impact
of buckling on the performance of the flexible lithium ion battery (LIBs). In this study,
flexible thin-film lithium ion batteries based on solid nanocomposite polymer electrolyte
were fabricated. The interfacial impedance in fresh and cycled flexible LIBs was
investigated in flat and buckled configurations using electrochemical impedance
spectroscopy (EIS). It is demonstrated that with increasing value of curvatures, contact
resistances between components can be reduced and contact conductance of LIBs can be

enhanced.
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Chapter 1 Introduction
1.1  Lithium-ion Batteries

Due to the depletion of nonrenewable energy sources, increasing demand for fossil
fuels and the need for clean energy to prevent global warming and climate changes, there
is an increasing interest for new energy sources [27]. Renewable energy sources
alternative to fossil fuels that derive from the water stored in the dam, or the sun, the wind
or the water waves are often intermittent and can benefit high efficiency energy storage
systems. The electrochemical storage devices in the form of batteries which can store and
deliver energy play an important role in meeting the requirements of high efficiency
energy storage systems and not only they benefit the aforementioned intermittent power
sources, but they are also used to directly power the consumer electronics (i.e., laptops,
cell phones, etc.), transportation, and aerospace applications [20, 27]. The characteristics
of batteries are mainly determined by the materials used for the battery components.
Being the third lightest element after hydrogen and helium, and the lightest element
among metals, lithium takes the form of Li" by ionization and can carry and move the
positive charge in a very small distances. Therefore, lithium has excellent electrochemical
properties which makes it a perfect material for developing a relatively higher energy and
power density battery [27]. Lithium-ion batteries (LIBs) have been widely applied on
many devices and systems for decades, and are one of the most outstanding candidates for
power sources due to their high energy density, long-term stability, and the ability to be
recharged many times with slow capacity fading compared to other rechargeable batteries

[12].



Figure 1.1 shows that the lithium-ion battery (LIB) has a clear advantage of much
higher power and energy density compared to its predecessors, namely, nickel-metal-
hydride (NiMH), nickel-cadmium (NiCd) and lead-acid batteries [29]. A typical
conventional LIB is comprised of graphite anode (with specific capacity of 300350 mAh
g"-1), lithium metal oxide cathode (e.g., LiMO2, M=Co, Ni, Mn, with specific capacity of
140-160 mAh g*-1) and an electrolyte and separator which must be ionically conductive
and electrically insulating [18]. As depicted in Fig 1.1, lithium metal batteries have the
highest specific power and specific energy. However, dendritic growth of lithium through
the electrolyte, short circuits and internal heating which create serious safety and stability
concerns are the main issues with lithium metal batteries that caused the removal of Li-

metal batteries from the market in the late 1980s [27].
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Figure 1.1 Volumetric and gravimetric energy densities of different kind of batteries [29].



During the charging process, the general working principle of lithium ion batteries
is as the following: The positively charged lithium ions move through the electrolyte from
the positive electrode (cathode) to the negative electrode (anode) where they are stored.
The electrons, on the other hand, move through the external circuit from the cathode to the
anode. During discharge, the electrochemical process and direction are reversed and a

usable external electrical circuit is generated.
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Figure 1.2 The mechanism of lithium-ion batteries [30].

During the charging of flexible lithium ion batteries, oxidation and de-lithiation
occur in LiCoO; cathode. Simultaneously, reduction and lithiation take place in the
graphite anode. During the battery discharge, the processes are reversed [34]. The charge

(=) and (<) discharge chemical reactions are shown below:
At the cathode: LiCoO, = Lit* + e~ + Co0,

At the anode: Cg + LiT + e~ = LiCq



As seen from the reactions, LiCe forms as the final byproduct after the interclation
of graphite with lithium ions and this is a reversible process [34]. Safety, reliability, cost,
lifetime and power are some of the most important parameters in LIBs. For future designs
and applications, higher performance and cost-efficient LIBs can be produced by the
modification or replacement of graphite and lithium cobalt oxide with higher capacity,
lower cost anode and cathode materials. Also, electrolyte can be more reliable, safer and

more ionic conductive [18].
1.2  Flexible Lithium-ion Batteries

A flexible electronic device must ideally function under buckling, bending,
stretching, compression, twisting and deformation into arbitrary shapes and it should also
accommodate relatively large strain deformation greater than 1% [7, 12, 15].
Improvements in flexible electronics have become ever-increasingly crucial to the cutting-
edge technology. Although some evolution of mechanically flexible electronic devices has
taken place, their suitability has been bounded by limited applications, such as light-
emitting diodes (LEDs), sensing electrodes, circuit elements, and radio frequency
identification (RFID) antennas [9]. Flexible electronics have the potential to revolutionize
an industry and to lead to new designs [4]. Flexible power supplies are now widely in
demand for integration with flexible electronics [2]. There is an increasing affinity in
high-performance, thin and lightweight flexible power sources to fulfill the special
designs and features for new-generation electronics such as bendable, soft and portable
electronics, roll-up displays, wearable devices, implantable biomedical devices, and

conformable health-monitoring electronic skin [9, 11].



Since 1990s, lithium-ion batteries (LIBs) have been widely applied in portable
devices, and are one of the most outstanding candidates of power sources for flexible
devices due to their large energy density, high power density, and long service life
compared to other batteries [6, 12]. Flexible lithium ion batteries (LIBs) can make
significant contribution as a vital component to guide future flexible electronic devices
[12]. The primary challenge is not only manufacturing of batteries, but also the stability of
these devices in terms of mechanical, electrical, or electrochemical properties [1]. Reliable
safety, high electron and ion conductivity, vigorous mechanical flexibility, and
distinguished corrosion resistance is aimed to be successful in flexible LIBs [11]. The
numerical and experimental studies are important to determine resilience of complete
flexible electronics and flexible energy storage devices. Since bendable or wearable
batteries are flexible materials, it is really critical that flexible materials be tested under
buckling or bending conditions. Components of flexible systems like LIBs must be still
deformable and functional in application have robust mechanical flexibility. In addition,
under deformation, mechanical properties of different components of flexible batteries
must be compatible. By deforming flexible, thin, lightweight lithium ion battery, failure of
battery and change in performance can be investigated. Electrodes and the electrolyte are
the most important components of LIBs. The interface contact between the electrodes and
the electrolytes of the LIBs has a vital importance for stable operation. With repeated
buckling, bending and stretching, the electrolyte must be flexible and must have stable
contact with the electrodes [12]. Materials currently used in conventional LIBs are
limited. Therefore, what could be used in flexible batteries is not many but certain

materials.



Components of conventional LIBs (electrode, separator, and electrolyte) need to
be either modified or replaced by new materials to be used in flexible battery and to be
functional during mechanical deformation [6, 12]. Figure 1.3 shows example of thin layers

used to fabricate flexible lithium ion battery.

Laminating sheets ——

Aluminum Current ——»
collector

LiCoO2

PEO+GO

Graphite I

Copper Curremt ——
Collector

Laminating sheets —

Figure 1.3 Layers of flexible Lithium-ion batteries.

During the development of flexible batteries, current collectors must be handled with care
because they can impact the performance of the flexibility of battery and can affect the
mechanical properties of the entire battery. Along this direction, in LIBs, due to their
decent mechanical strength and high conductivity, aluminum and copper have been
operated as the current collectors [6, 12]. Bendable and stretchable current collectors can
be achieved by using thin copper and aluminum sheets as current collectors or different
flexible and stretchable materials can be used as current collectors such as textiles.
Without having bendable and electrochemically active electrodes, the assembly of the

conventional LIBs cannot correspond to flexible batteries.



For the satisfactory operation of flexible LIBs, the electrodes can be tested under different
buckling modes, forces and compressive stresses to make sure that no crack forms and
that their mechanical strength is robust enough. Recently, carbon nanotubes (CNTs) and
graphene and their composites due to the high charge-carrier mobility, polymer electrodes
such as Polyaniline (PANI) and Polyrrole due to their mechanical flexibility, mixtures of
nanostructured active materials, carbon nanofibers and metal oxide-based nanowires have
been reported as electrodes for flexible LIBs [9]. Although, their suitability, versatility,
and mechanical flexibility make them good candidate for flexible LIBs, electrochemically
active polymers have lower electrochemical stability, lower energy density, lower power
density and poor conductivity [12]. In addition, by utilizing the advantages of at least two
components, composite electrodes can be taken into consideration due to their high
capacity, mechanical flexibility and cyclic stability under buckling, bending, stretching or
deformation [14]. Typically, the surface area of the pores in the electrode material can
highly impact the capacity of the LIBs. Hence, advanced discharge and charge capacity
can be reached by choosing a highly porous material with a large pore diameter [10]. The
resistivity of the electrode which is the resistance of the material to the flow of an electric
current could affect the performance of flexible LIBs significantly. The resistivity of the
two electrodes in the flexible battery must be measured and evaluated separately under
buckling and in flat position [2]. The particular electrical failure in the flexible electronics
by the repeating deformation continues to be one of the many reliability issues considering
that the interconnections of each surface between each flexible layer experience bending,
stretching, and twisting throughout their usage. Any fracture or repeated deformations in
the interface or bulk of the LIB components during buckling can result in severe electrical

resistance rise [13].



Furthermore, buckling of LIBs can deteriorate the retention capacity during the charge and
discharge cycles [9]. The capacity of the battery should be stable and the capacity fading
should be avoided after certain cycles for a promising electrochemical performance.
Electrolyte is another essential element of the flexible batteries that influences the
electrochemical behavior of battery and plays a vital role in the transportation of ions
between two electrodes, as well as preventing direct electrical contact of the two
electrodes (i.e., electrical shorting). Interface property of the electrolyte is one of the key
components of the performance of flexible batteries, as the electrolyte transports ions from
one electrode towards another. The impedance of a battery is associated with several
factors, among which is the ionic conductivity of electrolyte. Higher ionic conductivity of
the electrolyte, leads to better Li ion transport and lower impedance [12]. Liquid, solid
and gel electrolytes are used in different types of batteries. The liquid electrolytes have
disadvantages of solid electrolyte interphase (SEI), dendrite growth, thermal runaway and,
liquid electrolytes may cause internal-short circuits, leakage and catastrophic fire hazards
under serious mechanical distortion [17]. Gel-polymer electrolytes (GPEs) offer good
mechanical flexibility and moderate ionic conductivity and enhanced safety compared to
organic liquid electrolytes. These properties makes GPEs one of the most commonly used
electrolyte in flexible battery [12]. However, the mechanical stability of GPEs is still an
issue. Solid polymer electrolytes (SPEs) resolve the concerns in terms of reliable safety
because of their suppression of dendrite growth, and higher thermal, electrochemical
stability. Furthermore, SPEs can be manufactured as thin films to use in flexible batteries.
Therefore, SPEs like solid polyethylene oxide (PEO) are excellent candidates for flexible

LIBs.



However, SPEs low ionic conductivity of SPEs especially at room temperature is the main
issue to overcome [17]. Various ceramic fillers nanofillers such as Al,O3, SiO2, LiAlO,,
and TiO2 with polymer host has shown enhancement in ionic conductivity of SPEs.
Incorporation of graphene oxide nanosheets in the PEO host has attracted attention due to
its high ionic conductivity and high tensile strength [17]. For flexible batteries, under
buckling, bending or twisting, undesirable plastic deformation may be observed in solid
electrolytes. It is critical that the solid electrolyte used in a flexible battery design does not
exhibit plastic deformation up to certain desirable curvature. Failure limits of each layer in
the LIBs must be identified and analyzed because multi-layered-flexible battery may fail
due to the failure in even one layer of stack. Furthermore, the interaction, adhesion and
cohesion among layers is another important parameter to be fully understood [4]. Methods
of combination, application and fabrication of the electrodes, electrolytes, and separators
into a device influence the electrochemical and mechanical properties of the LIBs. Failure
of layered materials also include micro cracks and fraction under stress. Pre-existing
defects, scratches and edge defects can cause early failure of the multi-layered structure.
As a consequence of repeated buckling or bending, stable interface between electrodes
and current collectors can be deteriorated by interfacial delamination and failure can occur
[3]. By preventing these undesirable failures and minimizing such defects, it is possible to
have better capacity and performance even in the case of high buckling and bending

curvatures.



1.3  Buckling and Bending Mechanics

Buckling is a phenomenon that can suddenly cause structures to be unstable or to have
a large deformation under compressive loads or stresses. Due to buckling, a structure or its
components tend to fail even at much smaller loads than those which cause failure of
structures [36]. Generally, an axis which has minimum area moment of inertia
accommodates buckling. The critical buckling load (P,,) is the lowest load at which

buckling may occur. It is given by

_ T2El )

PC r Lz )

where P, is critical force (Ib, N), I is area of moment of inertia (in’, m*),

E (Ib/in’, Pa (N/m?) ) is elastic modulus and L (in, m) is effective length of structure [36].
For the flexible lithium ion batteries, different buckling modes can be used to analyze
structure of the battery and mechanical stability of whole system. Also, various bending
methods can be helpful to investigate structural failure of the flexible electronics.

When a thin component is bent, the tensile stress is active on the outer surface and the
compressive stress is present at the inner surface. Under tensile or compressive strain, the
resistance of materials can increase or decrease depending on the circumstances and
inherent material properties [5]. While high strain can cause serious electrical and
mechanical problems, low strain usually does not lead to any damage on material [13].
Choosing suitable material and suitable thickness, strain can be modulated better or
decreased [8]. The reason to test battery under different buckling modes and bending

methods is to observe compatibility of battery to the different applications.
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Figure 1.4 Four different buckling cases with the effective lengths [36, 37].

Figure 1.4 shows four different buckling cases based on the end support types and
different effective lengths for the first mode buckling. The flexible batteries investigated
in this study were subjected to Case 4-first mode buckling. Assuming an effective length

of L, the critical force for the structure pinned at both ends is given by

m2El
P, = 7 ()
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For the structure that has one fixed end and one free end, the critical force can be

calculated by

m2El B 0.25T2%EI

P. = =
T (2L)2 12

3)
For the structure that has one fixed end and one pinned end, the critical force

yields Equation 4 given by

m2El 2.0412El

b =7z - "1 @)

For the structure that has one fixed end and one pinned end, the critical force can

be calculated by

b= T2El _4‘1‘[2EI
7 (0.5L)2 L2

)

In Figure 1.5 the principle three-point bending and four-point bending is displayed.
For both bending models, the material parameters and the thickness of the specimen plays
a key role to determine the amount of bending. The maximum stress in a structure is an
important parameter for design and analysis. For the four-point bending, the stress is at
maximum in the region between the supports. For the three-point bending, the maximum

stress occurs at the point where the force is applied [1].
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Figure 1.5 The mechanism of three-point bending and four point-bending [38].

Under the three-point bending, the length L between the two rollers is used to
calculate the maximum stress. The maximum bending stress located at the outer surface

(furthest from the neutral axis) is given by

3PL
- 6
° = 2wez’ (©)
where t is the thickness , w is the width of structure and P is the applied force [38].
According to the Bernoulli-Euler beam equation, the maximum stress for the four-point

bending is expressed by

_3pL,
Towt2

(7

where P is the applied force, w is the width of the specimen which is equal to 2c, t is the
thickness of the specimen and L, is the distance between the inner one inner support and

one outer support [39].
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The maximum strain for the three-point bending test can be calculated by

3PL
- 8
7 2Ewe? )
The maximum strain for the four-point bending test can be calculated by
3PL
= . 9
T 4Ewe? ®)

L is the undeformed length of specimen, w is the width of specimen, t is the thickness of

the specimen and E is the flexure modulus.

1.4  Electrochemical Impedance Spectroscopy for Impedance Measurement

of Lithium-ion Batteries

Battery behaviors at all operational conditions must be known accurately in order
to achieve high performance. The diverse processes inside the cell must be measured as
well as interpreted to acquire in-depth knowledge of the battery mechanisms.
Electrochemical impedance spectroscopy (EIS) is a reliable electro-analytical way of
characterizing the kinetics inside different types of power sources [21]. The impedance of
each kinetic step during each reaction in the power sources can be obtained by EIS. EIS
have been utilized to study lithium-ion (Li-ion) batteries for many years. EIS enables the
discovery of the actual processes that limit the battery performance and provides
remarkable predictive capabilities pertaining to the optimization of the battery design.
Impedance characteristics of battery plays an important role to determine power capability

and the ability of the battery to deliver a certain power.
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Impedance of storage devices is affected by the current, the previous history,
temperature and state-of-charge (SoC) that tests are completed upon the change of the
impedance at various depths of charge and discharge in a certain cycles for investigation
of the reaction mechanism and kinetics. In addition, impedance characteristics are also
influenced by the battery life time such as aging [25, 26]. EIS method is based on the
principle which sinusoidal signal at a given frequency is generated and imposed on the
battery to obtain impedance and characteristics of battery in response. The input signal to
carry out EIS measurement can be either voltage (potentiostatic mode) or current
(galvanostatic mode) [24]. In the potentiostatic mode, the impedance of a systems is
determined by applying fixed potential to the battery and measuring the resulting current.
The current response to the applied sinusoidal potential is also sinusoidal signal at the
same frequency but there is a phase shift between applied voltage and the current response
as shown in the Figure 1.6. On the other hand, in the galvanostatic mode, EIS is
performed at a fixed current. Impedance of a system is determined by measuring the

resulting voltage.

| 7%
NN

AL
NN

phase—shift

Figure 1.6 Sinusoidal current response to the applied potential and phase shift [28].
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In potentiostatic control, the current response and the phase shift are recorded as
responses of the measurements. By using the equation, impedance Z can be calculated:

u(t)  O.sin(wt) _ i sin(wt) (10)

7= _ 17l ,
= i) Isin(wt+ ®) sin(wt + @)

where T is the amplitude of the current signal , U is the amplitude of the voltage signal,
and @ is the phase shift. The symbol of |Z | is the absolute value of the impedance [24].
The angular frequency is expressed as o (expressed in radians/second) and is calculated
from the following equation:
w = 2mf. (11)
Impedance data can be described as a complex function and can be separated into
a real part Equation 12, an imaginary part, -Z" in Equation 13 and total impedance, |Z | is
given by Equation 14 [24]
Z' =|Z|.cos @, (12)

2" = |Z|.sin®, and (13)

|Zz| =Vz"* + 7' (14)

In EIS measurement nyquist plots are the most common plots. However, Nyquist
plots often do not display any information about time and frequency of measured point.
Most of the time, Bode points are included in the EIS measurements to identify the
frequency at measured point. Generally, the Nyquist plot of fresh batteries (uncycled) is
generally composed of one semicircle and one 45 degree linear diffusion line as shown in

Figure 1.7.
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Figure 1.7 General Nyquist plot of fresh LIBs.

In the Nyquist plot of fresh conventional lithium ion batteries, the first section
represents the inductive behavior of the wire in the battery. The second section indicates
the sum of contact resistances of electrodes, electrolyte, separator and current collectors.
The semicircle in Section 3 can be attributed to the electrolyte resistor and double-layer
capacitor behavior in the Li-ion batteries. The last section of the Nyquist plot of fresh
LIBs shows diffusion line at very low frequencies. The Nyquist plots of cycled Li-ion
battery has two semicircles and ideally 45¢ linear diffusion line. It is generally accepted
that for both EIS of fresh battery and EIS of cycled battery, spectrum at very high
frequency regions (Section 1) displays inductive properties triggered by metallic
components in the battery along with electrical cables. In Section 2, for the Nyquist plot of
cycled batteries, the ohmic resistance of the battery from the origin to the intersection of
the Nyquist plot with the real x axis is the sum of the resistances of components of battery

which are current collectors, separator, electrodes and electrolyte [24].
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The semicircle of Section 3 which is the high frequency semicircle is due to the
phenomenon of SEI (Solid Electrolyte Interphase) region forming on the surface of anode
during cycling process. The semicircle of Section 4 which is the middle frequency
semicircle, represents the impedance of the charge transfer reaction and double layer
capacity at electrodes. The low-frequency Warburg impedance is the diffusion process in
the active material of the electrodes at as shown in section 5 [21, 24]. The representation

of the Nyquist plot of a cycled LIB is shown in Figure 1.8.
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Figure 1.8 General Nyquist plot of cycled LIBs

The most common method of predicting the performance and interpreting the
modeling data from the EIS measurements at different conditions and loads is the
simulation based equivalent circuits (EC) [20, 22]. The real impedance data from
measurement is firstly imported into optimization software and interpreted by an
equivalent circuit model (ECM) which consists of resistances (R), inductances (L),

capacitances (C), Warburg Impedances (W), and constant phase elements.
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As aresult of this interpretation, solid electrolyte interface (SEI) resistance, charge
transfer resistance, and interphase electronic contact resistance that represent the electrical
contact between current collectors and electrode components can be determined precisely.
The elements of equivalent circuit models can be connected in parallel or in series to
obtain complex equivalent circuits [31]. The change in physical and electrochemical
properties of the battery can be evaluated with EC [21]. EIS is applicable on Li-ion
batteries at every stage. However, identification of parameters and prediction of elements
of EC must be well understood. The circuit element resistance, R which has no imaginary
part has the impedance of

Zr = R. (15)

The impedance of capacitance does not have a real part. It has only an imaginary
part. The impedance of capacitors is the function of frequency and is inversely
proportional to the frequency [31]. The current of capacitor is phase shifted -90° with
respect to applied voltage. Equation 16 shows the calculation of impedance of capacitors

[31]
Zo=—r0. (16)

An ideal capacitor is based on the homogeneous electrochemical modeling. In the
case of lack of homogeneity, constant phase element, Q is used as a circuit element.

Equation 17 represents the impedance calculation of CPE [31]

1
T m
CPE = Y Gayr” 17)

where, Y, is the admittance of an ideal capacitance and n is an depression factor, ranging

from 0 to 1.
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When n = 1, the CPE acts as a pure capacitor, while when n= 0, the CPE acts as a pure
resistor. In addition, when n= 0.5, the CPE is acts as a Warburg element. With Autolab
analyzer, double layer capacitance and coating capacitance are generally modelled with a
CPE [23, 31]. lon diffusion in electrochemical systems are modeled with the Warburg

impedance. The Warburg impedance can be calculated as shown in the Equation 18

1

Z, = .
Yoy

(18)

A Warburg impedance has real and imaginary parts, resulting in phase angle of
phase angle of 45°. Y}, is the admittance of diffusion. Inductors have mainly imaginary
parts like capacitors. The impedance of an inductor is proportional to the frequency and
increases with the increasing frequency. The current of inductor is phase shifted 90° with
respect to applied voltage. Equation 19 shows the calculation of impedance of capacitors
[31]

Z; = jwL. (19)

Flexible lithium ion batteries used in EIS measurement, testing site, equivalent
circuits and its components for fitting and simulation of data from IES measurement are

discussed in detail in Chapter 2.
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Chapter 2 Experiments
2.1  Overview

In this chapter, the materials incorporated in the flexible Li-ion batteries, the
equipment used in the experiments, and the fabrication process including the preparation
of the electrodes, current collectors and solid polymer electrolytes will be presented in
detail. Subsequently, the capacity measurement techniques to investigate the functionality
of the batteries will be provided. Finally, the buckling tests for each single battery using
the tensile machine apparatus with in situ EIS measurements at different buckling
curvatures will be discussed, and descriptions of the Nyquist plots of fresh and cycled
flexible lithium ion batteries, model fitting techniques and simulation-based EIS

equivalent circuits to determine battery characteristics will be discussed.

2.2  Materials

The specific properties and sources of the materials used in the fabrication of
flexible lithium-ion batteries are presented in Tables 2.1 and 2.2. The current collectors and
electrodes were purchased from MTI Corporation, and were then, cut to the intended
dimensions to be used in the battery. In addition, copper tape was purchased and used as a
current conductor. The properties of current collectors, electrodes and current conductor are
listed in Table 2.1. The solid polymer electrolyte which transports the positive lithium ions
and acts as a separator during the charge/discharge cycling process of the battery is prepared
in the laboratory. Acetonitrile was purchased from Sigma Aldrich and used as a solvent.
Two different PEO polymers with different molecular weights were used as polymer

electrolyte, also purchased from Sigma Aldrich.
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The lithium perchlorate (LiClO4) is used as lithium salt and the graphene oxide (GO) as
nanofiller is added to the solid polymer electrolyte to enhance its ionic conductivity. Table

2.2 shows the properties of the materials that are used for the preparation of the solid

polymer electrolyte in the laboratory.

Table 2.1 Material properties of current collectors, electrodes and current conductors.

Name Component Material Thickness Specific Average Source

capacity | cycle life

Li-Ton Current Aluminum 0.015mm N/A N/A MTI
Battery collector +0.003mm Corporation

Cathode -

Aluminum

Foil Single

Side Coated

by LiCo02 Cathode Lithium 0.085mm | 145mAh/g | 500
Cobalt +0.008mm Cycles at
Oxide 0.2C

(LiCo02)

Li-lon Current Copper 0.01lmm N/A N/A MTI
Battery collector +0.005mm Corporation
Anode -

Copper Foil
Single Side
Coated.by Anode Composite 0.04mm 330mAh/g N/A
Graphite Graphite +0.008mm
Copper tape Current Copper 0.207 mm N/A N/A N/A
conductor
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Table 2.2 Materials used in the preparation of solid polymer electrolyte.

Name Molecular Formula Molecular Structure Molecular Source
Weight
Acetonitrile C2H3N 'T' 41.05 Sigma-Aldrich
H— (|3 —C=N
H
Poly(ethylene H(OCH,CH;),OH 100,000 Sigma-Aldrich
oxide) )!/O \/\]\
H nOH
Poly(ethylene H(OCH,CH;),OH 600,000 Sigma-Aldrich
oxide) ’l,o \/\]\
H rlOH
Lithium LiCl04 o 106.4 Sigma-Aldrich
Perchlorate
Graphene N/A N/A Graphene
Oxide Supermarket

2.3  Equipment

The equipment used in the experiments conducted for this study, are listed in
Table 2.3. Figure 2.1 shows the vacuum dry glove box used to store the initial constituent
materials, SPEs and flexible LIBs. Large and small chambers enables the transfer of
objects of various sizes inside and outside of glove box. The membranes were dried in the

vacuum ovens shown in Figure 2.2.
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Table 2.3 Equipment used in the experiments.

Name Type Function Source
Analytical PA 200 C Weighing Intell-Lab™
Balance
Magnetic RT 15 power Mixing and IKAMAG
Stirrer Stirring
Sonicator 3510 Ultrasonic Branson
Cleaning
Vacuum Oven N/A Dry SHELAB
Glovebox Dual Port- Battery Vacuum
Systems Assembly and Atmospheres
Omni Lab Dry Storage company
Lamination Saturn 95 Laminating Fellowes
Machine
Tensile MARK-10 ESM301L Buckling Test Cole Parmer
machine
Autolab N Series Capacity Metrohm
Measurement
Autolab N Series EIS Metrohm
Measurement
and Fitting
High N/A 50 °C Battery Espec
Temperature Testing
Measurement
Oven
Autolab N Series 50 °C EIS Metrohm
measurement
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Figure 2.1 Glove box system.

Figure 2.2 Vacuum Oven.
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2.4  Fabrication Process

Current collectors, electrodes, solid polymer electrolyte, current conductors and
lamination sheets are needed for the fabrication of the flexible lithium ion battery. Current
collectors, electrodes and current conductor are obtained from various manufacturers and
cut to the desired dimensions. As mentioned previously, solid polymer electrolyte (SPE) is
prepared in the laboratory. Basically, specific amount of PEO powder and lithium salt
polymer are dissolved in the acetonitrile and then, the graphene oxide (GO) is added to the
solution as a nanofiller. Because of its properties, graphene oxide has the potential to be
applied in ultra-thin energy storage devices, flexible electronics, and sensor devices [19].
Solid PEO-LiClO4+—GO nanocomposite electrolyte with 1 wt% GO has been recently
reported to show about two orders of magnitude enhancement in ion conductivity
(~1075 S cm™! ) compared to pure polymer electrolyte (PEO-LiClO4) (~1077 Scm™1)
[17].Furthermore, the tensile strength of the nanocomposite electrolyte with GO has
shown to increase by 260% compared to that of the pure polymer electrolyte. This
increase in tensile strength can be attributed to the superior mechanical properties of GO
nanosheets and playing the role of “tie molecule” in the polymer host. [17]. It has also
been reported that the addition of GO can lead to lower internal and interfacial impedance
demonstrated by EIS measurements [16]. After the preparation of the SPE, it is also cut to
the desired dimensions. Finally, all prepared components are assembled into a battery. The

fabrication process is explained in detail in this section.

26



2.4.1 Preparation of Solid PEO (100,000 Mw)/GO/LiCl04 Electrolyte

The PEO powder (2g) ,the lithium perchlorate (0.3g) (ether-oxygen to lithium
ration (EO/L1) of 16 : 1) and graphene oxide (0.021g) which is 1 wt. % (percent of total
weight of the polymer electrolyte film) are precisely weighed on the analytical balance
and 70 mL acetonitrile (C2H3N) is set based on the measuring glass [16]. For better
mixing, the preparation of solution must be done under stirring. Therefore, 60 mL
acetonitrile was poured into a round glass jar. Subsequently, a magnetic stirring bar was
placed inside the pure acetonitrile in the jar, and the jar was placed on the magnetic stirrer.
While stirring the acetonitrile, first, the PEO powder was slowly added into the
acetonitrile solvent. Thereafter, the Li salt and GO powder were added into the jar. They
were all mixed in a round glass jar to dissolve the PEO powder and Li salt in acetonitrile.
This procedure was applied to yield homogenous and mechanically stable membranes.
The solution was stirred for 24 hours to obtain PEO/GO/Li salt solution. After stirring, the
solution was sonicated for 30 minutes. Simultaneously, non-stick Teflon petri dish was
cleaned and washed with acetone, and was placed into the oven at 50 °C for 15 minutes
for drying. Then, PEO/GO/LiClOj4 solution was poured into cleaned and dried petri dish.
Teflon petri dish was placed inside the vacuum oven at 50 °C and was kept there for 20
hours to produce a dry membrane. During the drying process, continuous vacuum was
applied for a more effective drying of the membrane and to prevent exposure to the air.
Finally, the SPE film was stored in the vacuum glove box for seven days to make it fully

dry and prevent it from absorbing moisture and plasticization before use.
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2.4.2 Preparation of Solid PEO (600,000 Mw)/GO/LiCl104 Electrolyte

For the preparation of the second type of SPE with the PEO of a different
molecular weight (i.e., 600,000 Mw), the same procedure was followed as for the first
electrolyte. While stirring the acetonitrile solvent, the PEO powder (2 gr), the lithium
perchlorate (0.3g) and 1 wt. % graphene oxide (0.021g) were added and dissolved in 70
mL acetonitrile in a jar on magnetic stirring machine. The solution was stirred for 48
hours. After stirring, the solution was sonicated for 60 minutes to break off the potentially
aggregated particles. Petri dish was cleaned with acetone and was placed into the oven at
50 °C for 15 minutes of drying. Afterward, the solution was poured into the clean petri
dish and the petri dish was placed inside the vacuum oven at 50 °C for 24 hours. This
higher molecular weight (600,000) SPE does not absorb moisture or plasticize as quickly
as the first electrolyte (100,000 Mw PEO) and therefore, it was stored in the vacuum glove

box for three days before use.

Figure 2.3 Preparation of the solid nanocomposite electrolyte.
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2.4.3 Preparation of Current Collectors and Electrodes

The cathode/current collector bilayer sheet used in the Li-ion battery is based on
an aluminum foil coated by lithium- cobalt oxide in single side and was purchased from
MTI Corporation. Anode/current collector sheet used in the Li-ion battery is based on the
copper foil coated by graphite in single side and was also bought from MTI Corporation.
All information about those sheets can be found in Table 2.1. Electrodes and current
collectors from MTI Corporation are cut to size of 20 x 20 mm? by using paper cutter.
Then, the copper tape is cut to a length of 30mm sections and is then attached on both
surfaces of the current collectors as a current conductor to enable connection to the
equipment for battery charging and discharging and to measure the kinetics that occur
inside the battery. The electrodes and current conductors are stored in the glove box until

use.

2.4.4 Fabrication of Flexible Lithium-ion Battery

After the SPE, electrodes, current collectors and laminating sheets are ready to use,
the battery assembly process was performed in the glove box where all the components of
flexible lithium ion battery are stored. First, the copper current collector coated by
graphite was placed on the laminating sheet. For ideal achievement of SPE properties
including the ionic conductivity and interfacial contact, 5 to 7 wt % of plasticizer (aqueous
1 M LiPF6 in ethylene carbonate and dimethyl carbonate (EC/DMC 1: 1 vol/vol)) were
added on the surface of the graphite anode and on the surface of LiCoO; cathode [19].
Subsequently, the solid polymer electrolyte was sandwiched between the anode and

cathode.
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Figure 2.4 from a previous work by this research group [16] shows that such fabricated

flexible lithium ion battery is functional and the battery lightens the red LED. In addition,

the components for the fabrication of flexible battery can be seen in this figure. Additional

images of the fabricated batteries will be provided in the next chapter.

<% Graphite

Lamination

Sheet

Figure 2.4 Fabricated flexible LIB powering an LED and layers of flexible LIB [16].

Table 2.4 Properties of components used in the fabrication of the battery.

Component Material Quantity Length Width Thickness
Anode Graphite 1 20 mm 20 mm 0.04 mm
Current Collector Copper (Cu) 1 20 mm 20 mm 0.01 mm
(Anode)

Cathode LiCo0O2 1 20 mm 20 mm 0.085 mm
Current Aluminum (Al) 1 20 mm 20 mm 0.015 mm
Collector(Cathode)

Electrolytes PEO+LiCl04+1%GO 1 20 mm 20 mm 0.450 mm
Current Conductor Copper 2 30 mm 5 mm 0.207 mm
Encapsulant Scotch laminating 2 N/A N/A 0.069 mm

sheet
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Table 2.4 shows the dimensions and the quantity of the components used in the
fabrication of flexible LIBs. For better sealing and to avoid delamination under bending
and buckling, glue was added around the battery between the laminating sheets, and the

battery was double laminated as shown in Figure 2.5.

Figure 2.5 Double lamination process of the battery.

2.5 Characterization

As mentioned in the previous sections, each flexible Li-Ion battery was stored in
the argon-filled glove box following their fabrication. For characterization, LIBs were
taken out of the glove box one by one and were tested. Fresh and cycled batteries with
different properties and treatments were characterized under loading. The first step was to
conduct EIS to determine the impedance of each single battery and gain some insight on
the functionality of the battery upon cycling. The prediction of the functionality of the
fresh batteries was facilitated by observing the Nyquist plots of the batteries in certain

frequency range.
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After identifying the proper “functional” batteries according to their first EIS test,
then a comprehensive EIS measurement was applied to the fresh batteries at different
curvatures and it was also applied to the cycled batteries at similar curvatures. In this
section, the capacity measurements, the EIS measurement at various curvatures, and the

buckling/bending analysis applied to flexible lithium ion battery are described.

2.5.1 Capacity Measurement

Generally, to optimize the capacity of the battery and according to the internal
resistance of the battery, different C rates and currents are chosen [32]. However, in this
study capacity measurements were performed to determine the functional batteries to test
under the buckling. Usually, a high cell operating voltage is desirable in order to achieve a
high capacity and, a cell operating voltage is related to the cathode voltage. Using high-
capacity cathode materials and using electrolytes with large voltage window, a high cell
operating voltage can be achieved. However, for the stability of conventional electrolytes
and a long battery lifetime, cutoff voltage must be chosen to remain in the safe window
[34]. For non-conventional electrolytes such as polymer electrolytes with wider voltage
window, cut-off voltage can be increased to higher values (i.e., 4.9 V or higher) [16]. 4.2
V is the upper cut-off voltage for charging LiCoO2 and it corresponds to a lower potential
than the theoretical capacity of the cathode, around 145 mAh/g which is shown in table
2.1. The lower cut-off voltage of flexible Lithium ion battery, 2.8 V provide residual
capacity of around 30 percent after discharge. For Lithium ion batteries, 4.2 Vto 2.8 V
potential range is one of the most effective working bandwidth. Charging and discharging
battery in this range causes reduced voltage related undue stress and leads longer service

life of battery [33, 35].
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Remarks Chrono potentiometry (At > 1 ms) 53
End status Autolab g
Signal sampler Time, WE(1).Current, WE(1).Potential 553
Options No Options )
Instrument
Instrument description battery 56
+ Autolab control 5531
=1 Repeat n times 20
Number of repetitions 20
+ Set current 0.000E+00
+ Setcell On =4
+ Record signals (>1 ms) galva. [60,1]
+ Wait time (s) 5
+ Set current 1.000E-03
+ Record signals (>1 ms) galva. [10800, 20]
+ Wait time (s) 10
+ Set current -1.000E-03
+ Record signals [>1 ms) galva. [36000, 20]
+ Set cell Off 53
+ Wait time [s) 60
.0
.20

Figure 2.6 Capacity measurement procedure.

2.5.1.1 Capacity Measurement at Room Temperature

All batteries were discharged (Li-ion insertion) and charged (Li-ion extraction)
between 10 to 20 cycles with 1 mA cycling current at 25 C room temperature to
investigate the functionality of the batteries and to observe if the impedance of the
batteries have the same trend for the batteries with slow or fast capacity fading. During the
cycling process, high cutoff voltage was set up for 4.2 V and low cutoff voltage set up for
2.8 V. In addition, the resting time between the battery charge and discharge was 60

seconds.
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Shortly after the capacity measurement at room temperature, the batteries were
placed in the tensile machine at the same room temperature. Once the batteries were

buckled, the EIS measurements were performed.

2.5.1.2 Capacity Measurement at High Temperature

Similar to the batteries cycled at room temperate, a set of batteries were placed in
the oven at 50 °C and were discharged (Li-ion insertion) and charged (Li-ion extraction)
between 10 to 20 cycles with the 1 mA cycling current. Capacity measurements were
conducted at 50 °C. The batteries were then taken out of the oven and placed in the tensile
machine. The buckling test was applied to the batteries and EIS measurements were
conducted. The upper and lower cut-off voltages and resting time for the batteries cycled

in the oven, were the same as that of the batteries cycled at room temperature.

2.5.2 Buckling/Bending Analysis

To determine the impedance and the contact resistance of the battery at different
amount of buckling via EIS, the buckling tests were performed using the apparatus of
Mark-10 tensile machine (Esm3011 Type). The battery was placed exactly at the mid-
distance of two apparatus to produce maximum buckling at the center of the battery.
During the test, the vertically placed battery was bent with horizontal displacements of 0
mm, 10 mm, 15 mm and 20 mm. For each displacement, EIS measurements were taken
three times to be sure that the battery has a stable impedance at that curvature. To
determine the radius of the curvature at the center of the battery, a circle fit method was
applied to the photo pictures taken during the measurement. The distance between the two
was known and measured during the experiments. Radius of the curvatures for each

battery at different displacements were calculated separately.
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Figure 2.7 The buckling test and determining curvatures with circle fitting method.

Figure 2.7(a) represents the general structure of the fabricated battery. The current
conductors were attached on two surfaces of the fabricated battery and the square-shaped
battery was placed in the middle of the sealing with the laminating sheets. Figure 2.7(b)
shows buckling of the flexible battery in the tensile machine. At the buckled position, EIS
was performed by the addition of measurement electrodes. The circle fitting method to
determine the buckling curvature is shown in Fig 2.7(c). In this figure that presents the
side views of the battery, the red section at the center is the active battery area, and the
transparent plastic section surrounding it, is the encapsulation laminating paper., The
circle fitting was applied to the buckled battery at the center. Figure 2.7(d) shows the
buckled battery at the center. All important factors that can affect the EIS measurement

must be taken into consideration.
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The buckling experiments were performed at the same speed so that all batteries
could be treated in a same way. High speed buckling procedure must be avoided, because
high speed buckling experiments can deteriorate the interface between the layers of the
battery and can cause delamination of the layers and the laminating sheets. The tensile
machine apparatus must be stationary and, furthermore, to ensure stabilized tensile grips,

the EIS measurement was performed after10 seconds of stabilization.

2.5.3 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful method to

characterize a battery or its components, and it is generally aimed at obtaining better
insight and comprehension of the mechanisms in the battery including capacity fading. In
this work, EIS measurement was conducted to investigate the change of contact
resistance of different flexible lithium ion batteries subjected to increasing contact
pressure. When the multi-layer battery is bent or buckled, the contact pressure between
each layer increases. This increase in contact pressure can provide better interface contact
between the layers of the battery which can potentially affect the contact resistance and
the battery performance. The EIS measurement was divided into two categories: fresh
batteries and cycled batteries. During the investigation of the flexible lithium ion
batteries, the impedance spectra was recorded at flat position and at three different
curvatures for both fresh and cycled batters as mentioned in the previous section on
buckling/bending analysis. All the impedance data were measured at room temperature
(i.e., 25 °C) for both fresh and cycled batteries. Also, the batteries cycled at 50 °C in the

oven were tested immediately after they were fully discharged at 25 °C.
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The impedance measurement was repeated several times to obtain stable impedance
spectrum and high statistical confidence. The experiments were carried out in the
potentiostatic mode by applying fixed potential to the battery. The EIS was performed in
a frequency range of 1 Hz to 0.1 MHz with amplitude of 0.01V using Autolab N-series
analyzer as shown in Figure 2.8 with a frequency response analyzer (FRA) capability.
The FRA has both potentiostatic and galvanostatic modes. In this experiment, the number
of frequencies was set up to 50 producing plots with 50 impedance points each at a

different frequency.

Frequency range Integration time calculation
First applied frequency :100000 Hz  Integration time (maximum) 10.125 $
Last applied frequency :1 Hz  Integration cycles (minimum) " -
Number of frequencies '50

) . Frequency step Wave type
Significant digits ‘5 = O Linear ®) Single sine
Amckixls ® Logarithmic O Bsines
Anpltude o0t (O Square root O 15sines

D AMS O Frequencies per decade

I Replace H Add ][ Clear ]

Frequency (Hz) Amplitude () ‘Wave type Integration time  Minimum number of cycles to integrate
> 1 L oo Single sine v 0,125 1
2 | 79060 0.0 Single sine v |0.125 1
3 | 62506 0.0 Single sine v |0.125 1
4149417 0.0 Single sine v |0.125 1
5139069 0.0 Single sine v |0.125 1
6 | 30888 0.0 Single sine v |0.125 1
7124421 0.0 Single sine v |0.125 1

0K ] [ Cancel

Figure 2.8 The frequency scan parameters.
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The Nyquist plots present real and imaginary impedance parts of the measurement so that
EIS measurements could be analyzed and interpreted quickly. The shape of the Nyquist
plots plays an important role in the interpretation of the battery characteristics. The only
disadvantage of the nyquist plots is that they do not show the frequency data. An
alternative plot in the Autolab analyzer is the bode plot which can be used to observe the

change of impedance and phase shifts as a function of frequency.
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Figure 2.9 FRA potentiostatic procedure.
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Curve fitting and simulation using equivalent circuits (ECs) were performed after
impedance spectroscopy, to model the various transport and impedance mechanisms in
the lithium-ion batteries. First, the parameters in the equivalent circuit model must be
assigned according to the general working principle of the battery. Then, by means of the
ECs, the Nyquist plots of the measured real impedance data were fitted via Autolab

analyzer where the EIS measurements were performed.

2.5.3.1 Nyquist Plots and Circuit Modeling

The curve fitting of the real impedance data was used to identify the equivalent
circuit (EC) elements and to obtain values for the solid electrolyte interphase (SEI)
resistance. The SEI resistance in the fabricated flexible Li ion batteries in this work is
expected to be negligible or relatively small due to the fact that the main electrolyte used
is solid polymer, and only few drops of liquid electrolyte was used during the assembly to
enhance the interface in the battery. EC elements must also include charge transfer
resistance and the electrical contact resistance between the current collectors, electrodes
and the polymer electrolyte. In this experiment, equivalent circuit models which were a
combination of well-known circuit elements such as resistors(R), capacitors (C), constant
phase element (Q) and Warburg impedance element (W) were effectively used to
interpret the data from the impedance spectroscopy for the characterization of the
electrochemical systems. While the impedance of the resistor has only a real part, the
impedance of the capacitors which is a function of frequency, has only an imaginary part.
Constant phase element and Warburg element have both real and imaginary parts. Figure
2.10 shows the equivalent circuit and the nyquist plot of the fresh batteries and Figure

2.11 shows the nyquist plot of cycled batteries.
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Both Nyquist plots in the figures are ideal Nyquist plots. Because of the value of
the contact resistance, the length and width of the first and the second semicircles and the
angle of the linear diffusion line varies from battery to battery. In the equivalent circuit of
the fresh battery, the first resistance R¢ represents the first section of the Nyquist plot
which gives the contact resistance value of the battery. In Section 2 of the Nyquist plot,
the first semi-circle which is modeled by CPE and R elements in parallel connection
gives the combination of the electrolyte resistance and the capacitance on the imaginary
axis. Since there is no charge transfer for uncycled batteries, there is no charge transfer
resistance. Therefore, there is only one semi-circle in this Nyquist plot, and it is only due
to the polymer electrolyte resistance. When it comes to the capacitance, it is known that
the SEI film forms after the initial charging. However, double layer capacitance can take
place in fresh batteries and the capacitance effect observed in the Nyquist plot, can be
attributed to the double layer capacitance in the fresh battery. In the last section of the

Nyquist plot, the linear diffusion line is the Warburg impedance.

Figure 2.10 The equivalent circuit used for fitting of the Nyquist plot of a fresh battery.
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The impedance of the fresh battery can be described as the sum of the impedance of the

elements in the equivalent circuit. It is given by

1

1 (20)

+ YOw(i(*))n
1 -
YOQ,/](o

B o

Figure 2.11 The equivalent circuit used for fitting of nyquist plot of cycled battery.

For the cycled batteries, the first section that is from the plot origin (0, 0) to the
intersection of Nyquist plot with the real x-axis represents the contact resistance between
the components of the battery. In the second section modeled by RC elements, the semi-
circle consists of the resistance and capacitance. Resistance is mostly contributed by the
electrolyte and potentially by a small amount of resistance arising from the SEI film
formation. Capacitance of the first semi-circle can be originated from the SEI film

formation and double-layer effect in the battery.
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The second circle represents the combination of charge transfer resistance and the
capacitance of double layers. Last section which is a linear diffusion line in the Nyquist
plot is the Warburg impedance. The impedance of the cycled battery can be described as

the sum of the impedance of the elements in the equivalent circuit. It is given by

Z=a—T+Za+—7 — (21)

L +
Zr, Zc Zr, *Zw = Zcpe

Insertion of impedances of each element leads to Eq. (22),
1 1
Z= 4 * Rc + 1 . (22)
7o TjwC 1 + You Gw)™
1
(Rl + )

Yoo /jo

After obtaining nyquist plots of fresh and cycled batteries and fitting them, values for
circuit’s elements were found and changes in contact resistances and contact conductance
of batteries were investigated with respect to buckling curvatures. All Nyquist plots and
the circuit models used to describe the changes in the contact resistances are presented in

Chapter 3.
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Chapter 3 Results and Discussions

3.1 Fabricated Flexible Lithium-ion Batteries

In this section, the results of the flexible battery fabrication process are presented
and discussed. There are several aspects about the fabrication process that can lead to
problems in the produced battery if not adequately addressed, and in general, the
fabrication process must be performed very carefully. For example, the layers in the
battery must be exact match of each other when it comes to dimensions of layers.
Interface contact between the components of the battery plays a significant role in the
battery performance. Under deformation, the deterioration in interface contact between the
layers of battery can result in increasing resistance and performance loss. The
delamination of laminated sheets under deformation may trigger the exposure of battery
components to moisture and air. The reaction of the battery components with air and
moisture can lead to the oxidation of components that can cause capacity degradation and
failure and can render the battery functionless in the long term. Short circuit in flexible
batteries is one of the most common problems that can cause nonworking batteries.
Sliding of the layers on the top of each other, use of damaged or defected components,
excessive addition of liquid electrolyte, and overheating of the battery in the laminating
machine can cause problems in the final fabricated battery and must be avoided.
Nanocomposite solid polymer electrolyte in Figure 3.4 is one of the most important
components that can influence the impedance and performance of the battery. Over drying
of solid polymer electrolyte in the oven generally causes porous surfaces of the electrolyte

that may adversely affect the quality of the polymer electrolyte.
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Also, overheating of the battery during the laminating process will damage the
electrolyte. Both situations will lead to non-working batteries or batteries with very short

service lives.

Figure 3.2 Flexible batteries at flat position and at three different curvatures.
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Figure 3.3 The fabricated battery at different curvatures and angles.

Figure 3.4 The nanocomposite solid polymer electrolyte.
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3.2  Electrochemical Characterization of Flexible LIBs

Figure 3.5 presents the specific capacities of the first three batteries for 20 cycles
at room temperature. Values of specific capacities of these cycled batteries start between

0.03mAh/cm? and 0.04mAh/cm?, and increases up to 0.065mAh/cm? and 0.08mAh/cm?.
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Figure 3.5 Specific capacities of Battery 1, Battery 2 and Battery 3 based on 100,000 Mw
PEO at room temperature.

Figure 3.6 displays specific capacities of cycled batteries based on SPEs prepared with
600,000 Mw PEO host. Only these three batteries (Batteries 4-6) include the 600,000 Mw
PEO. Other batteries are based on SPEs prepared with 100,000 Mw PEO. Batteries in this
figure show various behaviors at different numbers of cycles. In Figure 3.6, specific
capacities of Battery 4 and Battery 6.decrease gradually beginning from the first cycle.
However, the specific capacity of Battery 5 increases from 0.052mAh/cm? to 0.075

mAh/cm?.
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Figure 3.6 Specific capacities of Battery 4, Battery 5 and Battery 6 based on 600,000 Mw

PEO at room temperature.
In Figure 3.7, after a small capacity fading, Battery 8 appears stable. Battery 9 had a large
capacity fading between 0.15 mAh/cm? and 0.08 mAh/cm?. On the other hand, the
specific capacity of Battery 7 increases from 0.03mAh/cm? to 0.078 mAh/cm? as a result
of 20 cycles. In comparison with the other cycled batteries, batteries cycled in the oven at

higher temperature (i.e., 50 °C) have higher specific capacities.
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Figure 3.7 Specific capacities of Battery 7, Battery 8 and Battery 9 based on 100,000 Mw
PEO at 50 °C.
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3.3 Nyquist Plots of Fresh and Cycled Lithium Ion Batteries
EIS measurements were performed at four different curvatures for all batteries
including flat position (zero curvature). Real data and fitting data obtained from fit-and-

simulation based EIS on the Autolab analyzer are provided with Nyquist plots.

3.3.1 Nyquist Plots of Fresh Batteries
Nyquist plots of all fresh batteries, fabricated using SPEs prepared with 100,000

Mw PEO host, are presented and discussed in this section.
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30 Flat fresh battery 1
g Battery 1 for cur 1
= Battery 1 for cur 2
N
v 20 Battery 1 for cur 3
—— Fitting of flat fresh bat 1
10 —— Fitting of bat 1 for cur 1
—— Fitting of bat 1 for cur 2
—— Fitting of bat 1 for cur 3
0
0 20 40 60 80 100 120

zZ'(Q)

Figure 3.8 Nyquist plots of fresh Battery 1 at different curvatures.

In Figure 3.8, it can be clearly seen that the first section—between the origin and
the intersection of the Nyquist plots with the real x-axis, which describes contact
resistance between the components of the battery—decreases sharply under buckling

compared to that in the flat position.
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Even though the nyquist plots of Battery 1 for Curvatures 1, 2, and 3 seem to be
similar, the green-colored plot that represents the highest amount of buckling has the
lowest contact resistance. The general trend for the fresh Battery 1 is that with the
increasing value of curvature, contact resistance decreases. Capacitances and linear
diffusion lines are not affected significantly for Battery 1. The resistance of the first
semicircle slightly increases under buckling, however the buckled battery has a clear

advantage over the flat battery in terms of total resistance.
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Figure 3.9 Nyquist plots of fresh battery 2 at different curvatures.

Similar to the fresh Battery 1, after the first buckling curvature, the contact
resistance of Battery 2 shows a rapid decline compared to that at flat position as depicted
in Figure 3.9.The green-colored plot has the lowest contact resistance, similar to the first

figure.
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By observing the width of the semicircle of Nyquist plots on the real x-axis, it is
obvious that the battery at flat position has the highest resistance. From Curvature 1 to
Curvature 3, the resistance of the semicircle changes insignificantly. The diffusion
coefficient and the imaginary part of the semicircle on the y-axis, which represents the

capacitance, do not show considerable changes.
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Figure 3.10 Nyquist plots of fresh Battery 3 at different curvatures.

Unlike the first two figures, all Nyquist plots for fresh Battery 3 for different curvatures
seem to have approximate values in the Figure 3.10. Because of the longer linear diffusion
line, the scale of the real x-axis in this figure is much larger than the scales of the x-axis of
the first two figures. That makes the approximate values of resistances look like they are

at the same point. In addition, from the flat position to the first buckling curvature, the
first two fresh batteries have higher decline in the value of contact resistances. In Figure
3.10, the contact resistance for Battery 3 in the flat position is about 40 Q, and the value of
the contact resistance of Battery 3 at Curvature 3 is close to 30 Q.
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With the increasing radius of the curvature, this battery also exhibits the same trend that is
decreasing of the contact resistance; but this decrease in contact resistance is
comparatively less than the other two reduction values observed for Batteries 1 and 2. The
value of resistance obtained from the semicircle in this figure also decreases slowly with
the increasing radius of curvature. Buckling does not have a crucial effect on the
capacitance value and diffusion, as in the first two batteries. Differences in the contact
resistances of the fresh batteries can be attributed to the interfaces of the components in
the batteries. For the first two fresh batteries, contact resistances sharply declined from the
flat positions to the first buckling curvatures, and after the first buckling curvature, this
decline became gradual. It can be observed that Battery 3 has a better interface compared
to Batteries 1 and 2 initially. As they all buckled, the interfaces in the batteries
comparatively improved (i.e., impedance decreased), although in the case of Battery 3 the

improvement under buckling is observed to be relatively less.

3.3.2 Nyquist Plots of Cycled Batteries

The Nyquist plot of the next three cycled batteries, fabricated using SPEs prepared
with 100,000 Mw PEO host, are presented and discussed in this section. Figure 3.11
shows the Nyquist plot of the first cycled battery. By carefully examining the figure, one
may see that the Nyquist plots of Battery 1 after 20 cycles are composed of two
semicircles. The first semicircle is in the high frequency (HF) region, the second
depressed semicircle is in the middle frequency region, and a sloped line comprises the

low frequency region.
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Figure 3.11 Nyquist plots of cycled Battery 1, fabricated using an electrolyte prepared
with 100,000Mw PEO host.

By examining all the Nyquist plots, charge transfer resistance and contact
resistance of Battery 1 show clear decline under the first buckling curvature in comparison
to that in flat position. A slight drop in the contact resistance with increased buckling can
be noticed by enlarging the figure. On the other hand, the capacitances of the first and
second semicircles demonstrate negligible changes for different curvatures. Figure 3.12
shows the Nyquist plot of cycled Battery 2. The Nyquist plots of cycled Battery 2 after 20
cycles are composed of a linear diffusion line and two semicircles, similar to that in the

first cycled battery.
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Figure 3.12 Nyquist plots of cycled Battery 2, fabricated using an electrolyte prepared
with 100,000Mw PEO host.

The second semicircle can only be clearly observed by scaling up the mid-
frequency region. The contact resistance and the charge transfer resistance both reduce
with increased buckling, and furthermore, buckling leads to reduced total impedance for
the cycled Battery 2. There were no significant changes in the capacitance due to the
potential formation of SEI film or other passivation films, double layer capacitance or a
Warburg impedance. In Figure 3.13, the Nyquist plots of the flat battery and buckled
batteries seem to overlap, and all the Nyquist plots consist of two semicircles similar to
that in the first two cycled batteries. The high frequency (HF) region semicircle shape is
comparably obvious, whereas the second mid-frequency semicircle is highly depressed

and less apparent.
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The second semicircle has a much higher radius than the first one, and the only
way to observe this circle is to magnify the figure between the first semicircle and the
linear diffusion line. The values of the contact resistance and total resistance of the cycled
Battery 3 demonstrate consistent reduction in impedance with increased buckling as in the

case of the first two batteries.
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Figure 3.13 Nyquist plots of cycled battery 3, fabricated using an electrolyte prepared with
100,000Mw PEO host.
3.3.3 Nyquist Plots of Other Cycled Batteries
In this section, the Nyquist plot of the next three cycled batteries, fabricated using
SPEs prepared with 600,000 Mw PEO host, are presented and discussed, and the Nyquist
plots for the batteries based on 100,000 Mw PEO subjected to a higher temperature of 50

°C are also included.

54



Figure 3.14 shows the Nyquist plot of the cycled Battery 4 based on 600,000 Mw PEO

tested at room temperature. The first cycled battery is composed of two depressed

semicircles.
160
140
([ J
120
100
§ 80
i,‘ ® Bat4forcur3
® Bat4forcur?2
60 ® Flat battery 4
® Bat4forcurl
40 —— Fitting of flat bat 4
—— Fitting of bat 4 for cur 1
20 —— Fitting of bat 4 for cur 2
—— Fitting of bat 4 for cur 3
0
0 50 100 150 200 250

Z'(Q)

Figure 3.14 Nyquist plots of cycled Battery 4, fabricated using an electrolyte prepared
with 600,000Mw PEO host.

For all the Nyquist plots of this cycled battery at different curvatures, the ohmic resistance
of the first semicircle—which is the combination of electrolyte resistance and the SEI film
formation resistance—has similar value compared to the Nyquist plots of previous cycled
batteries. However, when it comes to the depth of first semicircle, the value of
capacitances in this figure is, by comparison, smaller than the capacitances of previous
cycled batteries. The slightly curved line between the electrolyte resistance and the linear
diffusion line can be attributed to the combination of charge transfer resistance on the real

x-axis and the double-layer capacitance on the imaginary y-axis.
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This curved line has the same appearance in the last three batteries as well. The small
capacitance of the potential formation of SEI or other passivation film may arise from the
lack of liquid plasticizer added during the fabrication process. Figure 3.15 shows the

Nyquist plot of cycled Battery 5.
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Figure 3.15 Nyquist plots of cycled battery 5, fabricated using an electrolyte prepared with
600,000Mw PEO host.

Contradictory to all previous batteries, the nyquist plots of this cycled battery appear
similar to the Nyquist plot of a fresh (uncycled) battery. Generally, the Nyquist plots of
cycled batteries should ideally have two semicircles. Also, each semicircle generally
represents the combination of resistance and capacitance. If the impedance of a resistance
and impedance of a capacitance have the values which are visible on the x and y-axis, the
semicircle can be observed on the Nyquist plot. In this case, there are two possible

explanations for the deviation from the general trend.
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First, the two semicircles may be overlapped. Secondly, the second semicircle may not be
visible due to the high ratio between the impedance of the charge transfer resistance, and
the impedance of double-layer capacitance. Although the Nyquist plots of the battery
show unusual behavior, it is clear that a better interfacial contact and a lower contact

resistance can be achieved at the highest radius of curvature.
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Figure 3.16 Nyquist plots of cycled Battery 6, fabricated using an electrolyte prepared
with 600,000Mw PEO host.

The blue-colored plot symbolizes the actual and fitted data of the battery in flat position,
the red-colored plot symbolizes the actual and fitted data of the battery for Curvature 3.
By carefully examining the figure, it is noted that the red plot exhibits the lower value of

contact resistance, and the blue plot shows the highest value of contact resistance.
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In terms of electrolyte and charge transfer resistance, the cycled Battery 6 for Curvature 3
presents the lowest value. That means better contact may provide easier charge transfer

from the cathode to the anode through the SPE.

3.3.4 Nyquist Plots of Batteries Cycled at 50 °C

The Nyquist plots of the last three batteries, cycled at 50 °C in the oven and
fabricated using SPEs prepared with 100,000 Mw PEO host, are presented and discussed
in this section. With increased buckling, as depicted in Figure 3.17, the interface contact

and the charge transfer resistance show small amount of enhancement.
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Figure 3.17 Nyquist plots of battery 7, fabricated using an electrolyte prepared with
100,000Mw PEO host and cycled in the oven.

The linear diffusion line, the capacitance (due to the SEI or passivation film) and the
double-layer capacitance do not display considerable changes. Figure 3.18 depicts the
Nyquist plots of Battery 8 cycled in the oven.
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Although the value of the contact resistance of the cycled Batteries 7 and 8 have
approximate decrease in percentages, this reduction is more observable in Figure 3.18.
The potential reason to why the shifts in the values of contact resistance for the cycled
Battery 8 is more obvious is because the changes in the SEI film and charge transfer (ct)

resistances are relatively more drastic than the changes (SEI film and ct resistances) in the

cycled Battery 7.
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Figure 3.18 Nyquist plots of Battery 8, fabricated using an electrolyte prepared with
100,000Mw PEO host and cycled at 50 °C.

In Figure 3.19, the Nyquist plots of cycled Battery 9 at different buckling curvatures are
presented. Except for the plot of the battery in flat position, all other plots appear to be
overlapped in this figure. These overlapped plots representing buckled batteries for
different curvatures provide an absolute advantage due to their lower resistances
compared that of the flat battery. The cycled Battery 9 indicates similar characteristic

behavior compared to the cycled Battery 5.
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The possible reasons for exhibiting characteristic Nyquist plot of a fresh battery, as
suggested previously regarding Battery 5, are also valid for Battery 9. Finally, even the
contact resistances of the overlapped plots display improvement with the increasing

amount of buckling as in all other cycled batteries.
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