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ABSTRACT

There is an ever increasing demand for fossil fuels. Lithium iciered (LIBs) can
effectively reduce the production of greenhouse gases and lessereth®néossil
fuels. LIBs also have great potential in electric vehicle appbins as an alternative to
petroleum modes of transportation. Understanding the chemicaloreabetween the
electrolyte and electrodes in LIBs is very crucial in develgatteries which can
work over a wide temperature range and also give a wide potem@bw. The Solid
Electrolyte Interface (SEI), formed by the reduction of solveiecules on the
surface of electrodes, is an important component of LIBs. The Sftysessential to
the performance of LIBs. One electron reduction pathway productsoleent
molecules was investigated using lithium-naphthalenide. Methyletig/lene
carbonate, a high temperature additive has been synthesized padatsnance has
been tested at 60.

Lithium-Oxygen batteries have an energy density ten timesegreésan that of LIBs.
However, lithium-oxygen batteries have rechargability problems assbeidtethem.
The most common electrolyte used in this type of batteriesPis lin carbonate or
ether based solvents. LiPlherently decreases electrolyte stability, since ki€dn
undergo thermal dissociation into £&nd LiF. Pk being a strong Lewis acid, can
react with electron rich species. The thermal decompositiotiora®f LiPFk based
electrolytes are studied in detail with regard to LIBs. Theprehensive study has
been conducted on the thermal degradation of several electrolyEmsys the

presence of LD..
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PREFACE
This dissertation is written in manuscript format. The firstptdiais an introduction
about lithium ion batteries and lithium oxygen batteries. The secbagter is a
manuscript that will be submitted to ECS electrochemistrgrietiThe third chapter is
a manuscript published in The Journal of Power Sources. The fourth clsgter
manuscript that is published in ECS electrochemistry letters.fifthechapter is a

manuscript that is published in the Journal of polymer science A.
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Chapter-1 Introduction
Battery is an electrochemical devise which converts chenanalgy to electric
energy. The reduction-oxidation (red-ox) processes that ocdbrsirlectrochemical
devise are responsible for the conversion of chemical energyctaedeenergy. The
major components of battery are:
1. Anode is the active material of the battery which gives efftebns to external
circuit and gets oxidized.
2. Cathode is the active material that takes the electron tnenexternal circuit
and gets reduced.
3. Electrolyte helps in transport of ions from anode to cathode andversa
during the
red-ox process. The electrolyte should be electrically noncondubtive
conducts the ions between the electrodes.
4. Separator prevents the direct electrical contact between amabieathode.

The separator should be permeable to electrolyte.

An ideal combination of anode and a cathode is that which can give higlgesol
and also high energy density. Lithium is the most electropositatalrt3.04V Vs
SHE) and lightest metal (6.94 g/mole) makes it ideal choicenade material
Thus the lithium batteries (primary) have very high energy tlessiThe
theoretical specific capacity of lithium metal is 3,884m.Ah.gThe
rechargeability of such a battery is limited due to dendrite ddan which on
further cycling leads to the shorting of the cell. These sa$styes lead to the

development of rechargeable lithium ion batteries. Replacing litmetal with



intercalation compounds for lithium ions solves many problems arisingtaue
primary lithium batteries. Lithium-ion batteries are based orh sateraction
compound$

Design of Lithium ion battery:

With the demand for fossil fuels ever increasing the need for altermgtergies is
getting lot of attention in the scientific community. Lithium iontteaes can
provide an alternative solution to petroleum based transportatfortypical
rechargeable lithium-ion battery (LIB) consists of a Lithiwamsition metal oxide
cathode and a graphite anode. The lithium transition metal oxideisdcon an
aluminum foil which act as current collector and the graphit@ased on copper
foil which acts as current collector. The anode and cathode aamtespby a thin
polyolefin film (polyethylene or polypropylene) separator. Thetedde used in
LIB’s is usually a lithium salt (lithium hexafluorophosphate) digedlin a blend
of organic carbonates and esters. Table 1 shows the various salgedtsn
lithium ion batteries along with their physical properties. sTtowmbination of
electrodes not only gives wide voltage window but also higher degsaciypical
cathode interaction materials are transition metal oxides Ik€00O,,
LiNi 1/3C013MN1/30,, LiMN,O,, LiNigsMn; 504 and LiFePQetc. A fully lithiated
graphite can provide a theoretical specific capacity of 372/mAAt full state of
charge graphite can only accommodate one lithium ion per six carborf.atoms
Figure 1 shows the typical construction and discharge process hthtbm-ion
battery. Lithium ions are removed from the cathode metal oxidieelaand

intercalated in to the anode during the charging process. The itnangietal



undergoes an increase in oxidation state during this process aneévtrser
process occurs during discharge of the LIB. The LIB is constluct discharge
state so, these batteries have to be charged before anyelseftit work can be
extracted out of theln Scheme 1 represents the charge discharge reactions that

occur in lithium ion battery.

] Charging ] N )
Cathode: LIMQ —> Li 1.y)MOx + yLi' +ye
Discharging
Charging )
Anode: C + yLi + ye = > Li,C
Discharging
Charging R
Overall reaction: LIMQ + C >  LizyMOx + LiyC
Discharging

Scheme-1

Interfacein Li-ion batteries

One of the main reasons behind the cycleability of the preskeniniition battery

is the solid electrolyte interface formed during the ihitlzarging of the LIB. The
lithiation process, which is insertion of lithium ions in to the graphstnucture,

occurs at a potential of ~0.2V vs. Li. So, during the charging procegsotential

of the anode is taken very close to the potential of lithium Im€kas potential

provides a highly reductive environment for the decomposition of elgigrol
Even before any intercalation can occur the electrolyte getemgexsed forming a
thin film on the surface of the anode. This thin film is calleddselectrolyte

interface (SEI). A similar film is formed on the surfaaethe cathode due to
oxidation of the electrolyte. This SEI is very crucial for trexformance of the

lithium ion battery. The SEI prevents further reduction or oxidationthef



electrolytes and supports intercalation and deintercalation of littuns The SEI

is permeable to lithium ion diffusion but prevents electron tunneling throtigh it
The most commonly wused electrolyte system consists of lithium
hexafluorophosphate salt dissolved in a blend of ethylene carbonaje (EC
dimethyl carbonate (DMC), Propylene carbonate (PC) and dietagthonate
(DEC). During the early development of LIB PC was tried lees golvent for
lithium ion batteries, but PC didn’t support interaction of graphité asnnot
form a stable SEI. This was overcome by using EC; the preséfs@ supported
intercalation by forming a stable SEI

The chemistry of the SEI has been extensively studied by vamsaarch groups.
Aurbach et al proposed that the SEI consists of salts of lithono and
dicarbonates formed by single electron reduction of the solvent meteas
opposed to a two electron reduction pathWakhe cyclic carbonates (PC and EC)
form dicarbonates of lithium while the linear carbonates (DMC ak€)Dform
mono carbonates. Chapter 1 in this thesis describes the one elecinonyptir

the reduction of PC, EC, DEC and DMC.

R

D
T )=
.

p PN S G



Scheme 2 8 Path A represents a two electron reduction of cyclic carborzeats

B and Crepresents one electron reduction of cyclic carbonate.

Additivesfor Lithium-ion batteries:

A major requirement for the lithium ion batteries for electgbicles is long cycle
life and also wide temperature window. The SEI formed by thedatd
electrolyte formulation ( 1M LiPFin 1:1:1 EC:DMC:DEC) is not stable at high
temperatures (above %D). the ustable SEI can lead to parasitic reaction and
accelerate the electrolyte degrardation. This leads to cagade in lithium ion
batteries. To suppress this capacity fade and improve the digleadditives
which can form a better SEI are used. Chapter 3 of this thedswlith one of the
additive that is developed by our research group which improved the high
temperature performance of LIB.

Lithium/oxygen battery:

Most of the modern electronic devices have lithium-ion battery. t€olnology is
being used in Hybrid electric vehicle to decrease the demand &iirftesds. The
energy density of lithium ion batteries is dictated by thévaamaterial in the
electrodes of these batteries. Li/@attery has more energy density than the
conventional Li-ion battefy** The theoretical energy density of Li®attery is
around 11680Wh/kg, but the current state of rechargeable lithigurbai@ery is
limited to only few cycles The first rechargeable Liibattery was invented by
Abrahamet-al in 19962 Li/O, battery has lithium anode and a highly porous
carbon cathode. Figure 2 shows the discharge process in Li/@gybdtie anode

and cathode reactions in Ly®attery are presented in scheme 4.



Li — Li" +€ (anode)

Li+ +O, +2¢ —> LiO, (cathode)

Li+ + O, +4€é — 2Li,O (cathode)

Scheme 4: Anode and cathode reactions in Li/Gattery

During the discharge of lithium-oxygen battery the main productedd on the
cathode are Lithium peroxide @,) and Lithium oxide (LiO) and during
charging the products go back to Li and oxydemhe most common electrolyte
used in Li-Q batteries is LiP§in carbonate or ether based solvehits’ The
stability of this electrolyte system in LifCbattery is less since LiRFbeing
thermal equilibrium with P£and LiF. Pk being a strong Lewis acid reacts with
electron rich compound¥. Lot of the recent work is focused on the insoluble
decomposition products formed during the discharge of Li/air bdttefyyOne of
the primary problems is the stability of the electrolytehe presence of electrode
material or reactive intermediate species generated durngetersible charging
and discharging of the cell. Chapter 4 of this thesis deals hihstability of

various electrolyte formulations in the presence gDk
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Figure 1-1. Schematic diagram of the lithium ion battery.



Discharge

Figure 1-2. Discharge and charge process in Lil@ttery
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Solvent Structure T (Q T.(0) €(25 OC) n (25 0(:)
o
1.90
Ethylene )J\ 36.4 2as 6078 0
carbonate (EC) o o 40°0)
(0]
Dimethyl
Carbonate (DMC) ~ )J\ o 4.6 91 3.107 0.59
(6] (©)
i 0
Di ethyl
Carbonate (DEC) -74.3 126 2.805 0.75
/\O O/\
(0]
grlg:::qaiteh{slmq )J\ -53 110 2.958 0.65
/\O O/
Propylene o -48.8 242 64.92 2.53
carbonate (PC) )k
0 o

Table 1-1. Physical properties of various organic solvents used in lithium ion batteries
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Chapter-2

Reduction products of Solid Electrolyte interface

Introduction

Organic Carbonates are the major solvents used in lithium-ion ibattéfhe
reversibility of the present Lithium-ion battery is mainly iatited to the electrolyte
system used in these batteries Solid electrolyte interface (SEI) is formed by
reduction of organic carbonates on the surface of the anode in lithiubaiteries.
The SEI has the properties of the electrolyte which permits ohigigration into and
out of the electrodes but prevents electron tunneling throughThe growth of the
SEI at the expense of the electrolyte at high temperateaes ko the capacity fade in
lithium-ion batteries. Understanding the reactions that transfdreset organic
carbonates to SEI is essential in developing better lithium-ion battertes électron
pathway for the reduction of ethylene carbonate was proposeallyniti which was
later challenged by Aurbach et. 4B87. They proposed one electron pathway for the
reduction of cyclic carbonates and later extended it to linedonates. The major
products of one electron reduction are semi carbonates and’ga€gker than semi
carbonates the SEI also consists of lithium oxalates and allsowiden cycled with

carbon based anod&s

0 ] Li,CO; + CH,CH=CH,

Scheme-1: Two electron reduction of propylene carbonate.

13



(e
O)ko e
2 —— 20 o —> LIO
'CH2=CHR1

R
1 Ry

I A

R;=H (EC) or CH (PC)

Scheme-2: Single electron reduction of cyclic carbonates (EC and PC).

Tarascon et. al. analyzed the SEI products formed on the surface of the ahdR by
(nuclear magnetic resonance spectroscopy) and ESI-MSr¢elespray ionization-
mass spectroscopy). They found that the major products of SElrareadonates
along with lithium alkoxides and phosphafe$ In order to understand the structure of
the components in the SEI, we used a Lithium napthalenide, a well known one
electron transfer agent, as a modle compound for the lithiated itgragirface.
Lithium napthalenide is reacted with various carbonate solvents incledmydene
carbonate (EC), propylene carbonate (PC), diethyl carbonate (CHBG)dimethyl
carbonate (DMC). The products are analyzed by Nuclear magnetignance
spectroscopy (NMR) and Fourier transform Infrared spectroscopy (FTIR)
Experimental :

Materials and methods:

All reagents were used without further purification. Reagents ahcerds were
purchased from either Sigma-Aldrich or Novolyte technologies. Battgade

ethylene carbonate (EC), propylene carbonate (PC), diethiybrmate (DMC) and

14



dimethyl carbonate (DMC) are obtained from Novolyte technoloditshe reactions
and purifications are performed in a nitrogen filled glovebox. The sisaby evolved
gases during the reaction is performed on Agilent 6890 GC equippe®®i3 mass
selective detector and DB-1MS Ul column. Helium is used asecayais with a flow
rate of 1.0ml/min. The gas samples are analyzed in an isothemmathe column
temperature is maintained at°@0with a run time of six minutes. The mass spectra
obtained on these gases are compared with NIST library to de¢ethe molecular
structure.

Synthesis of Lithium-Naphthalenide:

4 grams of Naphthalene (0.0312 moles) and 0.197g (0.0283 moles) of lithium meta
are added to a 100ml round bottom flask containing 50ml of Tetrahydrflika).(
The reaction mixture is stirred over night at room temperaturéark green color

solution of Lithium-naphthalenide is obtained.

©

D — )

Reaction of Li-naphthalnelide with organic carbonates. To a bottom flasks
containing the solution of Li-naphthalenide ( 0.0283moles, ~25ml) is adldre

carbonate (EC) in 1:1 mole ratio. All the reaction was stioegt night. Immediately
after addition of carbonates to lithium napthalide the solution tudste brown and

precipitation is observed. The solvent is removed by high vacuum andstiigng
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reddish brown solid is washed with diethyl ether to remove the napmthatel any
residual organic carbonate solvent. The solid is dried under vacusemtwve the
solvent. The solids were dissolved in deuterium Oxid®jand’H and**C NMR
spectra of the solutions were acquired on a Bruker 300Mz spectroffkée water
peak present as impurity in,O is used for a reference at 4.7ppm to determine the
chemical shifts. Similar reactions were conducted with propytearbonate (PC),
Dimethyl carbonate (DMC) and Diethyl carbonate (DEC). TheriEouransform
infrared (FTIR) spectra of the solids were taken in ama#ted total reflection mode
on Bruker tensor 27 instrument equipped with germanium cry$ted. gas analysis is
performed by evacuating the head space of the reaction flask cogtaini
naphthalenide in THF followed by carbonate solvent addition. The evohsas gre
then sampled using a 10puL GC syringe.

Results and discussion

NMR analysis of precipitates

The molecular structures of the precipitates formed in theioeabetween lithium
naphthalenide and various carbonates are analyzed via a combindtigri®ef NMR
and FTIR. The'H and**C NMR spectra of the precipitates show spectral features
similar to that of their parent carbonates but have a diffetestnical shift values.
Figure 1 shows thtH NMR of the precipitates formed by reaction between Lithium
naphtahalenide with ECThe '"H NMR shows a singlet around 3.51 ppm which
corresponds to methylene protons. Figure 2 contains the correspdi@ingMR
spectrum which contains a singlet at 62.5 ppm and another sangletd 168.3 ppm.

The singlet around 62.5 ppm is due to methylene carboBH®EH,-O-) and the
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singlet around 168.3 due to carbonyl carbon. Figure 3 show$HtH¢MR of the
precipitate formed by the reaction between Lithium naphthalemdeP€."H NMR
shows a doublet around 1ppm due tdHs@rotons coupled to a single proton and
multiplet around 3.3ppm which is due toHE& type protons. There is another
multiplet around 3.7 ppm which is due to the asymmetric proton. Thisofygitting
pattern is similar to that of PC. Figure 4 showsf@&NMR of the precipitate formed
in the reaction between Lithium naphthalenide and PC which shows &aks p
located at 17.7, 66.3, 67.9 and 168.3 which are du€ky,—-O-CH,-, -O-CH(CHy)
and -C(0)- type carbons respectively. Figure 5 shows tHeNMR of the precipitate
formed in reaction between Lithium naphthalenide and DEC which shonyded at
1.12 ppm which is due to GHbrotons coupled with CHype protons and a quartet at
3.5 ppm due to B, protons coupled with CHprotons. Figure-6 contains tH&C
NMR of the solid isolated from the reaction of lithium naphthalenidle BEC which
contains three resonances at 18.73 ppm, 69.04 ppm and 154.26 ppm which are due to
methyl, methylene and carbonyl carbons respectively. Figomains théH NMR
spectra of the reaction between Lithium naphtalaneide and DMe Thsingle *H
NMR signal at 3.14 ppm is due tHgO type protons and the correspondiig
NMR (figure-8) has two signals at 48.7 and 168.59 due to methyl canolocagbonyl
carbon. All the precipitates have trace amount of diethyl ether whieleiisis bothH

(t 1.1 and q 3.5 ppm) andC NMR (14.7 and 66.4 ppm). Table 1 shows all the

chemical shifts of the precipitates formed in the reactions.
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FTIR analaysis of precipitates

Figure 9 contains the FTIR spectra of the precipitates ddrnm the Lithium
naphthalenide reaction with various carbonate solvents. All of tlegppates have
similar structural features in the 2000- 700cregion. Absorptions are observed at ~
1650cnt, 1350cmt, 1100cnt and 820cnt for all precipitates. All the precipitates
contain asymmetric and symmetric stretching modes around 306@arnesponding
to alkane or alkene groups present in these precipitates. Asgmstieetching of
carbonate O—C=0 groups around 1650'@nd asymmetric stretching mode of C—O
—C group around 1100 ¢hrare present in all the precipitates. The high intense peaks
around 1300cim to1400cnt are due to C-O symmetric stretching.

The NMR and FTIR spectral features of the precipitatesidaetical to the pure
compounds previously reportédfhe combination of spectral data from both NMR
and FTIR indicates that the one electron reduction products of theneée solvents
used in Li-ion battery are exclusively lithium mono and di alkyboaates. By the
reduction of cyclic carbonates (EC and PC) the products forneedithium ethylene
dicarbonate (LEDC) from EC and Lithium propyl dicarbonate from B the
reduction of linear carbonates (DMC and DEC) the products arasex@ly lithium
methyl carbonate and lithium ethyl carbonates respectively.

GC-MS analysis of Gases

Since gas evolution was observed during the reduction reaction of dadbavith
lithium naphthalenide, the gasses evolved during reaction were etidlyzGC-MS.
Upon reaction of lithium naphthalenide with EC the reaction mixtwmves gas

which matches to the NIST library spectrum of ethylene. ctwa of propylene
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carbonate results in the generation of propylene gas. Anally$sie gases evolved
during the reaction of Li naphthalenide with DMC and DEC have not babn f

characterized due to interference of Nitrogen and Oxygen gases in GQGSis.

Conclusions:

A model compound Li napthalenide has been used to simulate onerlestuction
reaction of organic carbonates. The precipitates of the reactieres amalyzed by a
combination of NMR and FTIR spectroscopy while the gases evolvedgdthre
reaction were analyzed by GCMS. Analysis of the products caosfithat the
previously reported reactions in Scheme 1 and 2 are the dominant reaaattaons
of ethylene carbonate and propylene carbonate. The prin@aygis of the reduction
of EC are LEDC and ethylene and the primary reduction products of PC aredrRDC
propylene. Analysis of the reduction products of diethyl and diyhet@wbonnate
confirm that the primary products are lithium ethylcarbonate athiliin methyl
carbonate. Unfortunately, the gasses evolved from these reddiomsiot been fully

characterized and thus the complete reaction cannot be determined.
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1H NMR(D,0) 13CNMR (D,0)  Gasanalysis
EC 3.5(s), 62.5,168.3 Ethylene
PC 0.9 (d), 3.3 (m), 17.7,66.32, Propene
3.7 (m) 67.9, 168.3
DEC (Duterated acetone) 1.12 (t), 3.55(q) 154.2,69.04,
18.73
DMC 3.14 (s) 48.7,168.5

Table 2-1. *H NMR, *CNMR and GC-MS of the precipitates and gases formed by

reaction of Lithium-naphthalenide with various organic carbonates.
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Figure 2-1. '"H NMR of the precipitate formed in the reaction between EC and

Lithium naphthalenide.
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Figure 2-2. 3C NMR of the precipitate formed in reaction between EC and

Lithium naphthalenide.
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Figure 2-3. *H NMR of the precipitate formed in the reaction between PC and

Lithium naphthalenide.
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Figure 2-4. 13C NMR of the precipitate formed in the reaction between PC and

Lithium naphthalenide.
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Figure 2-5. 'H NMR of the precipitate formed in the reaction between DEC

and Lithium naphthalenide.
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Figure 2-6. 1*C NMR of the precipitate formed in the reaction between DEC

and Lithium naphthalenide ingBAcetone.
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Figure 2-7. 'H NMR of the precipitate formed in the reaction between DMC and

Lithium naphthalenide.
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Figure 2-8. °C NMR of the precipitate formed in the reaction between DMC

and Lithium naphthalenide.
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Figure 2-9. FTIR spectra of precipitates obtained by reaction of Lithium-
naphthalenide with: (a) Propylene carbonate (b) Ethylene carbonate tftylDie

carbonate (d) Dimethyl carbonate
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Chapter 3 Methylene ethylene carbonate: Novel additive to improve the high
temper atur e performance of lithium ion batteries

Introduction

Lithium ion batteries are the dominant secondary battery teclppdtr portable
electronic applications and there is great interest in the ulsiam ion batteries in
electric vehicle (EV) applications. However, the performangeirements are much
more stringent for EV application compared to portable elest®applications. EV
applications require longer life and greater operational and surtewaperature
ranges. The more stringent requirements are often limitetiedoperformance of the
electrolyte [1]. In particular, the high temperature performaue calendar life are
typically limited by the thermal stability of the elecytd and reactions of the
electrolyte with the protective anode solid electrolyte inteph(&El) [2—4]. One
method for improving the calendar life and high temperature gyabflilithium ion
batteries is the incorporation of additives which are sacrificially redodde surface
of the anode to generate a more stable anode SEI. The most uséel additive in
lithium ion batteries is vinylene carbonate (VC). IncorporatioN ©finto lithium ion
batteries has been reported to improve cycling stabilityestatdd temperature (>50
°C) [5-9]. Investigations into the source of performance improvensemgest that
VC reacts on the surface of both the graphite anode and metal catldede.
However, the generation of poly(alkyl carbonate) on the graphitacsuis typically
cited as the primary source of performance enhancements.slim#mnuscript, we
report a novel anode SEI film forming additive, methylene etteylsarbonate (MEC)

[10,11]. MEC is readily synthesized via a mercury catalyzetizeyon reaction [12].
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Incorporation of MEC into lithium ion cells results in a signdint improvement in
capacity retention upon cycling at elevated temperature®@0 Ex situ surface
analysis of the electrodes suggests that poly(methylenderéh carbonate) is
generated on the anode and cathode surfaces and is the likelyfsoyredormance
enhancements. MEC is a promising thermal stabilizing additivelifoum ion
batteries.

Experimental

All of the materials for the synthesis of MEC were purchdsmd Sigma Aldrich or
Acros and used without further purifi-cation. Battery grade ethsihgi carbonate
(EMC), dimethyl carbonate (DMC), diethyl carbonate (DEC), ktfum hexafluo-
rophosphate (LiP§y were provided by Novolyte and used without further purification.
MEC is purified by recrystallization and its purity is assesfrom'H and**C NMR
spectroscopy and gas chromatography. Prismatic cells (650 mAftdirdgag an
artificial graphite anode and a Li{¥iVIny3C030, cathode were prepared with 1 M
LiPFs in EC:EMC (3:7 by volume) with and without added MEC. Related lithinm
coin cells are prepared with 1 M LiPF6 in 1:1:1 EC:EMC:DEC \aitld without 2%
(wt) added MEC. The coin cells used for testing the electrdbt@ulations con-
tained LiNp.sC0p.20, (LNCO) as the active cathode material and mesocarbon
microbeads (MCMB) graphite as the active anode material.cdimecells contained
30 puL electrolyte and polyethy lene film for a separator amckwsed for the ex situ
surface analysis of the electrodes. The coin cells weledcydath a constant current-
constant voltage charge and a constant current discharge betweéraddl3.0 V

using a battery cycler (BT-2000 Arbin cycler, College StatioX). TThe cells were
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cycled with the following formation procedures: first cycteCa20, second and third
cycle at C/10 and remaining two cycles at C/5. After theainfive formation cycles
the cells were cycled at C/5 rate at room temperature.

The cells were opened in an Ar glove box after cycling andetbetrodes were
extracted for surface analysis. The electrodes were riwghddimethyl carbonate
(DMC) three times prior to surface analysis. The XPS spegére acquired with a
PHI 5500 system using Al &radiation (v = 1486.6 eV) under ultra high vac-uum.
Characterization of XPS peaks was made by recording XPS agdectreference
compounds, which would be present on the electrode surfaces: @)l LixPO/F,
and lithium alkyl carbonate. The graphite peak at 284.3 eV was ssedeéerence for
the final adjustment of the energy scale in the spectra. Lithiasnot monitored due
to its low inherent sensitivity and small change of bindingrggneThe spectra
obtained were analyzed by Multipak 6.1A software and fitted using XBak
software (version 4.1). A mixture of Lorentzian and Gaussian functiassused for
the least-squares curves fitting procedure. Scanning electron ©copyO{SEM)
images were taken on a JEOL 5900 scanning electron microscoyerRransfer
infrared spectroscopy (FTIR) was conducted on a Thermo SaeNticolet iS10
Spectrometer with an attenuated total reflection (ATR) aocgs3he spectra were
acquired with a resolution of 4 cm-1 and a total of 128 scans.

2.1. Synthesis of t-BOC protected propargyl alcohol (Eg. (1))

To a solution of propargyl alcohol 20 g (0.356 mol) in 30 mL methylene chlarigle
added N,N-diisopropylethyl amine 115.0 g (0.89 mol) and dimethyl amindimpgr

4.34 g (0.0356 mol) at room temperature under nitrogen. The contents akiatan
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ice bath while di-t-butyl dicarbonate 100 g (0.462 mol) is slowly addddrumtrogen
purge. The reaction mixture is allowed to stir for 3 h as thdéatk warms to room
temperature. The reaction mixture is then washed with water,H@OPsolution, 10%
NaHCO3 solution, and NaCl solution (150 mL each) followed by dryinth wi
magnesium sulfate. The residual solvent is removed via rotappetaon to yield the
t-BOC propargyl alcohol (52.8 g, 95% yield).

2.2. Synthesisof MEC (Eq. (1)): 1 A suspension of mercury (ll) triflate 6.36 g (12.7
mmol) and tetra methyl urea 4.44 g (38.07 mmol) in 150 mL methyleeiddlis
stirred for 30 min in a round bottom flask in a nitrogen filled gltwex. To that
suspension is added t-BOC propargyl alcohol 40 g (0.256 mol) and stirredigivier
The contents are filtered through silica gel to remove the memiaits and tetra
methyl urea. The residual solvent is removed via rotary evapor&llowed by
recrystallization in pentane to yield MEC (11.5 g, 45% yield). ThetyofiMEC as
estimated by NMR spectroscopy is >99%.NMR (300 MHz, CDCJ) & 4.95 (t, 2H),
4.79 (m, 1H), 4.38 (m, 1H)*C NMR (75 MHz, CDCI3)s 152.83, 148.93, 67.60,

87.00. Melting point: 31-3C.

0
. o J
HO >|\o)]\o)l\o/Q )I\o Hg(OTf), 0

(H,C),CO Q

. ~
—_— CH,Cl,, Huing's base, " T Cm,C, TMU (1)
DMAP

Results and discussion
Electrochemical testing on full cells The performance of MiS@G thermal stabilizing

additive in full cells was examined in 650 mAh prismatic cedlstaining an artificial
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graphite anode, LiNiMny3C0130, cathode, and 1 M LiRFelectrolyte in EC:EMC
(3:7 by volume) with and without added MEC. After typical cell fation cycling at
room temperature, the cells were cycled at a 1 C rate hetv6eand 4.2 V at 68C
to simulate accelerated aging (Fig. 1). Cells containing 2%r of MEC have
outstanding capacity retention (~80%) after 270 cycles &iC60Comparable cells
containing standard electrolyte failed after less than 100 <wtl60°C. In order to
better understand the source of the performance enhancement hyré&ed coin
cells were cycled and ex situ analysis of the electrodesceaducted. The cycling
performance of the coin cells after thermal storage wasasitoithat observed for the
accelerated aging experiments on the 650 mAh cells.

Surface analysis
The surfaces of three sets of electrodes were analyzed fay Yhoto electron
spectroscopy (XPS), scanning electron microscopy (SEM), andradrapectroscopy
with attenuated total reflectance (IR-ATR). The electrodenes were: fresh
uncycled electrodes, electrodes after five formation cycles, lacttagles from cells
with 30 cycles that were further stored at°60for one week to simulate accelerated
aging. The cells were dismantled at a full state of charge iargon glove box and the
anodes and cathodes were extracted. The electrodes were washeM®@ and dried
under vacuum.

XPS analysis

The electrodes were analyzed by XPS. Figs. 2 and 3 containsp&$ra of the
anodes and cathodes while the elemental concentrations are szednarTables 1

and 2. Analysis of the anode surface reveals that the concentréticerbon is
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decreased and the concentration of oxygen is increased aftargcyati both the
standard electrolyte and the electrolyte with added MEC consistth the formation

of a solid electrolyte interphase (SEI). Anodes extracted ftelis after formation
cycling with the standard electrolyte have slightly lower catregions of carbon and
oxygen and a higher concentration of fluorine than the anodeacedr after
formation cycling with the electrolyte containing MEC. The caotiaion of
phosphorus is low for both cycled anodes. After additional cyclingstordge at 60

°C there are only small changes to the elemental concentratithe afurface. The
higher concentrations of C and O and lower concentration of F on tlaeesarf the
anode is consistent with a thicker anode SEI covering more ofldbogle surface
and the PVDF bindefhe C1s spectra of fresh anodes contain peaks characteristic of
graphite (284.3 eV) and PVDF (285.5 and 290.3 eV). The correspond-ing peak
characteristic of PVDF is observed in the F1s spectrum (687.8 &8\@ the Ols
spectrum contains a weak peak attributed to graphite surface oridab32 eV).
Significant changes are observed on the electrode surfacePByaXer formation
cycling. The anode extracted from the cell cycled with stahdéectrolyte contains
new peaks in the C1ls spectrum consistent with the formation of(2882 eV) and
C-O (289.5 eV) containing species such as lithium alkyl carbonéatesim
alkoxides, and ethers, as previously reported on the anode SEI§8Hition, there is

a small peak (282.9 eV) characteristic of Lidhe Fls spectrum contains peaks
characteristic of PVDF (687.8 eV) and LiF (684.5 eV). A weak P2masig observed

for Li\PRO, (133.7 eV) while the corresponding F1s peak (687 eV) is similar in

binding energy to PVDF. The O1s spectrum contains peaks characiiStO and
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C=0, consistent with the C1s spectra. Anodes extracted fromcoeitaining MEC
after formation cycling have similar XPS spectra to the amageled with standard
electrolyte. However, the relative intensity of the peak atarstic of LiF is slightly
lower. XPS spectra of the anodes extracted from cellsayid stored at 68C for
both electrolytes are similar to the XPS spectra of the anafier formation cycling
suggesting only small changes to the structure of the surfaciespecur upon aging.
The changes to the cathode surfaces upon cycling were sthallethose observed
for the anode surfaces cycled in the presence of standard ekectfatalysis of the
cathode surfaces after for-mation cycling with the standawtrelge suggest very
small changes to the concentrations of C, F, O, and Ni. Mandisant changes were
observed for the electrolyte containing MEC. The concentrations ahdCCaare
increased while the concentrations of F and Ni are decreaseds Tussistent with
the generation of a cathode surface film in the presence of MEE.elemental
concentrations of the cathode surface in both the standard electaoig the
electrolyte containing MEC do not change significantly upon aging stiggesnly
small changes to the surface species. The Cls spectrum ofdhedtbode contains
peaks characteristic of graphite (284.3 eV) and PVDF (285.5 and 290.3 e\§13he
spectrum contains the corresponding PVDF peak (687.8 eV). The Olsuspectr
contains peaks characteristic of metal oxide (528 eV) and redithiain carbonate
(531 eV). The cathodes extracted from cells containing standatdoglee have only
small changes after formation cycling. A new small peak cheniatic of LiF is
observed (684.5 eV) in the Fls spectrum and the peak in the Ol s spectrum

characteristic of metal oxide (528 eV) has decreased intefi$ig/.changes to the
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surface of the cathode extracted from the cell cycled witttrelgte containing MEC
after formation cycles are greater than those observedchéostandard electrolyte.
New peaks characteristic of C-O containing species includingsetimel carbonates
are observed (287.5 eV) in the C1s spectrum and (534 eV) in the Olsispdaotr
addition, the peak characteristic of metal oxide (528 eV) is no toalgservable
suggesting the presence of a relatively thick cathode surfateAdditional cycling
and storage at 6 results in changes to the surface of the cathode extfaotedhe
cell containing standard electrolyte. Peaks charactenoétie-O and C=0 containing
species are observed in the Cls and Ols spectra consistent witrntlation of
lithium alkyl carbonates. The peak of LiF has a slight ineeasantensity while the
peak of the metal oxide is no longer detectable. In addition, a ndw(p@a eV) in
the P2p spectrum is observed consistent with the presenceP#,QJ. Additional
cycling and storage at 6C results in only small changes to the surface of the cathode
cycled in the presence of MEC containing electrolyte. A spedk characteristic of
LixPFO, is observed in the P2p spectrum.

FTIR analysis

The IR spectra of both the anodes and cathodes are dominated byrpeal®/DF
binder at 1400, 1170, 1070, 877, and 840'cRig. 4). The anodes extracted from
cells containing standard electrolyte contain a new pedk@@ cm’ consistent with
the presence of oxalates or lithium alkyl carbonates. The anodetitycled with
MEC contain the peak characteristic of oxalates and lithium abkyonates along
with an additional peak at 1750 chwhich is characteristic of polycarbonates. The

cathodes extracted from cells containing the standard eleetrblgte no new

35



absorptions (Fig. 5). However, the cathodes extracted from ogdled with MEC
containing electrolyte have an additional peak at ~1800" @wmnsistent with the
presence of polycarbonates.

SEM analysis

SEM analysis of the fresh anode materials reveal MCMBighestranging in size
from 0.5 to 5 um diameter (Fig. 6). After formation cycling sheface of the MCMB
particles appears to be coated with a surface film for bothtdhdard electrolyte and
the electrolyte containing MEC. The appearance of this surfacesfsimilar for both
electrolytes. SEM images of the anodes after thermal staradyeycling appear to
have additional surface film coverage for both the standard and MiE@iming
electrolytes. However, the surface films appear similarbfath electrolytes. SEM
analysis of the cath-odes before cycling, after formatiofingycand after storage at
elevated temperature with cycling are very similar suggestingniyaguaface films on
the cycled cathodes are very thin (Fig. 7).

Summary

A novel anode SEI film forming additive, methylene ethylene catkofMEC), has
been reported. MEC is prepared in good yield and purity by mercatalyzed
cyclization. Addition of low concentrations of MEC (1-2%) to commercial lithiom i
battery electrolytes (LiPF6 in carbonates) improves the dgpatention of lithium
ion batteries cycled at elevated temperature’(§0Ex situ surface analysis (XPS and
FTIR) of the electrodes suggests that generation of poly hghesie-ethylene

carbonate) on the anode surface results in a anode SEI with suiperioal stability
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and alters the surface chemistry of the cathode. MEC is a gmgmthermal
stabilizing additive for lithium ion batteries.
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Fresh

1M LiPFg-formation cycling
2% MEC-formation cycling
1MLiPF¢ (60°C)

2% MEC(60°C)

Cls%

65

47

53

48

51

F1s%

32

33

21

33

22

01s%

19

26

17

26

P2p%

Table 3-1. Elemental composition of C, F, O and P on anodes
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Fresh

1M LiPFg-formation cycling
2% MEC-formation cycling
1MLiPF¢ (60°C)

2% MEC(60°C)

Cls%

43

47

52

43

55

F1s%

31

29

23

31

15

01s%

11

10

16

10

21

P2p%

Ni2p%

15

14

15

Table 3-2. Elemental composition of C, F, O, P and Ni on cathodes
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Figure 3-1. Discharge capacity vs cycle number for Li;;3C013Mny/3)O,-based cells

containing 1 M LiPEin 3:7 EC/EMC with and without added MEC. The sallere
cycled atlC rate between 3.0 and 4.2 V at 60
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Figure 3-2. XPS spectra of anodes (a)Fresh anode (b) 1MLIPF6
EC:EMC:DEC(1:1:1) formation cycling; (c)IMLiRAn EC:EMC:DEC(1:1:1) +2%
additive formation cycling; (d) 1MLiPFin EC:EMC:DEC formation cycling and
stored at 68C for seven days and cycled at C/5 rate for 30cycles; (e) REJlin

EC:EMC:DEC(1:1:1) +2% additive formation cycling and stored &C6for seven

days and cycled a C/5 rate for 30 cycles.
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Figure 3-3. XPS spectra of cathodes (a)Fresh cathode (b) 1MLIiPF6

EC:EMC:DEC(1:1:1) formation cycling; (c)IMLiRAn EC:EMC:DEC(1:1:1) +2%

additive formation cycling; (d) 1MLiRPFin EC:EMC:DEC formation cycling and

stored at 68 for seven days and cycled at C/5 rate for 30cycles; (e) REJlin

EC:EMC:DEC(1:1:1) +2% additive formation cycling and stored &C6for seven
43

days and cycled at C/5 rate for 30 cycles.
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Figure 3-4. FTIR spectra of anodes (a) fresh anode(b) 1MLIPF6 in
EC:EMC:DEC(1:1:1) formation cycling; (c)1MLiRAn EC:EMC:DEC(1:1:1) +2%
additive formation cycling; (d) ) 1MLiRfFin EC:EMC:DEC formation cycling and
stored at 68C for seven days and cycled at C/5 rate for 30cycles; (e) RMlin
EC:EMC:DEC(1:1:1) +2% additive formation cycling and stored af@dor seven

days and cycled a C/5 rate for 30 cycles.
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Figure 3-5. FTIR spectra of cathodes(a)fresh anode (b) 1MLIPF6 in
EC:EMC:DEC(1:1:1) formation cycling; (c)1IMLiRAn EC:EMC:DEC(1:1:1) +2%
additive formation cycling; (d) 1MLiRPFin EC:EMC:DEC formation cycling and
stored at 60°C for seven days and cycled at C/5 rate for 30cycles; (e) RELin
EC:EMC:DEC(1:1:1) +2% additive formation cycling and stored af@dor seven

days and cycled a C/5 rate for 30 cycles.
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Figure 3-6. SEM images of anodes (a) fresh, (b) after formation cyclicigafter
formation cycling with MEC, (d) after cycling and storage, &fer cycling and

storage with MEC
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Figure 3-7. SEM images of cathode (a) fresh, (b) after formation cycliogafter
formation cycling with MEC, (d) after cycling and storage, &fer cycling and

storage with MEC
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Chapter-4 Reactivity of electrolytesfor Lithium-Oxygen Batterieswith Li,O»
Introduction

The development of a rechargeable Litattery could result in an electrochemical
energy storage device with significantly greater energyigetie@n the conventional
Li-ion batteries: Thus, there has been significant recent interest in the development
of Li-O, batteries™® Most currently investigated Li-Obatteries are composed of a
lithium metal anode, a organic electrolyte, and a porous carbdmwdeat The
electrochemical reaction occurring within the cells duringhdisge has been reported
to be Q + 2 Li — LiyO,, while the reverse reaction occurs during charging.
Unfortunately, there are several problems associated with geaidity of the current
Li-O; battery system. One of the primary problems is the stabfiithe electrolyte in

the presence of the electrode materials or reactive intesiteedpecies generated
during the reversible charging and discharging of the'¥&il.

Initial investigations used electrolytes similar to those uselithium ion batteries,
LiPFs in carbonate$*® However, carbonate solvents have been reported to be
unstable to oxidation in Li-©cells!®*? Other studies have investigated the use of
glymes as solvents for Li-{batteries but problems with the solvents have still been
encountered™ In addition, the stability of the lithium salts used in the tebégte

has also been questioned. One reactive species which is generatgdcglaling,
lithium superoxide (LiQ), has recently been reported to react with lithium bis(oxalato
borate) (LiBOB)'®

In order to develop a superior electrolyte system for Li{atteries, a better

understanding of the reactivity of the electrolytes with cethponents and reactive
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intermediate species must be developed.OLis the species generated within the
pores of the carbon cathode during discharge. Thus, the electraigtdbenstable in
the presence of gD, to afford long term cyclability of Li-@ batteries. We have
conducted a detailed analysis of the reaction of common electralyte Li,O, at
moderate temperatures (5%C) to simulate accelerated aging. Electrolytes
investigated include solutions of salts (L§PFLIBF,, LiBOB, and lithium
Bis(trifluoromethanesulfony)limide (LiTFSI)) in different sols (carbonates,
glymes, and nitriles). Significant differences in the re#gtiof different salts was
observed suggesting that LiP$hould not be used in Li-(attery electrolytes.
Experimental

Battery grade LiP§ LiBF,4, Lithium bisoxalatoborate (LiBOB), and lithium
trifluorosulfonylimide (LiTFSI) were obtained from Novolyte ordkich. Propylene
carbonate (PC), Ethylene carbonate (EC), Ethyl methyl cardqEMC), Diethyl
carbonate(DEC), Dimethoxyethane (DME), tetraethylene glycohethyl ether
(TGDME), and Acetonitrile (ACN) were obtained from Novolyte orrés All the
solvents were dried over 4Anolecular sieves for one week prior to useOkLi(99.9
%) was purchased from Alfa-aeser and used without any furthdicption. LibO
(97 %) was obtained from Aldrich. NMR tubes were prepared witrsaMin ternary
solvent (EC: EMC: DEC), PC, TGDME or ACN. Various concerdret of LbO- (1,
0.5 and 0.25eqgyere added to the above prepared electrolyte systems. All tvH?
were prepared in an argon filled glove box and flame sealed underenitrbiyyIR
tubes were then stored at %5. NMR spectra were acquired with a Bruker 300-MHz

NMR spectrometer. The NMR data was processed by mestrenowarsoftThe solid
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residue present after thermal storage ofOkiin LiPFs in ACN or TGDME and
LITFSI in ACN or diglyme was analyzed by X-ray photoelentspectroscopy (XPS)

and Raman spectroscopy. XPS spectra were acquired on PHI5500 systeAl Ka
radiation (lv = 1486.6 eV) under ultra high vaccum. The C-H peak (285 eV) is used as
a reference peak for final adjustment of energy spectra.spletra obtained were
analyzed by Multipak (6.1A) software and fitted with XPS peak sofw(version

4.1). The Raman spectroscopy is performed on a Bruker optics iR&rRaicroscope
using a 785 nm excitation wavelength and 50x microscope objectiveRaiman

shifts were collected in a range of 3500-150cm

Results and Discussion

The reactivity of a LiPFin a 1:1:1 mixture of ethylene carbonate (EC)/dimethyl
carbonate (DMC)/diethyl carbonate (DEC) electrolyte wit)Okiwas investigated by
'H, %F and®P NMR spectroscopy. NMR spectra of fresh samples otrelge
contain a singlé’F resonance centered at 65 ppm (doublet, 709 Hz) and a SiAgle
resonance at -145 ppm (septet, 709 Hz) characteristic of a single P atom bound to six F
atoms as expected for LiRF The'H NMR spectrum contains two singlets at 4.51
and 3.72 ppm, characteristic of EC and DMC, respectively, and a Quezatet and
triplet at 1.24 and 4.14 ppm characteristic of DEC, respectively. dgdiion of 0.5
molar equivalents of kO, to 1 M solutions of LiPEin 1:1:1 EC/EMC/DEC gas
evolution was initiated. The samples were stored 8€56r 20 hrs. Two new sets of
resonances are observed in tfe NMR spectrum. The singlet at -17 ppm in tfe

spectrum is attributed to LiF. The second set of resonances itFtNR spectrum
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is a doublet at 54 ppm (940 Hz). The appearance of the new doublet- 98 thMR
spectrum coincides with the appearance of a new triplet ifhMR spectrum at -
20 ppm (940 Hz). A®F doublet coupled to #P triplet is consistent with a P atom
bound to two F atoms supporting the formation of gRk (Figure 1). There were
no observable changes in th¢ NMR spectra (Figure 2). Continued storage of the
electrolyte for two weeks results in only small changes tosfieetra supporting a
slow increase in the concentration of LiF and OxBE but no changes to the
carbonate solvents were observed. Extended storage in carbonate bas®d ablb5

°C (two weeks) results in the generation of OPF(@ei)idenced by a doublet ifiF
spectra ~60 ppm (920 Hz) and a doublet'® spectra -10 ppm (920 Hz) consistent
with further thermal decomposition of the Lg¢arbonate electrolyte as previously
reported®> Additional storage experiments were conducted with differeimsraif
Li,O, to LIPRs in 1:1:1 EC/EMC/DEC and provide the same decomposition products.
The concentration of OR@LI) determined by integration of tH&F NMR signals is
consistent with quantitative decomposition of thgli Similar reactions conducted
at room temperature support the generation of the same produxtsi@awer rate.
Storage for 20 hrs at room temperature results in the gemedtiapproximately 50
% of the OPKOLi) generated upon storage for 20 hrs atG5

Similar investigations were conducted on L§fother solvent systems. The spectral
features of LiPF are largely independent of the solvent (EC/DEC/DMC, PC,
tetraglyme, and ACN). Storage of 1 M solutions of i PC resulted in very
similar spectral changes as observed in EC/DMC/DEC. Neéwand3'P NMR

resonances were observed characteristic of LiF and@FPFRNnd no changes were
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observed to théH NMR signals for PC. Storage of of 1 M LifBolutions of
tertraglyme provided slightly different results. The reactiohieD, with LiPF; was
very slow at 55C. However, upon increasing the temperature of the mixture %6 90
for 24 hours a rapid reaction between LgRRd L,O, occurs. The changes to tHe
and®P NMR spectra were very similar to that observed for theoretes consistent
with the formation of LiIF and ORBLi. The small difference in reactivity for
tetraglyme compared to carbonates is likely due to the lowebibtywf Li,O; in
tetraglyme inhibiting reaction initiation. Since both carbonates glymes contain
oxygen, related investigations of the reactivity of LgRkth Li,O, were conducted in
acetonitrile, a polar aprotic solvent containing no oxygen. pbketsal changes were
very similar to those observed in carbonates and glymes. New\peek®bserved in
the'%F and®'P NMR spectra characteristic of LiF and Os®Ei and no changes were
observed in théH spectra of the solvent (Figure 3). The reaction products observed in
ACN confirm that LyO; is the source of oxygen. The thermal stability of LiIPF
electrolytes in the presence of,Qp, the discharged cathode material for lithium-
oxygen batteries, is considerably worse than in the presencebadjed metal oxide
used in lithium ion batterie'S.

The reaction of other salts including LiBOB, LiBlnd LiTFSI with LpO, were
investigated in the presence of PC and DME. The reactions wer¢onednby*'B,
% and’H NMR spectroscopy of the salts and solvents. The spectrardsatfter
storage at 55C for two weeks, were identical to the pure individual components

indicating no deterioration of the electrolyte. SubsequEft and 'H NMR
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experiments suggest that there is no degradation of LITFSME& Dpon storage for
an additional two weeks at 86 (Figure 4).

Surface analysis

The surfaces of the residual solid after storage gdlat elevated temperature were
analyzed via a combination of XPS and Raman spectroscopy. Analysisimercial
Li,O, reveals a strong peak in the Ols spectrum at 531 eV chatctef LiyO,.
Trace quantities of lithium carbonate as a surface impurite &kso evidenced by C
1s (290 eV) and O 1s spectra (532.7 eV) along with the universal carbon
contamination peak at 285 eV in the Cls spectrum (Figure 5). Uffaze of the
solid residue recovered from the reaction of 0.5 e@Jlil eq LiPBE/ACN has very
low concentrations of C (4.2 %) and O (8.6 %) and a very high congentrdt F
(87.2 %), as determined by XPS. The C 1s XPS spectra of theesitide recovered
from the reaction of 0.5 eq 10,/1 eq LIPR/ACN contains only the universal carbon
contamination peak. The O1s spectrum has low intensity suggestingwa |
concentration of LO,, Li,O, and LiPQ/F, on the surface of the residue. The F 1s
spectrum contains significant peaks consistent with LiF (685 edjgaWith lower
concentrations of LPQ/F, (687eV)and LiPFk (688 eV). The XPS spectra of solid
residues of 0.5 eq 40, in LITFSI/DME are very similar to the XPS spectra to a
mixture of LbO,, LITFSI and residual DME, suggesting that there is no
decomposition of 1O, upon storage at elevated temperature (Figure 6).

Raman spectra (Figure 7) of the residual solid recovered tlhemeaction of LiP§
with LioO, in acetonitrile does not contain peaks characteristic eD.Li New

absorbances are observed consistent with decomposition to low concentratio@s of Li
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(516 cm') and other species. Similar analysis of the residual solid resb¥®m the
storage of LITFSI in DME with LIO, suggests that the 40, is intact and has not
reacted, consistent with NMR and XPS results.

Reaction Mechanism

The data presented above suggests thatglLi@E very poor thermal stability in the
presence of LO, while other salts including LiTFSI, LIiBOB, and LiBFhave
excellent stability in the presence ob@p. The proposed mechanism for reaction of
LiPFes with Li»O, is presented in Scheme 1. While many solvents have been reported
to be reactive in the presence of lithium super oxide £),/&" all of the solvents

investigated (carbonates, glymes, and nitriles) have excslignitity in the presence

of Li»0Os.
LiPFs —_— LiF + PR
PR +2Li,0, —>  OPR+2LiIF+L,0+0,
OPK + Li,O —>» OPFy(OLi) + LiF
Scheme 1
Conclusions

The thermal stability of several potentially interesting tetdgtes for lithium air
batteries in the presence obQp was investigated. Stability of the liquid electrolytes
was probed by NMR spectroscopy. Electrolytes containinggéRperienced a rapid

decomposition of the salt to generate @PIEI) in solution and solid LiF.
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Investigation of the residual solids via XPS andrm@a spectroscopy supported the
decomposition reactions observed in solution fdP?Rsielectrolytes. However, all
solvents investigated have excellent stabilityhe presence of kD,. In addition,
other salts including LIiTFSI, LIBOB, and LiBFre also very stable in the presence of
LioO,. The results suggest that LB a poor salt for rechargeable Ly-Oatteries.
The addition of LiO, to LiPFs in carbonates results in a dramatic decreaseen th
thermal stability of the electrolyte.
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Figure4- 1. °F NMR (left) and®'P (right) of 0.5 eq O, with 1M LiPFs in

EC:DMC:DEC stored at 5% for 2 weeks (top) and 20 hours (bottom).
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Figure 4-2. *H NMR of 0.5 eq LiO, with 1M LiPF; in EC:DMC:DEC stored at 55

°C for 2 weeks (top) and 20 hours (bottom).
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Figure 4-3. %F NMR (left) and®'P (right) of 0.5 eq LiO, with 1M LiPFs in ACN

stored at 55C for 2 weeks (top) and 20 hours (bottom).
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Figure 4-4. *H (left) and™*F (right) of 0.5 eq 14O, with 1M LiTFSI in DME stored at

55°C for 2 weeks (top) and 20 hours (bottom).
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Figure 4-5. XPS spectra of the precipitate formed by reactb®.5 eq L3O, with

LiPFs in ACN (top) pure LiO, (bottom).
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Figure 4-6. XPS spectra of the precipitate formed by reactb®.5 eq L3O, with

LiTFSI in DME (top), and pure LiTFSI (bottom).
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Figure4-7. Raman spectra of solid residues froCLireaction with various

electrolyte systems in comparison with purglziand LpO.

65



MANUSCRIPIT- IV
Published in Journal of Polymer Science A, July 2010
Two-Step Thermochromism in Poly(3-docosoxy-4-

methylthiophene): M echanistic Similarity to Poly(3-docosylthiophene)

Dinesh Chalasani, Joshua K. Potvin, Brett L. Luifilliam B. Euler
Department of Chemistry, University of Rhode Isl&ntyston, RI,

USA

Corresponding Author: Dr. Brett L. Lucht.
Department of Chemistry
University of Rhode Island
Pastore Hall, 51 Lower colldgy
Kingston, RI, 02881, USA.
Phone +1-401-874-5071.

Email addrdsisicht@chm.uri.edu

66



Chapter 5 Two-Step Ther mochromism in Poly(3-docosoxy-4-

methylthiophene): M echanistic Similarity to Poly(3-docosylthiophene)

Introduction

The unique electronic and spectroscopic propemiesonjugated polymers have
resulted in significant academic and industriakiast: Polythiophenes are one of the
most widely investigated conjugated polymers beeaafsthe ease of synthesis and
modification of solubilizing substituenfs.One of the interesting properties of
substituted polythiophenes is thermochromism. Altio there have been many
investigations of the mechanism of the thermochcomnansition, there are still
questions relating to how the structure of the fdphene (regioregularity
substitution pattern, molecular weight, impurities! precipitation metho&? etc.)
affects the mechanisfl. Although most polythiophenes have a simple twosgha
thermochromic transition, mesophase formation iseoled in some poly (3-
alkylthiophene)s with long side chaitis:?

In an effort to better understand the thermochromnaperties of polythiophenes with
different types of substitution patterns, we haveppred poly(3-docosoxy-4-
methylthiophene) (PDMT). On heating thin films dDMT, the color of the polymer
changes from purple to yellow. When the samplegauelly quenched, a red-orange
mesophase is generated. On heating a second tmenésophase changes color
irreversibly. This two-step thermochromism was stgated by reflection and

fluorescence spectroscopies and differential scgncalorimetry (DSC).
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Experimental

Materials

All reagents were used without further purificatidReagents and solvents were
purchased from either Sigma-Aldrich (St.Louis, M@)Fisher Scientific (Rockford,
IL). Synthesis of 3-Docosoxy-4-methylthiophene Ttyegrams (61 mmol) of n-
docosanol was added to a 500-mL three-necked #asd00°C. To this flask was
added 2.0 g of 60% NaH (50 mmol) under positiveogién pressure. The reaction
mixture was stirred until the reaction with sodibgdride was complete. In a separate
100-mL flask, 4.5 g (25 mmol) of 3-bromo-4-methyiaphene, 80 mg (0.80 mmol) of
CuCl, 70 mg (0.74 mmol) of 2-aminopyridine, andlgige (15 mL) were dissolved
and transferred to the three-necked flask contgirtime alkoxide under positive
nitrogen pressure using a cannula.13 The reactigtura was stirred at 120C for 2
days followed by cooling to room temperature, esttom with methylene chloride,
and filtration through celite. Column chromatogrgpbver silica gel in hexanes
provides 3-docosoxy-4-methylthiophene (6.0 g, 57@dy after rotary evaporation.
1H-NMR (300 MHz, CDCI3): d 6.84 (d, 1H), 6.15 (cH) 3.96 (t, 2H), 2.13 (s, 3H),
1.82 (m, 2H), 1.49 (m, 2H), 1.31 (m 36H), 0.93K)313C-NMR (75 MHz, CDCI3):
d 156.36, 129.00, 119.62, 95.78, 69.99, 32.10,492B.36, 26.23, 22.72, 14.10,
12.53.

Synthesisof PDMT

Six grams (14 mmol) of 3-docosoxy-4-methylthiopharss added to a dry round
bottom flask under N2. To this flaskvwas added 30ahmethylene chloride. To this

solution was added 4.0 g (25 mmol) of FeCI3 folldviay stirring overnight. The
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reaction mixture was precipitated in methanol tasbPDMT (2.1 g, 33% vyield) as a
deep violet powder. 1H-NMR of PDMT (300 MHz, CDCI8)3.8 (m, 2H), 2.3 (s,

3H), 1.72 (m, 2H), 1.56 (m, 2H), 1.24 (m 36H), 0(&¥3H). The molecular weight of
the polymer, estimated by SEC, gave Mn and Mw \sabfel .32 x 104 and 3.1 x 104,
respectively.

M easurements

DSC thermograms were acquired on a TA Instrumed@0Qnstrument in aluminum
pans at 10°C/min under flowing nitrogen atmosphere. The polyrsample was
prepared for DSC by drip-coating a solution of plodymer in tetrahydrofuran (THF)
onto aluminum foil and evaporating the solvent. Poég/mer film was heated with a
heat gun and rapidly quenched with liquid nitrogenform the mesophase. The
polymer film was then scraped off the aluminum faihd transferred into a
preweighed DSC aluminum pan. Reflection spectraeweeasured on an Ocean
Optics S2000 instrument using a cylindrical fib@tics probe containing one source
fiber and seven collecting fibers. The spectra weleen in reference to white
background and dark background between 400 anch80Qsing a tungsten halogen
lamp. Variable-temperature fluorescence spectraem@ded on Ocean Optics S2000
instrument with a blue LED light source. € 470 nm). The polymer films for
reflection and fluorescence spectroscopy were peephy drip-coating the polymer
solution in THF onto a piece of white paper andpewvating the solvent with a heat
gun. The mesophase was generated by heating tlee gamtaining the polymer film
and rapidly cooling with a cold metal plate. Thelyprer film was placed on

aluminum block containing the thermometer.
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The aluminum block was placed on a hot plate aradeloeat 2C/min. NMR spectra
of monomer were recorded on a Bruker 300-MHz NMBcsometer using CDCI3 as
solvent. Molecular weight of the polymer was esteda by size exclusion
chromatography in THF.

Results and discussion

Copper (I) chloride-catalyzed Ulimann coupling eb®mo - 4-methylthiophene with
1-docosanol was used to prepare 3-docosoxy-4-nieibgyhene. Oxidative
polymerization of 3-docosoxy-4-methylthiophene affserded by addition of Fegln
methylene chloride followed by precipitation in im&bol. PDMT was isolated as a
deep violet powder. Thin films of PDMT are violdt raom temperature and bright
yellow at high temperature. The rapidly quenchéuah #xhibits a red-orange color.
The red-orange color is indefinitely stable at rommperature. On heating the rapidly
guenched films, the red-orange color first charigesolet and then changes to yellow
at high temperature. Related thermochromic resmongee been observed for poly(3-
alkylthiophene)s with very long linear alkyl sideains (>C22) and is consistent with
the formation of a mesophase on quenchirtd/ariable-temperature reflectance
spectra (Fig. 1) of a rapidly quenched PDMT filmreveacquired. The variable-
temperature reflectance spectra of a PDMT film ammg the mesophase film,
percent reflection versus temperature, can be fit tlouble sigmoidal function of the

form

F(R) = R, + ! + - (1)

1+e—(T-T1)/AT1 14+e—(T-T2)/AT>

Where T and T are the transition temperaturesl; and AT, are the width of the

transitions, aand a are the reflection changes through the transitaond R is the
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baseline reflection. The transition temperaturededsrmined from reflectance data at
600 nm are summarized in Table 1. The reflectioacsp of the mesophase are
similar to the annealed ground-state phase, butwbelow-temperature phases are
quite different from the high-temperature phase.latd variable temperature
fluorescence experiments were conducted on PDMiisfitontaining the mesophase
(Fig. 2). The fluorescence spectrum (excited at @7 of the mesophase contains a
weak, broad emission with a maximum centered at56 6m. On heating, the
emission intensity decreases at intermediate temyres (60-116C), followed by an
increase in intensity at high temperature (>22). The emission band of the high
temperature phase has peaks at 540 and 565 nmmuith greater intensity than the
emission band of the mesophase. The temperatusndept intensity of the emission
spectra of a PDMT film containing the mesophas@Sét nm is provided in Figure 3.
The transition temperatures as determined fronmdjitthe emission data to eq 1 are
similar to the transition temperatures determinesmf the reflection data (Table
1).The thermal behavior of the polymer was inveded by DSC. The DSC
thermogram of the PDMT in the mesophase (Fig. 4 eenducted starting at -£G
and ramped at 1%C/min to 140°C. The first heating cycle contains three peak® Th
first peak at ~38C corresponds to a melt transition of the siderghhie second peak
at ~48°C corresponds to the loss of the mesophase, anghadmperature peak at
~111°C corresponds to the reversible thermochromic iiansassociated with main-
chain melting**? Unlike the alkyl analogues, PDMT does not showansual peak
shape in the central transition, suggesting thatntielting/recrystallization proposed

for the poly(3-alkylthiophene)s does not occur IDIMPT. After a slow cooling cycle to
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anneal to the polymer, the second heating cycléagmonly two peaks. The absence
of one transition is consistent with a loss of thesophase on slow cooling. The two
transitions are consistent with side chain melang main chain melting. The DSC,
reflection spectra, and emission spectra indidageptesence of a partially disordered
mesophase of PDMT that is structurally and eledatadly different from the ordered
annealed low-temperature phase and the high-tetperaisordered phase. The
mesophase is generated via rapid cooling of tha-tamperature phase. All three
techniques are in agreement regarding the trandiéimperatures: the lower transition
from the mesophase to the annealed state occt#0aC, whereas the transition to
the hightemperature phase occurs at ~¥20The different phases of PDMT have
differing degrees oft-n stacking and extendesl conjugation. The annealed low-
temperature phase has the most extended p comngagi evidenced by the longest
wavelength reflection spectrum and the greatesstacking as evidenced by the weak
fluorescence intensifyThe hightemperature phase has little extendedigatipn and
weak -t stacking interactions as evidenced by the shosestelength reflection
spectra and greatest intensity fluorescence spédtemmesophase has an intermediate
extent of conjugation angnr stacking. The spectral and thermal propertiesi¥P
are very similar to those previously reported foly(3-docosylthiophene), suggesting
similar mechanisms of thermochromism for poly(3y#tkophene)s and poly (3-
alkoxy-4-methylthiophene)s:*?A mechanism for the phase transitions is provided i

Figure 5.
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Conclusions

PDMT was synthesized via oxidative polymerizatigariable-temperature reflection
and fluorescence spectroscopy of thin films and DSd@pport a two-step
thermochromic transition with a very similar mecisam to that reported for poly(3-
docosylthiophene)s.
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Property En(’C) Ti(°C) TA°C)
Reflection spectra - 43 111
Fluorescence Spectra - 36 120
DSC first heating cycle 38 48 111
DSC second heating cycle 45 - 111

Uncertainties are £& for the spectroscopy measurements antC+for the DSC
measurements.

Table5-1. Summary of measured properties.
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Figure 5-1. Reflectance spectra of poly(3-docosoxy-4-methylthene).
The inset shows the percent reflectance at 600ersus temperature for a sample

starting with the mesophase heated ¥&/min.
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Figure5-2. Emission intensity at 650nm as a function ofgenature.
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Figure5-3. Emission intensity at 650 nm as a function of terapee.

79



———————— First heating/cooling

—— Second heating/cooling
1.5

1.0

0.5 1

0.0

Heatflow (W/g)

-0.5 1

-1.0 1

- T - 1 - 1 1 11 T 11
-20 0 20 40 60 80 100 120 140 160

Temperature’C

Figure5-4. DSC thermogram of poly(3-docosoxy-4-methylthiopherfesample
containing mesophase (red dashed line, first hgfatioling cycle) and with no

mesophase (blue, solid line).
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poly(3-docosoxy-4-methylthiophene).
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