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In recent years, the interest in polymeric batteries hagased dramatically.

With the advent of lithium ion batteries being used in cell phomas laptop
computers, the search for an all solid state battery has contirligdent
configurations have a liquid or gel electrolyte along with a sepabetween the
anode and cathode. This leads to problems with electrolyte loss arehsbEtr
performance over time. The highly reactive nature of theseralges necessitates
the use of protective enclosures which add to the size and bulk of the battery. Polymer
electrolytes are more compliant than conventional inorganic glassem@mic
electrolytes. The goal of this work was to design and investiga¥el nanoscale
polymer electrolyte flexible thin films based on the seleadsly of block

copolymers.



Block copolymers were synthesized, consisting of a larger PEO [@odka
smaller block consisting of random copolymer of methyl methaerylsitVIA) and
the lithium salt of methacrylic acid (MAALI). The diblock copolgm[PEOb-
(PMMA-ran-PMAALI)] with added lithium bis(oxalato)borate, LiBOg (LIBOB)
salt (in the molar ratio ethylene oxide:LiBOB = 3:1) wa®dido form flexible
translucent films which exhibited nearly two orders of magnitudatgr conductivity
than that shown by traditional high molecular weight PEO homopolyleetir@ytes,
in the absence of ceramic fillers and similar additives. Tlesgnce of the smaller
second block and the plasticizing effect of the bulky lithium sate shown to
effectively reduce the crystallinity of the solid electrelytesulting in improved ion
transporting behavior. The tailored solid self-assembled diblock aopoly
electrolyte matrix also exhibits an exceptionally high lithilomtransference number
of 0.9, compared to a value between 0.2 and 0.5, shown by typical polymemntlithi
salt materials. The electrolyte material also has a wi@etrochemical stability
window and excellent interfacial behavior with lithium metal celede. The
combination of these properties make electrolyte membranes composed of the dibloc
copolymer PEM-(PMMA-ran-PMAALI) and LiIBOB salt, viable electrolyte

candidates for flexible lithium ion based energy conversion/storage devices.
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Chapter 1

Introduction

1.1 Significance

The goal of this research is to investigate the use of novelfithinbattery
electrolytes based on the self-assembly of block copolymersd@tetoped all-solid
state nanoscale polymeric electrolyte could result in a ligigtw shape conforming
battery that employs an electrolyte without the risk of leakdgexic and corrosive
liquid electrolytes. Such a solid electrolyte would also effetfi perform the role of
a separator, suppressing dendritic growth through the electrolytel Salymer
electrolytes are generally more electrode compliant than otowel inorganic or
ceramic electrolytes and gel-type electrolytes. Thee eafs processing of solid
polymers would allow for the production of thin film nanoscale batteries thdd e
wound into coils or processed as sheets or coatings. The seifedgsaf block
copolymers has been used as templates to create this unique naectarehiOne of
the distinct advantages of block copolymers is the controllabilityhefsize and
morphology of their self-assembled periodic nanostructures bynaltthe volume

fraction of each polymer block. Depending on the volume fraction &¢f esspective



block, morphologies like lamellae, hexagonal closed packed cylindemstiiuous

gyroids and body centered cubic spheres can be obtained. A polynestiolgte

based on nanoscale self-assembly will provide for devices wébrated electronics
and can be distributed over a large substrate area as fficdiagtdlexible films or

coatings. In the design of miniature devices, the shape andtwaighe energy
source is a major constraint. The risks of electrolyte leakag® flammable
components give rise to safety concerns, which have been a leesedein the use
of batteries for implantable systems. The inherent reactivittysoelectrolyte imposes
the need for bulky containment layers. A polymer electrolyte bbaddry system
would require a laminating layer, for example Mylar, to shieldroin external

elements. Such a battery system will provide for a lighterflentle energy source
that would be intrinsically safe and biocompatible. Stand alone sesrsdmnedical

devices like pacemakers, implantable pumps and treatment probes woeftt be
greatly from the conformal and safe nature of all-solid polysiectrolyte based
energy sources.

Applications can be found in devices like BIONs™, that are implanteter a
patient’s skin with the function of tissue simulation, parameter toang and data
communication [1]. Endoscopy, a minimally invasive medical diagngsticedure,
has been a popular tool for visual inspection of affected sites itteedbody. This
technique was further revolutionized by the advent of wireless @psdbscopy [2].
It is interesting to note that the main constraint to the size and shapewoftéilsered
diagnostic probe is the battery [3], which forms the largespooment of the capsule

(Figure 1.1).



Advances in science have envisioned the creation of mobile manipulaébrs
would transport sensors, drug delivery devices, and cell harvesting tools taitled de
locations in the body and possess the essential degrees of freegmriorm the
necessary diagnostic and treatment tasks. Such a manipulatat need to (1)
operate in-vivo without causing any damages to the surrounding orgsunsst (2)
carry the necessary payloads, (3) provide power to the payload$4)asend the
information to the external instruments. One of the fundamentahtions that make
it very challenging to realize the desired manipulatorteslack of adequate power
sources. The untethered mobile manipulator would need to carry onbdaregebdor

this purpose. Traditional batteries add weight to the platform and impose sizea-constr

|
| 26 mm
I

Figure 1.1: Wireless capsule endoscope: (a) External Vieviza§mut; (c) Schematic
cross-section: 1 - optical dome, 2 - short focal aspheric lens, tdte WEDSs, 4 -

CMOS imager, 5 - standard button watch batteries, 6 -ASICnittes, 7 - antenna

[3].



ints. Realizing the envisioned mobile manipulators would require thdogevent of
conformal batteries that can be integrated in multi-functionattires. In addition to
storing energy, these conformal batteries would also have t@@ayctural role and
should not pose any size restrictions. Developing such conformarieatiwill
require creation of chemical formulations that should be compatilille the

materials and manufacturing processes used to realize the manipulators.

1.2 Background

Laptop computers and mobile phones have become smaller and faster,hbut wit
increased demands on energy. Current portable battery configuitzioms: liquid or
gel electrolyte between the anode and cathode. This leads to npsoblgh
electrolyte loss and decreased performance over time. The hegidiive nature of
these electrolytes necessitates the use of protective emdoshich add to the size
and bulk of the battery. As portable battery-operated devices dedreasze and
efficiency, there is a greater requirement for battanelsave high charge densities
and current capacities along with the versatility of sirape and weight. Lithium is
one of the most electropositive elements (-3.04 Volts versus sahgdrogen
electrode) in the electrochemical series. Also, its low deii8iB8 g cn¥), makes it
the most potent of charge carriers. It possesses the lalgetsical density per unit
weight among all solid elements of the periodic table. All theseefits are however

offset by its extreme reactive nature, limiting the full use of these lb&nefi



Safety is the ever-growing concern in energy storage sgsiéth the possibility
of leaks, production of flammable reaction products and internal shagtisting in
liquid electrolyte battery systems. These disadvantages ceonbg&lerably offset by
the use of a shape-conforming solid polymer electrolyte. Polyro#es the
advantages of being robust, light-weight, non-combustible and canolzkednin
various sizes and shapes to suit the requirements of the application. Duedolitheir
like nature, polymer electrolytes are expected to be lessiveedhan their liquid
counterparts and thus more stable towards lithium. For polymeraijeées to be
useful in practical applications, it is necessary that theybéxappreciable room
temperature conductivities and also play the role of separatorhvidioften an
additional component in liquid electrolyte systems. In additiorovo temperature
performance it is also important that the polymer should have gaxdd lkife and
sufficient mechanical and thermal strengths to endure internedsyre and
temperature variations during battery performance.

The discharge of batteries depends solely on the conduction of ionsHeom t
anode to the cathode. The electrodes must possess the dual capab#insferring
ions to and from the electrolyte and at the same time beictiesdly conductive
with respect to the external circuit, while the electrolgteould be ionically
conductive (Figure 1.2). The goal of the developed polymer nanostructured
electrolyte is to transmit ions, in this cas€,Lin the solid state. A solid state
electrolyte has some attractive advantages [4]. First, there iskagé&eaf toxic liquid
electrolyte for a consumer to come into contact with, as for pbeam lead-acid

batteries used in automobiles. Secondly, the ease of procassolgmer electrolyte



would allow for the production of a thin film shape-conforming batteay could be

wound into coils or processed as sheets.
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Figure 1.2: Discharge process in a lithium ion battery.

In the selection of a polymer electrolyte for secondary beste both ionic
conductivity and transference number are important parameters ofieration. A
secondary or rechargeable battery is one which can be subjectedtifdenctharge-
discharge cycles as opposed to the single irreversible digcbéia primary battery.
lonic conductivity is any conduction mechanism where the currenttasised by the
flow of ions as opposed to electrons within the medium [5]. The tramsfe number
of a given ion is the fraction of the total charge carried by plarticular ion across a
fixed reference plane. lons may carry significantly différportions of the total
current if their mobilities are different. A large transfeeenmumber can reduce

concentration polarization of electrolytes during charge-dischsiges, and thus



sustain the electrolyte’s power density. Hence, the conductivitheotlectrolyte is
linked to the maximum power obtainable, whereas, the maximum linctingent
that can be drawn from the cell and number of cycles it caulbected to, is related
to the transference number. In an ideal situation it is desiraatert addition to a
high ionic conductivity, the transference number of lithium ions appesaacnity.
Compatibility with the electrodes is another issue of consideralioa.reactivity of
lithium metal limits the use of most electrolytes which oftesult in passivation of
the electrode surface.

There is an abundance of published work on polymer electrolytes éornus
batteries. In 1973, Fenton introduced the complex forming capability yieploylene
oxide) (PEO) with alkali metal salts [6]. The use of PE@ aslid solvent for lithium
salts was then proposed by Armand in 1979 [7]. Later work done by Braroeal
and co-workers has been one of the major contributions to this fieldha/gears [8-
11]. Significant research was done by his group into gel elgtitr@dystems using
poly(acrylonitrile) (PAN) and poly(methylmethacrylate) (PMM along with the
more popular poly(vinylidene fluoride) (PVDF) matrices [12-17]. Tike of ceramic
fillers like Titanium Dioxide (TiQ), Aluminum Oxide (A}Os), Lithium Aluminum
Oxide (LIAIOy) and fumed Silica (Sig) in composite polymer electrolytes has been
successfully shown to increase conductivity by preventing thetadligation of
polymer chains [8, 10, 18, 19]. Nanometer-scale ceramic powders sayrgdrove
the mechanical strength and interfacial properties of the polffims. However, the
mechanisms with which these fillers induce such enhancementsoarget fully

understood. Composite electrolytes have been shown to demonstratethbitiéy s



towards the lithium electrode by reducing the electrolytetrelde interfacial
resistance [20, 21].

Research done by Peter Bruce indicates the possibility ofneetalithium
transport in the crystalline domains of poly(ethylene oxide) (PE®@re polymer
chains are considered to fold into cylindrical tunnels in which théohis are said to
be located [22-24]. It has been suggested that lithium ions aredrget through the
tunnels coordinated by the oxygen atoms of PEO, whereas, the arisingehe
inter-chain space outside the polymeric chain tunnels. This is dantny to the
widely accepted view that the conduction of ions in polymer elect®lytcur almost
predominantly in the amorphous phase. Work published by Henderson ssatiia
indicate that the ionic conductivity of the amorphous materialdsed significantly
greater than its crystalline counterpart [25]. Irrespectivehef results shown by
Bruce, motion of ions through crystalline domains does open up an inteigtimge
of deliberation. The challenge, however, lies in gaining control dneeotientation of
these crystalline pathways to form the shortest possible flmettgeen the two
electrodes, rather than a pathway akin to a random walk. If sgoalavere to be
achieved, crystalline polymers may yet prove to be a solution pfidymer
electrolytes, where room temperature conductivity of amorphous polyaieices is
still limited to 10* S cmi".

Besides the use of ceramic fillers, another school of thougbtporates room
temperature ionic liquids (RTILs), which dissolve lithium salts iamgrove the ionic
conductivity of the polymer matrix. These RTILS possess additionsirathie

properties like negligible vapor pressure and low room temperatwesitis These



advantages are offset by poor stability towards lithium meled.uSe of imidazolium
cation based RTILs has been studied by Watanabe and co-worke28][26
Henderson and Passerini have reported the successful use of Ri$isting of N-
alkyl-N-methylpyrrolidinium cations and bis(trifluoromethanesujfipnmide anions
(PYRTFSI) in PEO, with room temperature conductivities greater HtighS cm®
[29-33]. The assembled cells incorporating these ionic liquids, howeikeishow
some capacity fade with increasing number of cycles [27, 32].

The Mayes [34-37] and Kanamura [38-40] groups have extensivedgrobed
block and graft copolymer systems as polymer matrices fotralges. The MIT
group primarily used poly(oligo-oxyethylene methacrylateDERI) as one of the
blocks. They also published work on single ion conducting electrolybesewthe
anion is a part of the polymeric backbone. These polymers were horeeeeted as
having lower than conventional conductivities, which was attributed to pnshieth
lithium ion dissociation [37]. The Kanamura and later Balsara ptbups used
poly(styrene) (PS) blocks to enhance the mechanical properties eblid polymer
electrolyte.

In the work from the Kofinas group publishedJournal of Power Sources [42],
an ionically conducting A/B diblock copolymer was used as a tempiatehe
synthesis and confinement of lithium manganese oxide nanoparticlesliibek
copolymer functions as a composite anode in a lithium battergmsydimpedance
spectroscopy, galvanostatic testing, x-ray diffraction andsingssion electron
microscopy were used to characterize the anode and polymernolgtect

Galvanostatic testing indicated that 300 or more cycles werabfmsgith 90%



retention of capacity [42]. These results show that the nanostmictloek
copolymer has potential as a lithium battery material in botttrelgte and cathode
areas. In the work published Macromolecules [43], an A/B/C triblock copolymer
was synthesized having potential applications as a self-contaarexkcale battery.
The anode block contained an organocobalt block. The electrolyte blotke of
copolymer was a poly (ethylene oxide) analogue. The last bliiek as the template
to form metal oxide nanopatrticles to function as the cathodetribhamck copolymer
was synthesized by Ring Opening Metathesis Polymerization (RQBMRg Grubbs’
catalyst.'H and**C NMR, FTIR, UV-Vis, GPC with light scattering and XP%ne
used to characterize the self-assembled nanoscale polymer battenaima

Electrical characterization of polymer electrolytes carcdneied out using both
d.c. and a.c. measurements. Between the two, alternating curréidsiétave been
the most popular method in determining the electrical propertiepobfmer
materials. This method provides information not only on the long ramgeation of
ions but also gives insight into the polarization occurring withiretaetrolyte [5]. In
general, two idealized polymer electrolyte types are considered:

e Typel, where only one of the ionic species is mobile.
e Typell, where both the ions of the dissolved salt are mobile.

The block copolymer nanostructured electrolyte is predicted to bgpa T
electrolyte, with the mobility of the anion greatly hindered ttugs much larger size
in comparison with Li. Impedance spectroscopy is used to determine the ionic
conductivity of the material by measuring the impedance of thes a frequency

range from 1 Hz to 1 MHz. Two parameters are used to ridateurrent flowing

10



through the sample to the potential applied across it: the opposititre titow of
charge given by the resistanRe= V/I and the phase difference between the current
and the voltage represented by phase afigl€he electrolyte is represented by a
simple equivalent circuit (Figure 1.3) of a parallel resiatad capacitor in series with

another resistor.

Rp
Rb AN
AN —
—
\ Cdl .

Figure 1.3: Equivalent circuit representation of the electrolyte.

Where,
e Ryisthe bulk or electrolyte resistance
e R,is the polarization or charge transfer resistance

e Cy is the double layer capacitance

The simulation of such a circuit over the frequency range reisulissemicircle

governed by the equation:

11



Rp . o C, R§
Z=R + -
1+0°C2R 1+ 0’ClR?

(1.1)

Where, the frequency is representeddayWe obtainR, from the high frequency

intercept of the semicircle, whereas the total resistaRee ;) of the electrolyte is
given by the low frequency intercept (Figure 1.4). The conductivipbtained from

the resistance using the following relationship:

o=— (1.2)

Where,

e o is the conductivity

e R isthe ionic resistance of the material
e tis sample thickness

e Ais the surface area of the sample

-30000

® PEO-based block copolymer
-25000 .

-20000
Ry -15000 .

-10000 w ¢

-5000 ettt ,

High frequency intercept — R, > \4

0

T T 7y T T
0 5000 10000 15§00 20000 25000 30000
z'

Low frequency intercept — R, + R,

Figure 1.4: Determination of resistance from a typical impedance scan.
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1.3 Polymer Selection and Design

Poly (ethylene oxide) (PEO), the first reported solvent-fregrpet electrolyte,
has been a popular material in solid electrolyte researchdoy iyears now because
of its ability to form complexes with lithium salts and @smpatibility with battery
electrodes. However, its room temperature conductivity is fagidiaan that desired
for any practical battery application. It is generally peraditreat the motion of ions
across the electrolyte arises due to the segmental motion aghgolghains [44].
Hence, in order to increase the conductivity, amorphous polymedrodges with a
low glass transition temperature are more desirable. The ugmlp (methyl
methacrylate) (PMMA) as a gelatinization agent in elegtesl was first introduced
two decades ago by lijima [45]. In later work by Appetecchi [it2has found that
the transference numbers for PMMA based systems was consydeigtitr than that

of conventional PEO based systems.

H —CHzCH,~O3—block—CHsC~ran—C — CH)=H
C=0 C=0

O-CH, O Li"

Figure 1.5: Chemical structure of block copolymer.

To attain appreciable levels of conductivity, it is importantacefully tailor the

electrolyte matrix. This research was aimed at the deveopof a nanostructured

13



thin film battery electrolyte based on a partially hydrotiadock copolymer of
poly(ethylene oxide) and poly(methyl methacrylate) (Figlrg). PEO is chosen
because of its ability to form stable complexes with lithiatssand its possession of
a higher conductivity than any other group of solvating polymers inlibenae of
organic solvents. The second block is chosen so that it can be funzé&drtal form
lithium domains within the PEO matrix. A 6:1 block ratio of PEONMMis chosen
so that the minority of the block copolymer (PMMA) microphase ségmrato
spherical domains. The methacrylate block was partiallydhyzied with methanolic
lithium hydroxide in 1,4-Dioxane medium to create lithium salt ethacrylic acid
(MAALI) segments. In doing so, another lithium source was cdeatghin the
spherical self-assembled microdomains of the diblock copolymeur@-iy6) where
the anion is a part of the matrix and hence immobile. Due to thk agdic nature of
methacrylic acid, the ionic interactions between the lithium oth the carboxylic

acid will not strongly affect its conductivity through the polymer block.

PEO Chains with solvated Spherical PMMA-PMAAL; 1
LIBOB salt Domains

Figure 1.6: Self-assembled polymer electrolyte morphology.
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Previous work by Kannan [46] reports the use of polymeric blends of &HO
PMMA with different plasticizers. The electrolyte systemtlwk research is a self-
assembled block copolymer, which will provide better lithium ion condeiciind
mechanical properties than the blend of homopolymers. It consists ¢éthglgne
oxide) (PEO) as the first block, and a random copolymer of etbthacrylate and
lithium salt of methacrylic acid (PMMAan-PMAALI) as the second block (Figure
1.5). The block copolymer system in this research shows better prahmas

previously published systems in the following ways:

1. The polymer matrix does not involve major portions of non-conducting blocks
which are usually used to enhance the mechanical properties of tigamaut
do not contribute in any way to the ion-transport of the conducting segments.

2. PMMA was selected because it can be functionalized to incorpdhaten into
the polymeric backbone.

3. The electrolyte system uses PMMA (—&IMs3) in comparison to the MIT group,
which synthesized a diblock copolymer system containing lauryl ester
(—CO,Cy2H25) groups [36]. The longer non-oxygenated side chain of the polymer
produced by the MIT group, we hypothesize, would work better as a rneans
provide more free volume if used irgd electrolyte system. Fordxy electrolyte
system as the one in this work, the larger side chain whichigsraaly carbon

and hydrogen atoms does not aid in providing any conductive pathoays f

15



transport. It is the oxygen on the PEO block that contributes toiote
conductivity by coordinating with the lithium ions.

. The length of the PMMA block has been kept short so that PEO, whitle is
conducting block, forms the majority of the block copolymer matrix. dégree
of hydrolysis will be low enough that the block copolymer’s microphas
separation is not disrupted. The proposed hydrolyzed polymer will aet as
polymer electrolyte, rather than aolyelectrolyte with ionomer like ion cluster
morphologies.

. The PMMA block of the block copolymer system will be modified viatiph
hydrolysis in order to act as a lithium source in the mateself. The use of gel
electrolytes based on PMMA with a gelling solvent has been repdrye
Appetecchi [12] to exhibit a better transference number. Theohtins research
is to create a dry conductive electrolyte, whose ionic conduciwitgtimately
associated with the local segmental motions of the polymer. In cmopdo a
gel, whose conductivity is often that of the trapped liquid inside tigner
matrix and is not indicative of the ion-transport properties of the polymer.

. Since a low molecular weight polymer has been chosen, which is algbock
copolymer; this further suppresses the tendency of PEO to fornaltnes
regions by reducing the free volume available to the PEO chhimsenhancing
its ionic conductivity.

. The Hikichi group [47] has reported NMR studies which indicate comjiexaf
methacrylic acid with PEO. The polymer material of this aese will avoid such

complexation, because only a very small fraction of the polymer insnthe
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lithium salt of carboxylic acid groups. It is expected that the presence dfaoms
the added lithium salt will act as an effective screeningdyatio further subdue

such complexatian

A polymer electrolyte’s ionic conductivity can also be enhanceddoitian of
small amounts of plasticizer, namely low molecular weight ptiy(ene glycol)
(PEG) to PEO, which have shown to increase the amorphous regions itdspions
ionic conductivity. The amount of plasticizer used is usually low endaghot
disrupt the block copolymer microphase separation [48-50] or substaafiaity the
film's mechanical properties. In addition to reducing the crigs&lcontent and
increasing the polymer segmental mobility, the PEG plasticiae result in greater
ion dissociation which allows higher number of charge carrierofoc transport. In
our system, however, the effect of plasticizers was expezteel imited as the block

copolymer itself is of low molecular weight.

1.4 Salt Selection

Lithium bis(oxalato)borate (LiBOB) (Figure 1.7) is used as #ile & choice in
place of the popular lithium hexafluorophosphate (k)Pf#which poses major safety
concerns in its susceptibility to hydrolysis and low thermabiBty. This borate
based salt introduced by Lischka [51], is readily solvated by amaklkdopolymer.

The advantages of using LiBOB are fourfold:
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1. LIBOB slowly decomposes by hydrolysis into lithium metaborai®@,) and
monolithium salt of oxalic acid (LIOOCCOOH). Both these decomiuwsit
products are benign, as compared to hydrofluoric acid (HF) resditong the
hydrolysis of LiPFk [52].

2. The bulky anion is expected to restrict its movement acrossptigmer

electrolyte and thereby boosting the catiori)iansference number.

O
e
o~ o
S O

Figure 1.7: Chemical structure of lithium-bis-(oxalato) borate.

3. LIBOB possesses better thermal stability for above room tenper
applications. It is stable up to 302 °C, where it decomposes insteaelig
[53]. In contrast, pure LiRAs thermally stable up to 107 °C, dissociating into LiF
and Pk upon decomposition [54].

4. LiBOB-based electrolytes have also been shown to exhibit good conduction

retention at elevated temperatures [53, 55].

It should be noted that the conductivity of L§E higher than LiBOB in non-

agueous solvents and that in low temperature applications, sylséa®d on LiP§

exhibit better capacity utilization [56]. However taking into accohatfocus of this
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research on room and higher temperature performance of the solidlglecLiBOB
is preferred for its superior thermal and electrochemicdlopeance. The safety

limitations of LiPF also make a strong case for the selection of LIiBOB.
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Chapter 2

Nanostructured Block Copolymer Dry Electrolyte

2.1 Introduction

In this study, the synthesis and characterization of a soligd gialymer
electrolyte with enhanced lithium transport based on a selfrddsd block
copolymer is described. In recent years, interest in polyrbatieries has increased
dramatically. Current configurations have a liquid or gel edbde along with a
separator between the anode and cathode. This leads to problerakeetithiyte loss
and decreased performance over time. The highly reactive natswelotlectrolytes
necessitates the use of protective enclosures, which add tzeéhens bulk of the
battery. Polymer electrolytes are more compliant than conventimralanic glass or
ceramic electrolytes. Lightweight, shape conforming, polymectrelgte-based
battery systems could find widespread application as energy somraainiature
medical devices, such as pacemakers, wireless endoscopesntatiglapumps,
treatment probes, and untethered robotic mobile manipulators.

The complex forming capability of poly (ethylene oxide) (PE@h alkali metal

salts, introduced by Fenta al.[6] has been the starting point for an abundance of
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published work on polymer electrolytes for use in batteries. A -seyatalline
polymer, PEO, has been a focal component in the design of numerossiimt-
free electrolytes involving: blends [46], block copolymers [37, 41, 57, 58)cheal
networks [59], ceramic fillers [10, 19, 60, 61], room-temperature iomjaids
(RTILSs) [26, 28, 30, 31], and specialized salts [62, 63], to name dtfesnmportant
to carefully tailor the polymer electrolyte matrix to attappreciable levels of
conductivity in a solid-state medium. In this work, we have invatad) a
nanostructured thin-film battery electrolyte based on a diblock cogolgomposed
of a PEO block and a random copolymer of methyl methacrylateA)ad lithium
salt of methacrylic acid (MAALI). The diblock copolymer [PEXPMMA-ran-
PMAALI)] (Figure 2.1) with lithium bis(oxalate)borate, LIBOs (LIBOB) as the

added lithium salt was used to create the dry, solid-state electratyse fil

(|3H3 CH,
H—CH;CH,Ogg block—(CH2—(|3—ran—(|3 ~ CHy)sH
C=0 C=0

O-CH, O Li’

Figure 2.1: Chemical structure of self-assembled diblock copolymer

We selected a PEO-based diblock copolymer because of its dbilgplvate
alkali metal salts. The second block, which consists of a random cagrobfmmethyl
methacylate (MMA) and lithium salt of methacrylic acid (MK), was chosen for

its ability to incorporate lithium ions within the microphase sateal spherical
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domains of the diblock copolymer [PEOEPMMA-ran-PMAALI)] (Figure 1.4),
creating a secondary lithium source. The primary focus of thik 8 the electrolyte
performance at room temperature, and the experimental resyitaydike role of

polymer and salt selection toward this objective.

2.2 Experimental

The PEOb-PMMA block copolymer with an average molecular weight 3000:500
of PEO to PMMA and polydispersity index of 1.16 was purchased froynfeol
Source Inc. (Canada). LiBOB was obtained from Chemetall Gn@tnjany). All
other chemicals and solvents were purchased from Aldrich and used as received.

Hydrolysis was carried out using lithium hydroxide monohydrai®Hl-H,O) as
the base. The block copolymer (PBERMMA) and LIOH-HO were dissolved in a
solvent mixture with a molar ratio of 2:1 between LiOkDHand the MMA units of
the diblock copolymer. The solvent used was a 2:1 mixture of anhydrodsotahe
and anhydrous methanol. The hydrolysis process was carried&afiCGator 20 h. As
a result of the process, the PMMA block was hydrolyzed intmdora copolymer of
methyl methacrylate (MMA) and lithium salt of methacyacid (MAALI). This
procedure was adapted from previous work reported by Mikes and [Bd¢kafter
the hydrolysis step, the solvent was removed under vacuum usingleniSdne
setup with a liquid nitrogen solvent vapor trap. This dried diblock copolymer BREO-
(PMMA-ran-PMAALI)] was then stored in an Mbraun Labmaster 100 argon glove

box for further use.
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Solutions were prepared by adding varying concentrations of LiB&Bto the
diblock copolymer [PEM-(PMMA-ran-PMAALI)]. The solvent used was
anhydrous tetrahydrofuran (THF), which was degassed using muljples of a
freeze-pump-thaw method. These polymer solutions were themtagRetri dishes
containing molds of fluorinated ethylene propylene coated alumirheets The
drying process extended over several days, resulting in 200-25Migknfitms.
Circular sections of the polymer electrolyte films were dat conductivity
measurements and mounted between two 316 stainless steel blockinmdetecA
poly (tetra fluoroethylene)-based O-ring was placed betweerivib electrodes to
secure the sample thickness and surface area. The tesissethbly was sealed,
protecting it from oxygen and humidity, before removal from the glowe for
impedance analysis. The ionic conductiviey 6f the synthesized block copolymer

electrolytes was determined from:
oO=—- (2.1)

where t, A, and R represent the thickness, surface area, and ionic resistance,
respectively, of the electrolyte sample. Our assembledamalples had a value oA
of ~0.242 cm'. The ionic resistance of the dry polymer electrolytes waairudd
from impedance studies of the test cells using a Solartron 1287Al&&tiBoehemical
system. The testing parameters were controlled by the assb&orrWare and ZPlot
softwares, while the resulting data was analyzed by ZView.

The performance of the electrolyte was studied in the tempenainge 0—-70°C
to characterize its temperature-dependent behavior. During thidngdife of a

battery, it is often subjected to a wide spectrum of temperatbenges. These
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variations can be due to both external and internal factors. Elxtsoneces are
predominantly the surrounding environs which are region specific. Intsouates

are mainly heat generation from electrochemical reactidmsgtglace within. Also

improper dissipation of energy from prolonged use often resultégsimg the internal

temperature of the cell. Test cells were placed in a watgfgetup, immersed in a
temperature-controlled water bath, and allowed 3-4 hours to equiliraggery

temperature stage before data collection.

Differential scanning calorimetry (DSC) measurements vperformed using a
TA Instruments Q100 calorimeter. Samples (~10 to 14 mg) of PECelantiolyte
films of diblock copolymer [PE®-(PMMA-ran-PMAALI)] with added LiBOB salt
were sealed in hermetic aluminum pans inside the argon-fildce ddlox. The PEO
homopolymer samples studied were of molecular weights 3.5 k, stmithat of the
block copolymer. The measurements were carried out under nitrégenat a
heating rate of 2.00°C/min and modulation of +1.27°C every 60 s, in the tdorpera
range 40-120°C. Glass transition temperatligegtudies were carried out by melting
the samples sealed within the hermetic aluminum pans at 130°C fdlitwe
guenching them in liquid nitrogen. The measurements were carried out under nitrogen
flow at a heating rate of 5.00°C/min.

0.1% solutions of the diblock copolymer [PEEPMMA-ran-PMAALI)] were
prepared in THF and cast on transmission electron microscopy (DENY. The
grids were placed in a THF saturated dessicator to prolong shiegcaver a period

of three days. No form of staining was used, with the image agsintoming from

24



lithium. TEM was performed with a JEOL 2100F field emissioansing electron

microscope operating at 100 kV.

2.3 Results and Discussion

Polymer selection and design is a critical consideration irdéwvelopment of a
solvent-free conductive electrolyte matrix. PEO has been therialabf choice
because of its ability to form stable complexes with lithiumitssand due to its
possession of a higher conductivity than any other group of solvatipg@d in the
absence of organic solvents. In order to suppress PEO crystaintitto enhance its
conductivity, a low-molecular-weight block copolymer was chosen, istomg of
PEO as the first block and a random copolymer of poly(methyhamgtlate) and
lithium salt of poly(methacrylic acid) (PMMAan-PMAALI) as the second block.
The nanostructured thin-film battery electrolyte does not contajor proportions of
non-conducting blocks that are frequently used to enhance the mecipaopaties
of the material, but do not contribute in any way to the ion transptinteafonducting
segments. This was also the rational behind the selection of PKHZA,CHs) in
comparison to a diblock copolymer system containing lauryl est€04CisH2s)
groups [34]. The longer non-oxygenated side chain of the lauryl wsidd work
better as a means to provide more free volume if used in aegalofjte system. For
a dry electrolyte system as the one in this work, the larderchain, which contains
only carbon and hydrogen atoms, would not aid in providing any additional

conductive pathways for Liransport.
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It has been shown that PEO undergoes complexation with carbexydi groups
[47]. This complexation is driven by the proton-donating nature of p@if{acrylic
acid) with PEO being a proton acceptor. The complexation of PE@scla a
concern, as it would restrict the segmental motion that drivestrarsport. In
tailoring the electrolyte matrix, a very small fraction log polymer contains lithium
salt of carboxylic acid groups. In addition, the presence of ions fremadded
lithium salt, acts as an effective screening barrier to subdtieomplexation. The
low carboxylic acid group content ensures that the block copolymecsophiase
separation is not disrupted, as confirmed by the TEM (Figure 2.2)inTdges show
lithium domains of approximate size 2 nm, templated by the diblock yopol
[PEOh-(PMMA-ran-PMAALI)] morphology. Thus, the diblock copolymer acts as a
polymer electrolyte, rather than a polyelectrolyte with ionolker-ion cluster
morphologies.

It is important to use the appropriate lithium salt concentratiarder to obtain
an optimum performance from the electrolyte. An ideal electridydemedium that is
rich in charge carriers and provides for a rapid transport of cleargers through it.
Too little salt results in poor conductivity. Too much salt not celerely affects the
mechanical properties of the polymer, thus negating its inherent ageanbut also
results in decreased conductivity [44]. We observed the same behdathoour
LiBOB-doped diblock copolymer. Samples were prepared with diffeedntentents
by varying the molar ratio between ethylene oxide (EO) amtsLiBOB. Data were
taken from a minimum of three different electrolyte testsceifith polymers from

different hydrolysis batches. A very similar trend in condutgtivias observed across
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the batches, although statistical analysis shows no signifstatistical difference
between electrolytes containing EO:LIBOB = 3:1 and 4:1 becaud&eaf close
compositional proximity. Results show that the salt concentrationoptasized at
EO:LIBOB = 3:1 (Figure 2.3) for the best performance based omag&eonductivity
obtained. This diblock copolymer electrolyte exhibited an average camductivity
value of 1.26 x 10 S cmi* at room temperature (21°C) as compared to 2.6 %30
cm ™! measured for a PEO homopolymer of similar molecular weight Kj3.&nd
molar composition of LIBOB. The value obtained for the diblock copolymer
electrolyte is nearly two orders of magnitude greaten that shown by traditional
high molecular weight PEO homopolymer electrolytes, in the absehceramic

fillers and similar additives [11, 19].

27



h of PE®PMMA-ran-PMAALI) diblock

icrograp

: (a) TEM mi

Figure 2.2

domains of ~2 nm in

ium

lith

ing

how

ion image s

copolymer and (b) higher magnificat

Size.

28



2.E-05 -1

1.E-05 -

Conductivity (S/cm)

—

0.E+00 = T T T |
2.1 3:1 41 6:1
EO : LIBOB

Figure 2.3: Salt optimization of PEO-b-(PMMA-ran-PMAALI) diblock copubr at

room temperature (21°C).
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The electrolyte membranes showed the expected rise in conduatithy
temperature (Figure 2.4). This is attributed to the increagpdesdgal motion of the
chains as PEO approaches its melting point. The optimized eléetregmple
achieved a conductivity of IS cm™ as the sample temperature crossed 40°C. The
temperature characterization was halted at 70°C, which is @abevaelting point of
PEO. The physical appearance of the diblock copolymer elect{lg@-b-(PMMA-
ran-PMAALI)] also differed with varying salt content. Polymedeerolyte films with
high salt loading (EO:LIBOB = 2:1) and low salt loading (E®QB > 10:1) were
brittle and opaque, whereas intermediate salt content fiim® Jlekible and
translucent. The widely accepted view is that conduction of ions igmeol
electrolytes occur almost predominantly in the amorphous phase duestgthental
motion of the polymer chain [44]. The flexibility of polymer filns related to the
segmental motion of the chains and hence is a charactehistican be associated

with the conductivity potential of the electrolyte.
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in the temperature range 0-70°C.
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DSC was performed to compare the initial crystallinity contenthe polymer
electrolytes. Scans of normalized heat flow (in watts panp&gainst temperature
(in °C) were obtained (Figure 2.5). The pure block copolymer showed reduced
crystallinity as compared to PEO of similar molecular Wweighe plasticizing effect
of LIBOB salt aided in suppressing the crystallinity of the pwy electrolyte. These
materials exhibited a suppressed melting over a broad tempgerange. Crystalline
domains were again shown to appear in low salt content (EO:LIBOB > 20:1)esampl
as the plasticizing presence of LiBOB was redudgdtudies were carried out for the
diblock copolymer electrolyte [PEG{PMMA-ran-PMAALI)] with (EO:LIBOB =
3:1) and without salt content and PEO homopolymer of similar moleaeight (3.5
k). No significant shift inT, was observed between the samples with PEO and
PMMA-ran-PMAALI blocks showing glass transition temperatures at —25.9 #1.5°

and 103.5 + 1.4°C, respectively.

2.4 Conclusions

We have designed a self-assembled diblock copolymer electtbteexhibits
higher ion transport at room temperature compared to traditional goligner
electrolytes. TEM showed structured domains of lithium templatatidoynicrophase
separation of the block copolymer. The improved conductivity wagwed to
reduction of crystallinity and introduction of secondary lithium domamsthie
conductive polymer matrix. The room-temperature conductivity was imgroyean

order of magnitude compared to similar molecular weight PEO honmopody The
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diblock copolymer electrolyte [PEB{PMMA-ran-PMAALI)] with added LiBOB
salt (in the molar ratio ethylene oxide:LiBOB = 3:1) wa®dido form flexible
translucent films which exhibited nearly two orders of magnitudatgr conductivity
than that shown by traditional high molecular weight PEO homopolyleerraytes,

in the absence of ceramic fillers and similar additives.
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Chapter 3

Block Copolymer Solid Electrolyte with high Li-ion

Transference Number

3.1 Introduction

The widespread use of high-energy density lithium-ion basedriegtthas been
constrained by the safety concerns of its reactive components. Tleuseéd to
design, synthesize and optimize polymer structures for improvedyesimrage is of
critical importance. Also, advances in lithium electrode cheresstnave led to the
development of batteries that are capable of delivering a high discpatential (>
4.5V) [65-67], driving the need for materials that are capable thistinding such
high voltage conditions. Unlike traditional liquid electrolytes, solatestpolymer
electrolytes possess the high electrochemical stability windeguired for
application in high voltage battery setups. Electrolyte membragegporating poly
(ethylene oxide) (PEO) with a lithium salt have long been proposed w@able
candidate [6, 7, 10]. However, such materials have poor room tempermatice i
conductivity due to the semi-crystalline nature of PEO. In additior® PBEsed

electrolytes have the intrinsic disadvantage of possessing a tbwmition
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transference numbert (.), exhibiting a value between 0.2 and 0.5 [8, 68-70]. These
polymer-lithium salt systems behave more like an anion transgortiadium,
resulting in a charge gradient across the medium. This insréheepolarization
across the polymer film, leading to loss of power drawn frombtigery [71-73].
Studies done by Doylet al. have shown that better performance is exhibited by
polymer materials withl . = 1.0, than those possessing an order of magnitude
greater conductivity but a poorer,. value [71]. Hence, the interest is to develop a
conductive polymer with high ionic conductivity as well as high lithiiom
transference.

Numerous electrolytes have been reported that possess singleimpot
properties and have a lithium ion transference numbers approachingirig-ion
polyelectrolyte systems have been successfully developed whe@nithe or the
counter ion is effectively tethered to the polymer matrix [37, 7},H&ther, the use
of various anion trappers has been shown to effectively boost the catisfetence
number [76-79]. These approaches, however, sometimes adversetytlaéfeanic
conductivity of the electrolyte. The use of a lithium salthwat bulky counter ion
remains one of the few viable options available to obtain moderatélanced
transference numbers without significantly sacrificing the iomigbility of the
electrolyte. Here we explore a polymer-lithium salt mataxtaining a bulky anion
and a partially charged polymer backbone.

We have previously discussed in Chapter 2, a diblock copolymer, whichtexhibi
nearly two orders of magnitude greater ionic conductivity than thawis by

traditional PEO homopolymer electrolytes, in the absence of aerfillers and
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similar additives [80]. The polymer was composed of a larged Bck and a
smaller block consisting of a random copolymer of methyl metreteryMMA) and
the lithium salt of methacrylic acid (MAALI). Transmissiofe&ron microscopy
(TEM) showed the polymer microphase separate into sphericaiusesicAlong with
salt optimization studies of the diblock copolymer PE@®MMA-ran-PMAALI)
with Lithium bis(oxalato)borate, LiB§Dg (LiBOB) salt, we also carried out thermal
studies of the electrolyte material. The presence of tlalemsecond block and the
plasticizing effect of the bulky lithium salt effectivelydueced the crystallinity of the
solid electrolyte resulting in its improved ion transporting behaumothis study we
discuss the electrochemical properties of the polymer elgigrand report upon its

unique transference behavior.

3.2 Experimental

The PEOb-PMMA block copolymer (Molecular weight, 3000:500 for
PEO:PMMA, polydispersity index of 1.16) was purchased from Poly®oeirce Inc.
LiBOB was obtained from Chemetall GmbH and lithium foil was pased from
Aldrich. The diblock copolymer PEG{(PMMA-ran-PMAALI) was synthesized as
described in our previous work [80]. The electrolyte films with different compaosit
of the diblock copolymer PEO{PMMA-ran-PMAALI) and the LiBOB salt were
solution cast onto Byt&cmolds inside a Mbraun Labmaster 100 argon glove box.
The resultant translucent polymer films (Figure 3.1) were daedeveral days under

an argon atmosphere, followed by at least 48 hours of drying undarmaé&or the
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various tests, CR2032 coin cell enclosures were used to protesbisteire sensitive

electrolyte materials.

Figure 3.1: Electrolyte membrane constructed from the diblock copolymebPEO-
(PMMA-ran-PMAALI) and the LIBOB salt (picture taken shortly after removal from

an Argon glovebox).

The electrolyte samples were mounted between two non-blocking lithium
electrodes to determine the lithium-ion transference number cfolite electrolyte.
The transference numbeér, () was evaluated by d.c. potentiostatic measurements in
conjunction with a.c. impedance spectroscopy according to the proceduaribeatks
by Evanset al. [69]. Potentiostatic measurements were carried out to deteth@éne

initial (1) and final steady staté) currents by applying a d.c. polarization voltage of
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10 mV across the samples. Impedance spectroscopy (frequegeylrdiHz to 1Hz)
was used to determine the film resistances befdtg @nd after R the
potentionstatic measurements. Transference number} ¢f the electrolyte samples
were calculated from the following equation

— IS(AV_loR))
e IO(AV_ISRS)

where, 4V is the d.c. polarization voltage applied across the electrdiyte A

(3.1)

Solartron 1287A/1255B electrochemical testing platform was usedritp @at the
experiments. The testing parameters were controlled by theiassbCorrWare and
ZPlot softwares, while the resulting data was analyzed (Gorgview and ZView.
All elevated temperature measurements were carried outegftdibrating the cells
in a Fisher Scientific Isotemp Model 281A vacuum oven.

Linear sweep voltammetry was used to determine the electraziestability
window of the electrolyte material in a two electrode ceflip. A 316 stainless steel
disc was used as the working electrode while a lithium diseedess the counter
electrode. A voltage sweep was carried out on the materiakbet@.5 and 7 V at a
constant scan rate of 1 mV*s

Lithium stripping-plating experiments were performed to invastighe stability
and reversibility behavior of the electrolyte material with tithium metal electrode
interface. The salt optimized electrolyte film was mounted &éetwnon-blocking
lithium electrodes and a current flux of 0.1mAfcwas applied on the film with the
direction of the current being reversed every hour. Impedance speplyos@s

carried out at various intervals of the galvanostatic cycling.
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3.3 Results and Discussion

The transference number of an ion is the fraction of the totalntuhat is carried
by the respective ion across a given medium. Different ions hasendar mobilities
and hence may carry drastically different portions of the totatent. After
conductivity, in solid state materials, the transference numbesigsificant
particularly in secondary and rechargeable energy storage systam transference
number is indicative of the polarity of the material and thus the nuaflmycles the
cell can be put through. A large transference number can reducentatoa
polarization of electrolytes during charge-discharge steps, and simstgain the
electrolyte’s power density [71, 73].

Under a constant potential bias, if the final steady state atnal surrents are
given by (s) and (o), respectively, then the transference number can be vepyysim
evaluated fromT ;. =I5/ l,. This holds true for ideal electrolytes under a negligible
polarization voltage. In real systems, however, a change énfantal resistance
occurs during potentiostatic studies. We used the methodology sugge &edniset
al. [69], to take into account the increase in the electrolytdrebtie interfacial
resistance as the potentiostatic current decay is measurediudied electrolyte
samples having the molar composition EO:LIBOB = 3:1 and 4:1 baseleosalt
optimization, previously reported [80]. Figure 3.2(a) shows the impedamdile of
two samples before and after the potentiostatic tests. The tedpewrease in

interfacial resistance can be clearly observed betweemitial and final impedance
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responses of the sample with the 4:1 molar composition. The cumenpitofiles of
the same two samples under a constant d.c. potential bias of 18 shdwn in
Figure 3.2(b). Using equation (3.1), average transference numioessvaf~ 0.89
were obtained for the salt-optimized polymer electrolyte nateriat room
temperatures (21-23°C). Table 3.1 lists the transference numharkatea for the
two compositions with and without the interfacial resistance cobore At 60°C,
average transference number values 675 were obtained for electrolyte material

having the molar composition EO:LIBOB = 4:1.

Table 3.1: Lithium-ion transference number data of electrolyte films rfinaate
diblock copolymer PEM-(PMMA-ran-PMAALI) and the LIBOB salt.

Li/Electrolyte/Li cell under a constant d.c. potential bias of 10 mV.

Molar
Temperature | (AV —| |
Composition Ly = o oR) T, ==
(°C) l,(AV - R) l
(EO : LiBOB)
3:1 21-23 0.89 +0.07 0.90 £ 0.07
4:1 21-23 0.83 +£0.08 0.88 £0.05
3:1 60 0.78 £0.11 0.79 £0.05
4:1 60 0.75+£0.05 0.78 £0.03
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Figure 3.2 (a): Impedance scans from two electrolyte samples taken dadcaier

potentiostatic measurements at room temperature (21-23°C).
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Figure 3.2 (b): Currents. time profile of the polymer films, obtained at room

temperature (21-23°C), under a 10 mV d.c. bias.

The large molecular size of the bis-oxalato borate (BOB) anamexpected
to have an effect on the transference number of the lithium ion. Howawaining
such a high transference value in the absence of any anion trapliesea was not
anticipated. Previous work done by Appeteagthél. on LIBOB and PEO of higher
molecular weight (1x10) reported transference numbers ranging from 0.25 to 0.30 at
elevated temperatures (60 °C and 100 °C) [68]. In our system, we stispect
interactions between the bis-oxalato borate anion and the seconda(i? M&MA-
ran-PMAALI) of the block copolymer may be the determining reason rioklinis
behavior. The exact mechanism behind the enhanced transferencenpec®lis not

fully understood and merits further investigation. Determinatiorhefdxact basis
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behind achieving a high cation ()itransference number while avoiding the use of
anion trappers and tethered polyanions will greatly aid the desigituoé electrolyte
matrices.

Considering the high voltage range in which most lithium basedr@dec
chemistries operate, the electrochemical stability of thetrelyte material and its
interfacial interactions with the electrodes have a sigmfibaaring on the long term
performance of the battery. In order for the energy storage/camvecslls to
effectively perform, it is pertinent that the electrolyte enalls employed also have a
wide electrochemical stability window well beyond the operapotential of the
electrodes. Linear sweep voltammetry experiments have shownthbatalt-
optimized electrolyte films exhibit an electrochemical diigbgreater than 5.0 Volts
(Figure 3.3(a)) at room temperature (21-23°C), making them exteledidates for
high potential lithium based battery cells. We further teste@léwtrolyte material at
a higher temperature (60°C) for comparison. Once again the poli@erolyte
showed very good electrochemical stability (Figure 3.3(b)) wiaiterial degradation

taking place only above 5.0 Volts.
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Figure 3.3Linear sweep voltammetry of electrolyte films made from the diblock
copolymer PEGs-(PMMA-ran-PMAALI) and LIBOB (molar composition

EO:LIBOB = 3:1) at (a) room temperature (21-23°C) and (b) 60°C. A scan rate of 1
mV s was used with a stainless steel working electrode and a lithium roetaéc

electrode.
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The stability of the solid state polymer electrolyte material tdw#mne lithium
anode was evaluated by monitoring the change in overvoltage duringhiben|
plating/stripping tests at room temperature (21-23°C). For thy sthe electrolyte
film (molar composition EO:LIBOB = 3:1) was sandwiched betwsgmmetrical
lithium electrodes; a current flux of 0.1mA/€mvas run through the electrolyte
material for an hour before reversing the polarity. Galvatios@ycling was
performed for 100 cycles. At different cycle intervals, impedaswans were carried
out to compare the interfacial resistances evaluated from.¢hamtl a.c. methods.
Typical voltage profiles during the Li plating/stripping cycliage shown in Figure
3.4. The overvoltage profile and impedance responses at different wyrkesised to
evaluate stability of polymer electrolyte during the lithiumtipig/stripping cycles.
The overvoltage profile (Figure 3.5) of the material shows a g®ltacrease in the
initial cycles (every cycle representing 2 hours on the overvettage plot). The
subsequent overvoltage trend over the remaining cycles shows godalkec
material stability to the lithium electrode. To analyze thechaaism for voltage
increase, impedance was measured at different cycles as sidugure 3.6. Total
resistance values were determined from the impedance resporieesfeequency
and were compared to those determined from the galvanostatic lithium
plating/stripping cycling, showing good agreement (Figure 3.7(a)).gah&nostatic
resistance was obtained by dividing the average cycle overvditadke current
applied. The impedance plots were fitted using an equivalent ciansisting of a
resistance elemenR{) in series with two R/C elements (Figure 3.7iihdert). Re

represents the conductive resistance of the electrétygeandRcr represent the high
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Figure 3.4: Overvoltage profiles of certain cycles during the Li pleingping tests
of Li/ PEO-h-(PMMA-ran-PMAALI) + LiBOB (EO:LiBOB = 3:1)/Li cell at room

temperature (21-23°C).
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Figure 3.5: Overvoltages. time profile of Li/ PEOb-(PMMA-ran-PMAALI) +

LiBOB (EO:LiBOB = 3:1)/Li cell at room temperature (21-23°C). A curreut tf

0.1mA/cnf was applied on the film with the polarity being reversed every hour.
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frequency interfacial resistance (formation of a solid-ebdgte interface (SEI)
passivation layer) and charge transfer resista@gg.andCy are the corresponding
interfacial capacitances due to the SEI film and double I&d®rshown in Figure
3.7(b), the ion conductive behavior of the polymer membrane is stable thirg
plating/stripping cycles. LiBOB-based electrolytes haveeagly been shown to
exhibit good conduction retention even at elevated temperatures 1582B The
high frequency interfacial resistancBsf) does not show much change over the
number of cycles and is attributed to the formation of a stabivpsien layer. The
charge transfer resistande-{) shows an initial rise and then stabilizes. In addition to
the profile of the overall interfacial resistance, the individoahds ofRg, Rszy and

Rcr validate good electrolyte stability towards the lithium metal.

3.4 Conclusions

The tailored solid self-assembled diblock copolymer electrolyte matrikiexiain
exceptionally high lithium-ion transference number of 0.9, compared W@lue
between 0.2 and 0.5, shown by typical polymer-lithium salt materialen Eat
elevated temperatures of 60°C average transference number val@es5 is
observed. The results reported here demonstrate the effectbehadet of a bulky
anion lithium salt and a partially charged polymer backbone have drattsference
(Tui+) behavior of the solid-state polymer electrolyte. The eleggahembrane also
has a wide electrochemical stability window and excelletgriacial behavior with

the lithium metal electrode. The synergy of these propertieke nedectrolyte
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membranes composed of the diblock copolymer PEHPMMA-ran-PMAALI) and
LiBOB salt viable candidates for flexible lithium ion based ggeronversion/storage

devices.
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Chapter 4

Conclusions and Future Work

The tendency of PEO to act as a solid-state solvent for aikiédi has been the
cornerstone for all the research into its development asvandédtee electrolyte for
battery applications. The semi-crystalline property of PEO, kewéras been the
constraining factor behind the realization of acceptable levelsarh temperature
ionic conductivity. In this work, we have shown that designing therelgt# matrix
to utilize the benefits of block copolymers can have distinct impremésnon the
performance of the electrolyte. It is hoped that the suggestiom®dfin this section
will aid in furthering the initiatives being made in the developmaflexible
lithium-ion energy storage/conversion materials.

In this work, we have developed spherically microphase separated block
copolymers of very low molecular weight (3.5 k). Experiments wiitmilar
molecular weight PEO homopolymer and salt loading often resultedhierials with
extremely low mechanical integrity. The diblock copolymer RE@EMMA-ran-
PMAALI) and LiBOB salt not only showed better mechanical intggas a polymer
film; it was also capable of much higher levels of salt logdPEO based electrolytes

of high molecular weight have been researched extensively with tower levels of
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salt loading (molar compositions of ethylene oxide:lithium salnfrl0:1 to 20:1)

based on system specific salt compositional optimizations. In csopave were

able to obtain a performance optimized molar composition of EO:LIBGBL. The
presence of an ordered microphase separated second block was expected to reduce the
free volume available for the PEO chains to crystallize, tmgeasing the
amorphous content of the material. This allowed for further saltriga(iiBOB)

which acted as a plasticizer and resulted in additionally suppegethe crystallinity

of the material (Figure 2.5). While all this aided in boostingitinéc conductivity of

the material, it comes with certain limitations.

The use of a low molecular block copolymer makes it difficult tarpaorate
supplementary additives to the electrolyte material without sBveompromising its
mechanical integrity. Addition of ceramic fillers, which havemshown to improve
the electrolyte-lithium electrode interfacial properties, bexorhallenging under
these circumstances. Higher molecular weight spherically micseeparated block
copolymers of PEM®-(PMMA-ran-PMAALI) could provide viable candidates to
overcoming these limitations.

The developed block copolymer shows the expected high electrochemical
stability window. It also shows a surprisingly high transferencenber. It is
hypothesized that complexation of the salt anion (BOMth the secondary block
(PMMA-ran-PMAALI) may be the reason behind this phenomenon, but the
mechanism is not explicitly understood. As emphasized in the wobolyle et al.,
transference numbet(.) behavior of the electrolyte material also has a significant

impact on the performance of a battery [71]. Determination of #ghanism behind
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achieving a high cation (L) transference number while avoiding the use of anion
trappers and tethered polyanions (which often result in a lower cmmductivity)

will greatly aid the design of future electrolyte matrices.estigating similar PEO
based block copolymer matrices containing different percentageMafALi and
block copolymers of PE®-PMAALI could aid in a better understanding of the
transference number mechanism.

The physical characteristics of the diblock copolymer electolfREOb-
(PMMA- ran-PMAALI)] also differed with varying salt content. Polymer @lelyte
films with high salt loading (EO:LIBOB = 2:1) and low salt laagli(EO:LiBOB >
10:1) were brittle and opaque, whereas intermediate salt coittestwiere flexible
and translucent in nature (Figure 3.1). Upon removal from the argon gloesldox
exposure to normal atmospheric conditions, the polymer film shows mctist
physical transition due to the absorption of moisture by the LiB&B With time,
the electrolyte membrane turns opaque due to the decomposition oB L#BQ
crumbles (Figure 4.1). This is in stark contrast to the formatfdmydrofluoric acid

(HF) resulting from the hydrolysis of LiRF
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~ 10 mins

Figure 4.1: Environmental degradation of an electrolyte membrane cdedtfram
the diblock copolymer PEG{PMMA-ran-PMAALI) and the LiBOB salt upon

exposure to normal atmospheric conditions.

The incorporation of room temperature ionic liquids (RTILS) to omaprthe ionic
conductivity of the polymer matrix has been garnering a lot efast lately. The use
of RTILs consisting of  N-alkyl-N-methylpyrrolidinium  cations nd

bis(trifluoromethanesulfonyl) imide anions (PYARFSI) in PEO, have been shown to
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achieve room temperature conductivities greater thafi $0cni' [29-33]. These
RTILs also possess additional desirable properties like nelgligapor pressure and
low room temperature viscosity. These advantages, however, ar¢ loyfggoor
interfacial stability towards lithium metal, low transferemzenbers and inadequate
electrochemical stability window. Research into the developmem¢wfionic liquid
chemistries is required to counter the conductivity limitationsusfent solid-state
polymer electrolytes. Similar to pyrrolidine, saturated hetgior analogs of sulfur
(alkylthiolanium) and phosphorous (alkylphospholanes) may serve as passiioin

candidates for future ionic liquid chemistries.
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