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Abstract

Limiting the use of fossil fuels is vital to stemming climate change. Incorporation of renewable
energy technologies into the grid, and the shift to electric vehicles for transportation increases the
need for better energy storage media. Lithium-air (O) batteries are of great interest because they
have high theoretical energy densities. However, conventional Li—O> batteries face challenges
such as the use of volatile and flammable liquid electrolytes, side reactions between the
electrolyte/electrode with oxygen reduction products, and high charging overpotentials that lead
to poor cycle life. We address these challenges by developing non-flammable polymeric-based
electrolytes and electrodes, and investigate their performance and stability in Li—O; batteries.

In this thesis, we synthesized and studied the properties of a nonvolatile and nonflammable
siloxane solid polymer electrolyte that can support Li—O- discharge, but show it is vulnerable to
reaction with the desired Li>O2 discharge product. We developed a screening tool that involves
mixing commercial Li2O2 with various polymers of interest for Li—O: batteries, and formulate
polymer reactivity rules where the presence of electron-withdrawing groups on the polymer and
adjacent hydrogen atoms make the polymer vulnerable to degradation.

Of the polymers studied in contact with Li2Oz, poly(methyl methacrylate) was found to be stable,
and then used as part of a gel polymer electrolyte with an ionic liquid (IL) and lithium salt. The
LV/IL molar ratio in the GPE was shown to allow for a switch from a2 ¢” to le” oxygen
reduction chemistry, and the formation of ionic liquid-superoxide complexes as the discharge
product. Exploiting this understanding of the influence of a bulky ionic liquid cation on the
oxygen electrochemistry, we incorporate ammonium salts in a Li—O; battery and show it can also
support discharge and lead to > 0.5 V reduction in charging overpotential when compared to
lithium salts. Finally, we explore an electron conducting polymer electrode poly(3, 4-
ethylenedioxythiophene) (PEDOT) as a Li—O> electrode and show the polymeric surface allows
for oxygen reduction and Li>O> formation. Coupling fundamental understanding with material
selection can empower the design of next generation Li—O: batteries.
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Title: Department Head, David H. Koch (1962) Professor in Engineering
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¢, Ionic conductivity of different GPE formulations at 25 and 60 °C; Discharge curves of Li-O>
cells in Oz of varying Li*/Pyr* (d) Li*/EMI" and Li*/BTM" (¢) GPE formulations; f, Discharge
curves of Li—Oxz cells in O using a salt-free or 1 M LiTFSI in Pyri4TFSI ionic liquid electrolyte
(no PMMA present in electrolyte). (d)—(f) Current rate = 10 pA cm 2 (based on geometric
surface area) using a Vulcan carbon/PMMA electrode (4:1 mass ratio) at 60 °C. The ratios
indicate the molar ratio of Li"/Pyr” or Li”/EMI" in the GPE. Chemical structures of the polymer,
salt, and ionic liquids are shown. PMMA: poly (methyl methacrylate); Pyr14: 1-butyl-1-
methylpyrrolidinium; EMI: 1-ethyl-3-methylimidazolium; BTM: Butyl-trimethyl ammonium;
TBA: tetra-n-butyl ammonium; TFSI: bis(trifluoromethanesulfonyl)imide. IL+ = ionic liquid
CALIOM ..ottt ettt e st stttk b e et sttt et e s et e s e s se st eseseeneseseeseseanannas 79

Figure 4-2 | Effect of temperature on the cell behavior. Li—O; cell discharged and charged at 25
°C first at a current rate of 13.1 pA cm ™2 (a) and then at 3.95 pA cm 2 (b) with a GPE Li*/Pyr*
molar ratio of 0.6. The capacity obtained is an order of magnitude lower than that obtained at 60
°C with the same GPE electrolyte content (Figure 4-1). A cell with a Li*/Pyr* molar ratio of 0.6
was cycled at two different current rates at room temperature. Firstly, the cell was held at 60 °C
for 24 hours to generate an interconnected electrolyte/electrode interface. Then, the cell was
allowed to rest at room temperature for 4 hours before discharge and charge begun. Electrode: 70
wit% Vulcan carbon, 15 wt% lithiated nafion, 7.5 wt% LiTFSI, and 7.5 wt% Pyr14TFSI on carbon
221 01 OO PSP SO OO PO 87

Figure 4-3 | Effect of current rate on discharge. Discharge curves at different current rates for a
Li—O> cell using a GPE molar ratio of 0.6. Electrode: 70 wt% Vulcan carbon, 15 wt% lithiated
nafion, 7.5 wt% LiTFSI, and 7.5 wt% Pyr14TFSI on carbon paper.........c.ccccceeveveevevereeeeieeeennne. 88

Figure 4-4 | Discharge curves with varying GPE Li"/Pyr* molar ratio. Discharge curves at 10
mA gv.”' obtained using a Vulcan carbon electrode containing LiTFSI and Pyri4TFSI (Li*/Pyr*
molar ratio = 1.4). This shows that the Li"/Pyr" content originally in the GPE governs the
observed chemistry. Electrode: 70 wt% Vulcan carbon, 15 wt% lithiated nafion, 7.5 wt%
LiTFSIL, and 7.5 wt% Pyr14TFSI on carbon paper. The behavior observed with an electrode
containing lithium salt and ionic liquid (figure above) is the same as that shown in Figure 4-1
with a Vulcan carbon and PMMA electrode. Therefore, the Li*/Pyr* molar ratio in the electrolyte
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dictates the mechanism observed because the electrolyte has to infiltrate the electrode for
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Figure 4-5 | Electrochemical and spectroscopic characterization during and after the first
discharge. a, Highest Occupied Molecular Orbital (HOMO) of superoxide and TFSI, and Lowest
Unoccupied Molecular Orbital (LUMO) of respective cations as a function of cationic radius;
Differential Electrochemical Mass Spectrometry (DEMS) of Vulcan
carbon/Pyr14TFSI/LiTFSI/Nafion electrode (7.8:0.7:0.5:1 mass ratio) with GPE Li*/Pyr" molar
ratio of 0.6 (b) and 0 (c) at 11.3 and 15.8 pA cm™ respectively (based on geometric surface
area); d, Ultraviolet-visible (UV-Vis) spectra of the supernatant of a discharged CNT electrode
(first discharged at 10 mA gc™! and then at 5 mA gc™!) with a GPE Li*/BTM" molar ratio of 0
that was later soaked in dimethylsulfoxide (DMSO), 0.5 M LiTFSI added to the discharged
supernatant solution, and a control consisting of a CNT (not discharged) with a GPE Li*/BTM"
molar ratio of 0.6; e, Electron paramagnetic resonance (EPR) spectra at room temperature of the
discharged CNT electrode (5 mA gc™')/DMSO supernatant as in (d) with added BMPO, control
as in (d) with BMPO addition. Discharge—control involves subtracting the control spectrum from
the discharged spectrum. Simulated parameters are in the Methods section; figure 4-5e inset =
Hyperfine coupling constants for the BMPO-superoxide adduct simulated from the discharged
spectra compared to the literature (ref. !'7) ; (f) XPS data chronicling the change in the Cls, Nls,
and Ols in the pristine (i—iii) and after 1 discharge for a CNT electrode discharged with a
Li+/Pyr+ molar ratio of 0 (iv—vi). BMPO = 5-tert-butoxycarbony! 5-methyl-1-pyrroline N-oxide.
....................................................................................................................................................... 90

Schematic 4-1 | Proposed discharge mechanism for varying GPE Li*/Pyr™ molar ratio. a,
Application of HSAB theory and the overall oxygen reduction process in the presence of Li* (2
e— process) and the absence of Li* (1 e— process in presence of IL+); b, overall superoxide
discharge mechanism when GPE Li'/Pyr" molar ratio = 0 showing that charge neutrality is
maintained. IL+= ionic liquid cation (EMI", Pyr’, BTM").....ccooeiiimmircnneccecreeeeeene e 95

Figure 4-6 | Discharge profiles using GPEs and carbon nanotube (CNT) electrodes. Discharge at
10 mA gc ! using a GPE Li*/Pyr* molar ratio of 1.5 (a), 0.6 (b), and 0 (c); d, Discharge at 5 mA
g. ! using a GPE Li*/BTM* molar ratio of 0. For figures (a) — (b), the dashed blue spectra was
obtained by restarting the cell after the sudden drop in voltage. We attribute the sudden drop in
voltage to a loss of lithium ions present in the cathode. Subsequent discharge continues until a
gradual voltage decrease. (¢) cell was manually stopped to reduce the number of discharge
products and allow for better visualization with SEM. These discharge profiles in (c) and (d)
correspond to the SEM images shown for the discharged electrodes in Figure 4-7.................... 96

Figure 4-7 | Morphology of discharged Li—O> cells using different GPE formulations. Scanning
Electron Microscopy (SEM) images of a pristine CNT electrode sandwiched with a GPE
Li*/Pyr" (a) or GPE Li*/BTM" (c) molar ratio of 0.6; discharged CNT electrodes with a GPE
Li*/Pyr* (b) or GPE Li*/BTM" (d) molar ratio of 0; e, Energy Dispersive Spectrum (EDS) of one
of the particles (shown in inset) using the same electrode in (d). The discharged electrode in (d)
and (e) was washed with dimethoxyethane (DME) before the SEM images were taken. The
stated ratios are the molar ratio of Li*/Pyr" or Li*/BTM" in the GPE. CNT electrode in (b) was
discharged at 10 mA gc™', (d) and (e) were discharged first at 10 mA gc™! and then at 5 mA gc™".

(a, c: scale bar =200 nm; b, d: scale bar = 500 nm; Inset in (e) scale bar =1 pm) ........ccceveennen. 98

13



Figure 4-8 | Sensitivity of the Pyr‘—superoxide complexes to beam damage from the SEM beam.
The same electrode area is imaged, and with further exposure to the electron beam, the CNT
underneath the Pyr'—O," particles is revealed. The same beam intensity is used, and the time
stamp in the images reveals the exposure time length. (a) was the first SEM image taken; (b)
SEM image was taken 87 seconds later; (c) SEM image was taken 1 minute and 20 seconds after
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Figure 4-9 | Morphology of a discharged electrode. CNT electrode after discharge at 10 mA g !
using a Li"/Pyr" molar ratio of 1.5. Typical discharge profile is in Figure 4-6. ..........ccccoeuruennnee 101

Figure 4-10 | Effect of GPE molar ratio on cycling. First cycles of Li~O; cells with GPE Li"/Pyr*
molar ratios of 0.25 and 0.6. Current rate of 10 mA gy. ' or 9.3 and 12.5 pA cm 2 for GPE
Li*/Pyr" ratio of 0.25 and 0.6 respectively. Electrode: 70 wt% Vulcan carbon, 15 wt% lithiated
nafion, 7.5 wt% LiTFSI, and 7.5 wt% Pyr14TFSI on carbon paper.........ccccceeveninnvencnccenenn 102

Figure 4-11 | Cycling performance using different GPE formulations with different electrodes. a,
First (bold lines) and fifth cycles (dashed lines) of Vulcan carbon/PMMA electrode (4:1 mass
ratio, 10 pA cm™2) or TiC electrodes (12.4 pA cm™2) with varying Li*/Pyr* molar ratios; b,
Capacity retention versus cycle number for the same Li-O; cells in (a). A discharge cutoff of 1.5
V was used for Li*/Pyr" = 0 cells, and a 2 V cutoff was used for Li*/Pyr" = 0.6. Cycling
performed at 60 °C and current rates based on geometric surface area............ccceeevevereeeceencnn 103

Figure 4-12 | Non-aqueous Li—Oz cells to mimic GPE Li—O: behavior. a, Configuration of a Li—
O2 cell with an anion exchange membrane (AEM) present in a 0.1 M TBACIO4 in diglyme
electrolyte. b, Discharge curves at 3.94 uA cm™ with different electrolyte configurations at room
temperature: ‘Li; no membrane,” ‘TBA; no membrane,” and ‘Li; TBA; no memb.” = electrolyte
containing only 0.1 M LiClO4 in diglyme, 0.1 M TBACIOs in diglyme, and a 1:2 molar mixture
of LiClO4:TBACIOs in diglyme, with no AEM present, respectively. ‘Li; membrane’ and ‘TBA;
membrane’ = electrolyte containing 0.1 M LiClO4 and 0.1 M TBACIO; in diglyme respectively
and an AEM. Further descriptions of the legend can be found in Appendix C.......cceeverciieians 104

Schematic 5-1. Li-O2 cell discharge mechanisms. Proposed discharge reaction mechanism when
lithium salt is dissolved in the electrolyte compared to when TBACIOj salt dissolved in the
electrolyte. The anion (e.g., ClO47) is omitted in the schematic for clarity. Anode and cathode are
lithium metal and carbon paper respectively. TBA= tetrabutylammonium; “elec.” = electrolyte;
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S” = s0lid; “g” = gas; “SOI” = SOIULION. ...ccceeriiriieriereeeeeee ettt ae e en 108

Figure 5-1 | Discharge behavior using a TBAClO4-only electrolyte. (a) Discharge curve, (b)
Raman, (c) XRD, and (d) SEM after discharge at 15.7 pA/cm? (geometric surface area) in
oxygen using 0.1 M TBACIO4 in DME as the electrolyte. Inset in Figure 5-1a is the chemical
structure of tetrabutylammonium perchlorate. Voltage (vs. Li/Li"). Li—Ox cell setup for (a)-(c):
Li metal | 0.1 M TBACIO4 in DME | carbon paper. Li—O: cell setup for (d): Li metal | 0.1 M
TBACIO4 in DME | carbon nanotube. ..........ccceeveeireirierieiseieeceeneieeee et se e seee e eveseeees 116

Figure 5-2 | Discharge behavior using a TBACIO4 electrolyte in DMSO (a) Discharge curve of a
Li—Os cell discharged in O at 15.8 uA/cm? with 0.1 M TBACIO4 in DMSO as the electrolyte.
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(b) XRD spectra of the electrode in (a) after discharge. Li—O2 cell setup: Li metal | 0.1 M
TBACIO4 in DMSO | CArDON PAPET. ....veeeieerieiieeeeeeereeeeteeereeesree sttt teseeeesseeesseeeessaasssseassenes 117

Figure 5-3 | Effect of TBA and Li salt on Li-O; cycling in DME and DMSO at different current
rates. Cycling of a Li—O> cell in oxygen in DME at 3.95 pA/cm? to a 0.04 mAh/cm? cutoff with
(a) different electrolyte salt content and (b) different TBA concentration. The LiCl04/TBACIO4
electrolyte is a 2:1 molar ratio of TBACIO4: LiClO4 in DME. Cycling in oxygen at 100 pA/cm?
to a 1 mAh/cm? cutoff with (c) DME and (d) DMSO electrolytes. Concentrations are as shown in
the figures in the respective solvents (a—c: DME; d: DMSO). (Bold lines) — First cycle; (Dashed
lines) — Fifth cycle. Voltages are vs Li/Li*. Current rates and capacities are based on the
geometric surface area of the carbon paper electrode. Li—O; cell setup: Li metal | (TBACIO4 or
LiClO4) in DMSO or DME | carbon paper. ........cccccoiiiiiciiniinniiiicineecseerecete st ensenienen 118

Figure 5-4 | Li2O: oxidation under potentiostatic hold. (a) Current vs. time from potentiostatic
holds at 3.7 or 3.9 V with or without Li2O> preloaded in the electrode and with different salts in
diglyme (0.1 M salt concentration). (b) Corresponding x-ray diffraction (XRD) spectra at the
different voltages in (a). The “OCV” sample was held at open-circuit voltage for 200 hours.
Dashed lines in (b) are the (100), (101), (102), (004), and (103) Li>O2 diffraction peaks (left to
right). Li—O2 cell set-up: Li metal | 0.1 M LiClO4 or TBACIO; salt in diglyme | Vulcan carbon +
Nafion + Li2O2 (when present) on aluminum fOil. ........ooooviiieiineniiiiicnece et 120

Figure 5-5 | SEM micrographs chronicling the electrochemical changes in Figure 5-4. (a) Li2O»-
preloaded electrode held at open-circuit voltage (OCV) in 0.1 M TBACIO4 for 200 hours, (b) at
3.9 Vin 0.1 M LiClO4 for 100 hours, (¢) 3.7 V in 0.1 M TBACIO4 for 200 hours, and (d) 3.9 V
in 0.1 M TBACIO4 for 100 hours. Solvent = diglyme. Li—O cell set-up: Li metal | 0.1 M LiClO4
or TBACIO4 salt in diglyme | Vulcan carbon + Nafion + Li;O> on aluminum foil.................... 122

Figure 5-6 | Electrochemical-induced transformation of TBA. (a) Cycling using 0.1 M TBACIO4
in DME at 3.95 pA/cm? to 0.04 mAh/cm? in argon. (b) Cyclic voltammetry (2-electrode setup) in
argon and O at 0.1 mV/s scan rate with a 0.1 M TBACIO4 in DME electrolyte. Li—O- cell setup
for (a): Li metal | 0.1 M TBACIO4 in DME | carbon paper. Setup for (b): Working electrode:
Carbon paper; Reference and counter electrode: Lithium metal. CV was performed by scanning
first to 4.5 V before scanning to 1.5 V. The second cycle for both argon and O3 is shown in (b).
..................................................................................................................................................... 124

Figure 5-7 | '"H NMR after Li-O; cycling in argon and oxygen. 'H NMR (400 MHz; DMSO-d6;
H-DMSO) spectrum of (a) TBACIOs (b) electrolyte of Li—O: cell after five cycles in Argon, (c)
electrolyte of Li—O; cell after fifteen cycles in oxygen, and (d) commercial tributylamine. *=
DMSO, A=HDO, 0=solvent. Spectra was calibrated using the residual DMSO (‘H-DMSO”) peak
in DMSO-d6. Integration values for peaks in (b) and (¢) are in Table D-2. Li—O; cell setup: Li
metal | 0.1 M TBACIO4 in DME | carbon paper. The actual cycling profile for (b) is shown in
Figure 5-3a, and for (c) is shown in Figure D-5 ... 125

Schematic 5-2 | Mechanism for TBA-supported Li>O- oxidation. Proposed mechanism of
electrochemical oxidation of tetrabutylammonium to form tributylamine, and the subsequent
oxidation of Li»O> to release oxygen. The figure numbers in parenthesis in the mechanism
indicates the figure in this Chapter that provides evidence of the stated pathway. C1O4™ anion is
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omitted in the mechanism schematic for clarity. Li~O2 cell setup: Li metal | 0.1 M TBACIO4 in
DME | carbon paper. *At 3.5 V, electrochemical-induced base formation that deprotonates TBA,
allowing TBA to undergo Hoffman elimination...........c.c.c.eeveveueveeeeeeeeiereeeiieeceeee v 127

Figure 5-8 | UV-Vis spectroscopy after cycling. Ultraviolet-visible (UV-Vis) spectroscopy data
obtained after TBACIO4 or LiClO4 was cycled in either oxygen or Argon. The figures shows
additional species are formed when TBACIO; is cycled in oxygen compared to argon............ 128

Figure 5-9 | Quadrupole Time of Flight (Q-TOF) mass spectra after Li-O: cycling. Spectra
obtained after cycling in (a) argon and (b) oxygen. Li-O; cell setup: Li metal | 0.1 M TBACIO4
in DME | carbon paper. For neutral molecules, a proton is added to the molecule by the electron
source before detection; therefore, MW = m/z value — 1 for neutral molecules. Known
assignments: internal standard (Quinine, neutral, m/z = 325.19, MW = 324.42 g/mol),
tetrabutylammonium (charged, m/z = 242.3, MW = 242.5 g/mol), tributylamine (neutral, m/z =
186.2, MW =185.4 g/mol). Additional structures that may correspond to the unassigned m/z
value shown in this figure are listed in Figure D-11. MW = molecular weight..............c........... 129

Figure 6-1 | Electrochemical and spectroscopic characterization of PEDOT electrodes in Li—O>
batteries. (a), Discharge curve of a Li~O: cell in Oz at 10 pA cm™? using a free-standing PEDOT
electrode; (b), x-ray diffraction (XRD) and (c), Scanning electron microscopy (SEM) image after
one discharge with a free-standing PEDOT electrode; (d) Five cycles at 10 pA cm 2 in O, using a
free-standing PEDOT electrode. Figure 6-2a shows an SEM image of a pristine PEDOT
electrode. Electrolyte: 0.1M LiClOs in DME. .........c.coouiomimieeceeeceee s 138

Figure 6-2 | SEM characterization of PEDOT films before and after Li—~O> electrochemistry.
SEM images of pristine PEDOT electrode before discharge (a), after one discharge (b), one cycle
(¢), and five cycles (d). The free-standing PEDOT electrodes were discharged and charged at 10
pA cm™ in Oz in a 0.1M LiClO4 in DME electrolyte. Scale bar = 500 M. ....c.eveveveeveveeeeneee.. 139

Figure 6-3 | XPS characterization of PEDOT films before and after Li-O; electrochemistry. X-
ray photoelectron spectroscopy (XPS) at the C (1s), O (1s) and S (2p) of a pristine PEDOT
electrode, after one discharge, one cycle (ending on charge), and five cycles (ending on charge).
The XPS spectra corresponds to the SEM images displayed in Figure 6-2. Details of the XPS
deconvolution can be found in Table E-1 ......c.cocoooiiiiiiiirieecceeeeeecececeece et 140

Figure 6-4 | Proposed Mechanism of PEDOT decomposition. Proposed mechanism for the
reaction of H,O; (through possible reaction of Li>O2 with ether electrolyte or residual water)
with PEDOT that leads to formation of sulfone functionality. Although we show the mechanism
with H20;, L1202 can possibly react with the same pathway. (b) Further reaction of the sulfone
that leads to loss of conjugation and diminished electron conductivity. The counter-ion for all the
negatively charged species in the schematic is Ithium. ..........ccceeeeveeieviieieececeeeeeeeee e 142

Figure 6-5 | Fraction of oxidation due to Li—O cycling. Fraction of oxidation products in the
XPS O (1Is), C (Is), and S (2p) spectra for the pristine PEDOT electrode, electrode after 1
discharge, 1 cycle (ending on charge), and 5 cycles (ending on charge). These fractions
correspond to the XPS data in Figure 6-3. O (1s) fraction of oxidation = (532 eV peak area/ total
peak area); C (1s) fraction of oxidation = (289 and 290 eV peak area/ total peak area); S (2p)
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fraction of oxidation = (169 and 170 eV peak area/ total peak area). The S (2p) spectra for the
pristine has no peaks at 169 and 170 eV and has a “0” fraction........ccccoeeeveiiiiniiiiiiiiiinnnen.
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Chapter 1

Introduction
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1.1 Climate Change

Climate change is the most significant challenge facing mankind. There is scientific consensus
that burning of fossil fuels for industrial use, electricity generation, and transportation has led to
arise in the atmospheric concentration of greenhouse gases.! Carbon dioxide (CO2) —a
greenhouse gas — is a product of fossil fuel combustion, and its atmospheric concentration has
increased by at least 90 ppm in the past fifty years.? Greenhouse gases trap heat in the
atmosphere and are responsible for rising global temperatures. The 2015 United Nations Climate
Change Conference held in Paris served to address this by collating agreements from over 190
countries to curtail fossil fuel use and limit the temperature rise to no more than 1.5 °C above

pre-industrial levels.!

1.2 Multiple Approaches to Dealing with Climate Change

There are numerous approaches to dealing with climate change, and a multifaceted approach will
be vital. Researchers work on developing media to remove CO; from the atmosphere, sequester
and convert to commodity chemicals such as methanol.>* Others have focused on developing

renewable energy technologies that are ‘carbon free.’>$

1.3 Renewables and Need for Energy Storage

Renewable technologies that exploit sunlight and wind are becoming important factors in energy
generation. But, solar and wind are intermittent, and cannot alone serve as the backbone of an
electric grid. Energy storage is needed, and coupled with solar and wind can revolutionize the

electric grid.”

Beyond the integration of renewable technologies into the grid, energy storage is vital for current
electric grids. Electric grids are currently sized to meet peak demand, even though peak demand
varies significantly between hours of the day.® This is inefficient and wasteful as gas plants or
‘peakers’ run at minimal flow rates so that when needed, they can ramp up quickly.® Electricity
generation is an on-demand system: when more electricity is needed, it is immediately generated.

In contrast to other commodities such as food, oil, and water where storage is a vital cog in the
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supply chain, energy storage is virtually nonexistent.® Hence, rolling blackouts are common as
number of severe weather events increase, and as population densities increase, peak demand
will grow and more ‘peakers’ will be needed.® This is despite the relative stability in energy
demand due to more efficient devices.® Hence, incorporating energy storage into the grid will

make it more reliable, efficient, and less costly.

1.4 Batteries

Energy storage media are wide-ranging. Options range from batteries and flywheels to
compressed air energy storage and pumped hydro storage.® Batteries are exciting because they
are energy dense, compact, and portable. Not only can they be used to stabilize the grid, they can
be used to transform transportation by accelerating a shift from internal combustion engines that
burn fossil fuels to electric motors. Transportation is one of the dominant sources of CO2
emissions in the US; hence, the use of battery-powered electric vehicles will play an important

role in reducing greenhouse gas emissions.

Cittiods Non-aqueous electrolyte Anod

" ‘\_/_/
(LiMn,0,)

Li-ion batteries

(Graphite)

Figure 1-1. Typical setup for an intercalation chemistry-based Li-ion battery. Reproduced with
permission from ref (9). © 2017 Macmillan Publishers Ltd.

Batteries have three components; anode: where oxidation occurs; electrolyte: medium that
supports ionic transport; cathode: where reduction occurs.'® The most energy-dense batteries
commercially available are lithium-ion batteries commonly found in portable electronic devices
and electric vehicles.'” Lithium-ion batteries are based on intercalation chemistry where lithium
ions are shuttled between two chemical hosts (Figure 1-1). The Li-ion battery anode is typically
graphite, cathode varies between LiFePOs and lithium transition metal oxides (e.g., LiCo0O2), and

the electrolyte consists of a lithium salt dissolved in carbonate solvents (e.g., propylene
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carbonate).!! These batteries have energy densities about 250 Wh/kg (Table 1-1). However, in
their current format, lithium-ion batteries are believed to have reached their practical energy
densities.!'>!3 This is due to multiple reasons: current graphite anode requires roughly 6 carbon
atoms for each intercalated lithium, and the transition metal cathode hosts feature heavy atoms
like Co and Ni, that do not contribute to the generated current.!* These factors limit the energy
density where ‘inert’ compounds like graphite and the cathode host contribute weight and

volume but not energy.

Table 1-1. Theoretical and Practical Energy Densities for Commonly-Studied Non-aqueous

Battery Systems

Battery Chemistry Theoretical Specific Energy | ‘Practical’ Specific Energy
(Wh/kg)!? (Wh/kg)!s

Li-ion ~387 ~250

Li metal battery (with LMO) | ~1070 (ref. 11) ~440

Li-sulfur ~2,567 ~650

Li-air ~3,505 ~950

*L MO = lithium transitional metal oxide.

1.5 Beyond Li-ion Chemistries

Interest has skyrocketed in what are termed ‘beyond Li-ion chemistries’ that can provide energy
densities greater than current Li-ion batteries.'>!® For example, switching to a silicon anode or
lithium anode, while maintaining current cathode architectures.!> More interestingly, chemistries
such as lithium-air or lithium-sulfur batteries necessitate a change to a lithium metal anode and
the use of oxygen or sulfur as the active specie. Lithium-air and lithium-sulfur exploit the energy
density that can be gained by reducing oxygen and sulfur, and yield an order of magnitude
greater theoretical energy density compared to commercial Li-ion batteries (Table 1-1).!> My

work has focused on lithium-air batteries (Figure 1-2).
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1.6 Lithium-air (O:) Batteries

Lithium-air batteries (or Li—O2 because oxygen is the active specie) are governed by two
fundamental reactions: the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER).'® During discharge, oxygen is reduced to superoxide and peroxide to yield Li»O> as the
desired discharge product.'* During charge, lithium peroxide product is oxidized to release O>.
These reactions occurs at the cathode. At the lithium metal anode, lithium ions are stripped
during discharge and deposited during charge.'* The electrolyte facilitates oxygen solubility and
Li" and O3 transport. The aforementioned are idealities. The inner workings of a Li-O2 cell are

much more complex and numerous challenges abound.'*!¢

Lithium containing anode
Electrolyte

OMpog,
te.'e(-!n,udE

ite 90'0,..5

Cathoge
@ U,0, @ Catalyst @ Cabon @ O,
Li-air batteries

Figure 1-2. Typical setup for a lithium-air (O2) battery where Oz serves as the active specie.

Reproduced with permission from ref (9). © 2017 Macmillan Publishers Ltd.

1.7 Challenges with Li—O: Batteries

1.7.1 Anode

Lithium metal is used as the anode because it is vital for the high energy density that can be
obtained with Li-O; batteries. Lithium stripping and deposition occur, but nonuniform lithium
deposition leads to dendritic growth.!” This phenomenon is well known for lithium metal

batteries (LMB). Li—O> researchers expect that once a solution (or solutions) are found to
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address/suppress dendritic growth in lithium metal batteries, the solution can be replicated in
lithium-air batteries. Hence, the lithium-air community has not addressed any unique behavior of
the metal anode for Li-air batteries. One cannot necessarily expect a 1:1 technological transfer
from LMB to Li-air systems because of the different chemistries. For example, not much is
known about how superoxide intermediates interact with the lithium metal surface during cycling
or the nature of the generated solid electrolyte interface. In addition, how will the presence of
reduced oxygen intermediates affect dendritic growth? The dominant theme in the Li-O>
community has been first and foremost understanding the ORR and OER reactions that occur at

the cathode, and the influence of electrolytes.

1.7.2 Electrolyte

Most of the electrolytes studied are nonaqueous, volatile, and flammable.!® Some of these
include carbonates,'® ethers,!® sulfoxides,” amides etc.'* For a system where O- is present, and
may be operated in an open configuration, these batteries will be inherently unsafe. Solid

electrolytes are therefore needed, and polymer electrolytes are an alternative.

Solid polymer electrolytes can be nonvolatile, nonflammable, and inherently safe. Polymers that
are amorphous, and can solubilize salt can support ionic conduction.?! Polyethylene oxide (PEO)
with ether functionality that can solubilize lithium salt and is semi-crystalline can support ionic
conduction through its amorphous phase. PEO has been studied in Li-air batteries by our group?
and others,? and has been shown to support Li—O; discharge and charge, but can be susceptible
to auto-oxidation in oxygen.?? In Chapter 2, we address these concerns by synthesizing a
siloxane polymer that is completely amorphous, hence we can afford high ionic conductivities,
and reduce the fraction of ether groups present by moving from a linear ether chain as in PEO to
a siloxane where the ether chain is short and is grafted onto a siloxane main chain. Ours was the
first study of siloxane polymers for lithium-air batteries. We show that the siloxane polymer has
high ionic conductivities, can support lithium-air discharge and appears more stable than PEO.
We also evaluate the susceptibility of the siloxane polymer to understand the functional groups

vulnerable to degradation.
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Instability of electrolytes has plagued all Li—O2 batteries.!*!® Carbonates are the primary
electrolyte medium for Li-ion batteries,'* but when used in Li-O> batteries undergo ring opening
reactions with superoxide and peroxide. '8 In addition, lithium carbonate, lithium formate among
other products are observed after discharge instead of the desired Li>O» discharge product.'®
Dimethylsulfoxide (DMSO) has been studied, and been shown to be more stable than
carbonates,?® but still react with Li>O to form LiOH and dimethylsulfone.?* Amides such as
dimethylformamide (DMF) and N-methyl pyrrolidone (NMP) have been studied as electrolyte
candidates and although they support Li2Oz on the first discharge, electrolyte decomposition is
also observed.? Ethers have been shown to be the more stable electrolyte class.'®
Dimethoxyethane (DME), diglyme, tetraglyme have been used to support Li-air cycling;
however, like PEO, these ethers are susceptible to auto-oxidation in O that leads to hydrogen

abstraction and the formation of esters and formate decomposition products.'®

Although the stability of small molecule electrolytes have been studied, the literature was lacking
in an understanding of the vulnerabilities of polymers for Li~O> use. Nazar et al.?® examined the
stability of poly(vinylidene fluoride) (PVDF) and proposed a dehydrofluorination decomposition
pathway. However, they studied the stability of only one polymer. Nasybulin et al.?’ studied
multiple polymers, but using x-ray diffraction (XRD) as a post-reaction characterization tool
does not provide insight into the polymeric functional groups that are responsible for
degradation, and limited decomposition mechanisms are presented. In Chapter 3, we study the
chemical stability of a group of polymers that have previously been used for Li-ion batteries, and
may hold promise for Li—O: systems as a part of the electrolyte or as binder for the electrode.
We use a chemical mixture of Li2O; with the polymer and use spectroscopic tools such as
nuclear magnetic resonance (NMR), ultraviolet-visible (UV-Vis) and Fourier transform infrared
(FTIR) to determine unstable functional groups and polymers. Among the polymers studied, we
found poly(methyl methacrylate) (PMMA), and fully fluorinated polymers such as
poly(tetrafluoroethylene) and Nafion to be stable in contact with Li2O,. This study allowed us to
develop a set of reactivity rules that can help in the selection and synthesis of new polymers for

lithium-air batteries.??

The susceptibility of ethers to degradation renders almost all current solid polymer electrolytes

inadequate for Li-air use because SPEs need the ether unit for ionic conduction.?! This prompted
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an interest in gel polymer electrolytes (GPEs) where one can decouple desired mechanical
stability from ionic conductivity.? Using knowledge gained from Chapter 3, we explored a
GPE consisting of PMMA, a lithium salt, and a number of ionic liquids (Chapter 4). lonic
liquids are nonflammable and ionically conducting, and some families such as pyrrolidinium,
imidazolium, and ammonium among others have been studied in Li-O2 and been shown to
support Li~O, discharge and charge.*® In our work,?! we show that a GPE can remarkably
modify the discharge mechanism from a2 e process to a 1 €™ process as a function of the
lithium/ionic liquid molar ratio in the GPE. This switching is in contrast to typical nonaqueous
Li—O» batteries that utilize a 2 e~ ORR during discharge. Other metal-air batteries such as Na-
air’? and K-air*? utilize a 1 e- oxygen reduction process and can sustain higher discharge
capacities and currents, and have lower charging overpotentials during charge. We further
characterize the Li-O, GPE discharge process, and show that ionic liquid-superoxide complexes
are the discharge product. To further probe the mechanism, we fabricated Li—O; cells where the
lithium salt is replaced by a tetrabutylammonium (TBA) salt. Chapter S shows the ability of
non-lithium cations to support a discharge process in Li—O> batteries; a behavior not previously

studied.

My thesis focused heavily on the electrolyte medium because it was relatively unexplored, and
we sought to engineer the electrolyte to control the discharge behavior, understand electrolyte

stability, and degradation.

1.7.3 Cathode

Numerous cathodes have been studied for Li—O: batteries. Carbon electrodes (super P, vulcan
carbon) are the most studied because they are cheap, electron conducting, and can have high
surface area.'® These electrodes support Li>O- discharge,** but degrade above 3.5 V during
charge when Li,O is present.?* Alternative such as titanium carbide (TiC),*® nanoporous gold?°
have been studied and shown to be stable, but these electrodes are heavier than carbon, have
lower surface area, and in the case of gold, more expensive. Electron-conducting polymers are
interesting because they can be synthesized with high surface area, have high electron

1.38

conductivities and can be cheap.’” Poly(pyrrole) was studied by Cui et al.*® and shown to support
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Li202 discharge product formation and oxidation. Others*-

evaluated poly(3, 4-
ethylenedioxythiophene)-polystyrene sulfonate (PEDOT-PSS) as an additive in the presence of
carbon to modify the discharge capacities. In Chapter 6, we show that free-standing PEDOT
films can support ORR in non-aqueous solvent, allow for Li,O» growth, and limited cycling.*!
However, spectroscopic results show that the PEDOT backbone can be destabilized in the

presence of nucleophilic species.

Studies of Li2O- oxidation during charging on the cathode focus on reducing the high
overpotential that occurs because of the insulating nature of Li,O,. Metal catalysts such as Cr,
and Mo,* etc have been shown to reduce charge overpotential, and redox mediators that can be
dissolved in the electrolyte, can also oxidize Li>O- during charge.** In Chapter 5, we show that
TBA dissolved in an ether or sulfoxide electrolyte can also reduce the charging overpotential by
> 0.5 V compared to lithium salts. Using spectroscopic tools, we propose a mechanism that
involves the electrochemical transformation of tetrabutylammonium to tributylamine at > 3.55 V,
and the conversion of tributylamine to a tributylamine oxide intermediate that reacts with and

oxidizes Li2Ox.
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1.8 Thesis Scope

My PhD thesis focused on developing polymer electrolytes and electrode for lithium-air
batteries, studying the influence of these polymeric materials on the discharge and charge
behavior, understanding polymeric stability, and formulating mechanisms that can account for
the observations. The knowledge gained from the work will guide design of better polymers for

metal-air use.

In Chapter 2, we synthesize a siloxane polymer and study its thermal properties and ionic
conductivity as a function of salt type, salt and silica additive content. The siloxane polymer was
then incorporated as a solid polymer electrolyte in a lithium-air battery to study the discharge
capacity as function of discharge current rate. After discharge, nuclear magnetic resonance
(NMR) spectroscopy was used to study the stability of the polymer, and combined with chemical
stability tests, the polymer was shown to degrade in the presence of Li>Oz. This work showed
that chemical stability tests with Li>O can serve as a good proxy for understanding polymer

stability in actual lithium-air cells.

Using this knowledge, in Chapter 3, we select a number of polymers heavily used in the Li-
air/Li-ion battery literature, and examine their stability, and the changes in molecular structure in
the presence of commercial Li2O,. Of the polymers studied, poly(acrylonitrile) (PAN),
poly(vinyl chloride) (PVC), poly(vinylidene fluoride) (PVDF), poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP), and poly(vinyl pyrrolidone) (PVP) are reactive and unstable
in the presence of Li2Os. The presence of the electrophilic nitrile group in PAN allows for
nucleophilic attack by Li,O; at the nitrile carbon, before further degradation of the polymer
backbone. For the halogenated polymers, the presence of the electron-withdrawing halogens, and
adjacent alpha and beta hydrogen atoms that become electron-deficient due to hyperconjugation
makes PVC, PVDF, and PVDF-HFP undergo dehydrohalogenation reactions with Li2O». PVP is
also reactive, but with much slower kinetics. On the other hand, the polymers
poly(tetrafluoroethylene) (PTFE), Nafion®, and poly(methyl methacrylate) (PMMA) appear
stable against nucleophilic Li>O> attack. The lack of labile hydrogen atoms and the poor leaving
nature of the fluoride group allows for the stability of PTFE and Nafion®, while the methyl and
methoxy functionalities in PMMA reduce the number of potential reaction pathways for Li2O-
attack in PMMA.
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Since PMMA was shown to be stable in the presence of Li>O: at room temperature, Chapter 4
explores gel polymer electrolytes (GPEs) fabricated with PMMA serving as the mechanical
framework. The GPE consisted of a polymer, ionic liquid, and lithium salt. We studied the
thermal properties and ionic conductivity of the free-standing GPEs, fabricated lithium-air cells
using this electrolyte, and show that the lithium/ionic liquid molar ratio in the GPE can control
the oxygen reduction chemistry in a Li—O> cell (switching from a 2 ¢ to a 1 €™ oxygen reduction
chemistry). Using spectroscopic tools, we confirm the 1 e~ superoxide chemistry and show the
formation of ionic liquid-superoxide complexes as the discharge product. Based on the
observation of the importance of the lithium/ionic liquid molar ratio, we explored if a similar

behavior can be observed when a tetrabutylammonium (TBA) salt is used in the electrolyte.

In Chapter S, we show that TBA salts dissolved in ether or dimethyl sulfoxide (with no lithium
salt present) can be used as a Li—O; electrolyte with a lithium metal anode to support Li>O:
formation, lead to > 500 mV reduction in charging overpotentials at low current rates compared
to that with lithium salt, and support the oxidation of Li;O; during charge. Furthermore, based on
results from several spectroscopic techniques, we propose a mechanism that involves
electrochemical transformation of TBA to tributylamine at ~ 3.55 V, and the formation of a
tributylamine oxide intermediate in the presence of Oz or Li>O; that is responsible for Li>-O2

oxidation during charging.

Finally, Chapter 6 explores the use of a polymeric cathode for lithium-air batteries. We study
the electron-conducting polymer poly(3, 4-ethylenedioxythiophene) (PEDOT) and show it can
support oxygen reduction to form Li;O> in a nonaqueous environment. We also propose a
degradation mechanism, and show that the formation of sulfone functionalities on the PEDOT
surface and cleavage of the polymer repeat unit impairs electron conductivity, and leads to poor

cycling.
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Chapter 2

Solid Siloxane Polymer Electrolyte for Lithium-air Batteries

Adapted and reproduced with permission from Chibueze V. Amanchukwu, Audrey V. Eshun,
Robert B. Zabala, and Paula T. Hammond. “Solid siloxane polymer electrolyte for lithium-air
batteries.” (2017) Manuscript in preparation.
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2.1 Introduction

Majority of CO2 emissions are a result of fossil fuel use in electricity generation and
transportation. Transitioning from fossil fuels to abundant renewable energy technologies is a
path forward, but new technologies such as solar and wind are intermittent and require energy
storage.'® Energy storage media such as batteries are compact and can fulfill this need.!?
However, current commercial lithium-ion (Li-ion) batteries are expensive and in their current
format involving a graphitic anode have reached their practical energy densities. Lithium-air
batteries are promising because their theoretical energy densities are an order of magnitude
greater than Li-ion, and have spurred intense research interest.'*!¢ Lithium-air (O2) chemistry is
governed by oxygen reduction to form lithium peroxide as the discharge product, and oxygen
evolution from Li,O: oxidation during charge.'* Nucleophilic species such as superoxide and

peroxide that form during cycling degrade the electrolyte and electrode, 34!

and insulating Li2O2
and the generated side reaction products such as Li2CO; lead to high charging
overpotentials.?****> These challenges have led to poor capacity retention with cycling and
limited cycle life.!*!% In addition, most Li—O- batteries studied in literature, and commercial Li-
ion batteries are unsafe because they use non-aqueous volatile and flammable electrolytes. Solid
polymer electrolytes (SPEs) are of interest because they are nonflammable and inherently safe. A
recent review has been published on polymer electrolytes for Li-air use.*® Some researchers have
studied polymer electrolytes for Li—O> batteries, primarily focusing on polyethylene oxide
(PEO), where Harding et al.?? and Balaish et al.* show that ether functionality in PEO is
susceptible to auto-oxidation and hydrogen abstraction in the presence of oxygen to form esters
and formates. In addition, PEO auto-oxidation increases at higher voltages leading to a loss of
mechanical stability of the PEO electrolyte. The high density of ethers in PEO and PEO
instability prompted interest in studying SPEs with high ionic conductivity, but lower density of
ether groups. Siloxane polymers with short ether side chains are of interest because of their low
glass transition temperature (T¢), high ionic conductivity, and lower density of ether groups.*7*8
We chose to study silicon-tripodand (Si-trip) siloxane electrolyte previously synthesized by
Walkowiak ef al.*’ because it forms free-standing flexible films when lithium salt is
incorporated. One can then obtain a SPE without addition of another polymer for mechanical

stability®® or need for crosslinker.*”! In this work, we synthesize Si-trip electrolytes and expand

their parameter space by characterizing their thermal and conductivity properties as a function of
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salt type, salt and silica content. We also explore these electrolytes in Li—O> batteries and

characterize their performance and electrochemical/chemical stability.

2.2 Experimental Methods

2.2.1 Materials used

Poly(methylhydrosiloxane) (Mx ~1700-3200), Polymethylhydrosiloxane (trimethylsilyl
terminated, Mn ~ 390), mesoporous silica, lithium triflate, lithium
bis(trifluoromethane)sulfonamide salt, tris(2-methoxyethoxy)(vinyl)silane (98%), toluene
(anhydrous, 99.8%), N-methyl pyrrolidone, tetrahydrofuran (anhydrous), Platinum(0)-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane complex solution (in xylene, Pt~2%) [Karstedt’s catalyst],
deuterated chloroform, were purchased from Sigma-Aldrich. Lithium metal was obtained from
Chemetall (Germany).Vulcan carbon (Vulcan XC72) was obtained from Premetek Inc. Celgard
C480 was obtained from Celgard. Carbon paper (TGP-H-60 PTFE treated) was obtained from
Alfa Aesar. Teflon dish was obtained from VWR. Nitrogen gas (UHP 300) was obtained from
Airgas. Benzoylated dialysis membrane tubing was obtained from Spectrum Labs. 13 mm

syringe filter with a 0.45 pym PTFE membrane was obtained from VWR International.
2.2.2 Synthesis procedure for Si-trip polymer

Typical synthesis procedure: All glassware were dried in a 100 °C oven for at least four hours. In
a 2-arm 250 mL round bottom flask, repeated vacuum and nitrogen purge was performed using a
Schlenk line. The PMHS (MW of 1700 — 3200) is then added to the flask (10 grams). Then,
vacuum is pulled for about 1 hour. The flask is flushed with nitrogen. Then, tris(2-
methoxyethoxy)(vinyl)silane is added using a volumetric pipette to obtain a 1.2:1 molar ratio of
vinyl silane:PMHS (54.2 mL). The molar ratio was often varied between 1:1 to 1.2:1. See Table
A-3 in Appendix A for calculations used to obtain the amounts. About 15 pL of the Karstedt
catalyst is added. The amount of catalyst was typically varied between 7.5 to 15 pL. About 10
mL of toluene is then added to the mixture. Using an oil bath, the flask is heated at 50 °C at 800
rpm under a nitrogen atmosphere for about 3 days. The viscosity of the mixture increases
significantly. The mixture is transferred to a 100 mL round bottom flask and rotavapped at 50 °C

and vacuum to remove the toluene solvent (the polymer product can look translucent or cloudy).
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For some batches, the product can be further purified using dialysis with acetone as the solvent
and a 32 mm benzoylated dialysis bag. The acetone bath was changed at least twice. The purified
polymer is then transferred to a nitrogen glovebox (MBRAUN, H>O < 0.1 ppm, Oz < 10 ppm).

2.2.3 Synthesis procedure for silicon-tripodand oligomer

The synthesis procedure is similar to that for the silicon-tripodand polymer. Here, PMHS (M, =
190) is used. Once PMHS is added to the flask, no vacuum is pulled. Instead, 3 mL of toluene is
added. Then the vinyl silane is added followed by addition toluene addition. Finally, the
platinum catalyst is added (7.5 pL). More toluene (3 mL) is added. The mixture is heated at 50
°C and stirred at 500 rpm under a nitrogen atmosphere. Cryo-distillation was performed on the
product to remove toluene. The purified Si-tripodand oligomer product was clear and
transparent, and was stored in a nitrogen glovebox. The Si-tripodand oligomer was not used to

make films.
2.2.4 Si-tripodand film fabrication

The entire film fabrication was performed in a nitrogen glovebox (MBRAUN, H,0 < 0.1 ppm,
O2 <10 ppm). In a 20 mL vial, an amount of salt is dissolved in anhydrous tetrahydrofuran

(THF). This solution serves as the stock salt solution.

In a 20 mL vial, about 1 gram of the polymer is added. Then, a predetermined volume of the
stock salt solution is added to the vial to obtain the desired salt weight percentage (weight by
mass). For films containing silica, a predetermined amount of silica powder is added to the vial
to obtain the desired silica weight percentage. About 4 mL of pure anhydrous THF is added to
the vial and it is stirred to obtain a clear transparent solution (when no silica is present). For films
containing silica, the vial is stirred overnight to obtain a uniform dispersion of silica in the
solution. The solution is then poured into a Teflon dish. The Teflon dish is allowed to sit in the
glovebox for at least 2 days until the THF has evaporated. The films are cut into disks (12 mm
for ionic conductivity measurements and 16 mm for battery testing) outside the glovebox. The
cut disks are then transferred immediately to a vacuum oven and dried overnight at 50 °C under
vacuum. The vacuum-dried films are stored in an Argon glovebox (MBRAUN, H,O < 0.1 ppm,
02 <0.1 ppm) until they are used.

2.2.5 Vulcan carbon electrode fabrication
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Vulcan carbon-based electrodes were prepared by mixing Vulcan carbon (80 wt%), silicon-
tripodand polymer (16 wt%), and lithium salt (4 wt%) in 20 mL vial. NMP solvent was added
and the contents was sonicated for at least 30 minutes to obtain a fine ink. The uniform black ink
was transferred onto a PTFE-treated TGP-H-60 carbon paper substrate, and a doctor blade was
used to create a film on the carbon paper substrate. The film was allowed to sit on the benchtop
overnight before it was cut into 12.7 mm disks. The electrode disks were then vacuum-dried at
75 °C overnight before being transferred and stored in an Argon glovebox (MBRAUN, H-0 <
0.1 ppm, Oz <0.1 ppm)

2.2.6 Li—Oz2 cell with Si-tripodand polymer film

For these cells, a “viscous polymer cream” was used to reduce the interfacial resistance between
the anode-SPE and the cathode-SPE. In a 5 mL vial, Si-tripodand polymer was added and a salt
solution was added to obtain 20 wt% lithium triflate in the Si-tripodand polymer. The solution
was stirred, and then the vial was left opened in the glovebox to allow for THF evaporation.
Then, the vial was held under high vacuum to remove all the THF. As expected, the viscosity

was much higher than the pristine polymer.

Li—O- fabrication was performed in an Argon glovebox (MBRAUN, H20 < 0.1ppm, Oz <0.1
ppm). Li—Oz cell setup: Li metal (15 mm diameter) | one thin layer of “viscous polymer cream”
on the lithium anode | Si-trip film 20 wt% Li-triflate and 4 wt% silica (16 mm diameter) | one
thin layer of viscous polymer cream on the SPE | vulcan carbon electrode (12.7 mm). A paint
brush was used to apply one layer of coating on the lithium metal anode and on the side of the
SPE facing the cathode. The cells were transferred to another Argon glovebox (MBRAUN, H,O
< 0.1ppm, O2 < 1%) without ambient exposure and filled with pure oxygen gas. The Li—O: cell

was allowed to rest for 15 hours at 60 °C before it was also discharged at 60 °C.

For the Si-trip cell at OCV where the data is shown in Figure 2-3a, the cathode was a 15 mm

diameter 316 stainless steel mesh instead of a Vulcan carbon cathode.
2.2.7 Li-Oz2 cell with Si-tripodand oligomer

Li—O; cell fabrication was performed in an Argon glovebox (MBRAUN, H>O < 0.1ppm, O2 <0.1
ppm). Li metal was used as the anode. Two Celgard C480 separators were used. About 120 pL to
150 pL volume of Si-tripodand electrolyte was used. For the electrolyte, 10 wt % lithium triflate
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was dissolved in the silicon-tripodand oligomer (no THF was added to aid the dissolution). A
vulcan carbon electrode was used as the cathode. The cells were transferred to another Argon
glovebox (MBRAUN, H,0 < 0.1ppm, O2 < 1%) without ambient exposure and filled with pure
oxygen gas. The electrochemical tests were performed at 60 °C. The Li~O- cells were usually

allowed to rest at 60 °C for 15 hours before discharge began.

After the Li—O» cells were discharged, they were transferred into an Argon glovebox without air
exposure (MBRAUN, H20 <0.1ppm, Oz <0.1 ppm). NMR sample preparation was also done in
the glovebox. The electrolyte soaked Celgard separator was placed in a 20 mL vial. Then,
anhydrous deuterated chloroform was added to the vial and manually stirred. The solution was
transferred to an NMR tube and '"H NMR experiment was performed. The sample was never

exposed to ambient at any time.
2.2.8 Mixture of Li2O2 with Si-tripodand oligomer

The following procedure was performed in a nitrogen glovebox (MBRAUN). In a 20 mL vial,
about 80 mg of Li2O2 was added. Then, the corresponding amount of Si-tripodand oligomer was
added to the vial. The vial was then stirred for 5 days at room temperature. No solvent was
added. The following procedure was performed for the NMR measurement: About 10 pL of the
Li2O0-/Si-trip oligomer mixture was deposited in a 3 mL vial. Anhydrous deuterated chloroform
was added. The vial was manually stirred to solubilize the contents. Then, the vial was allowed
to rest to allow the Li>O2 particle to settle. Using a 0.45 pum PTFE filter, the soiution was filtered
and transferred to an NMR tube for NMR experiment.

2.2.9 Ionic conductivity measurements

Using a Swagelok setup, the 12 mm silicon-tripodand films were sandwiched between two 12

mm stainless steel disks. A Solartron 1470 (Solartron Analytical, UK) was used.
2.2.10 Battery fabrication

Lithium metal (15 mm diameter) was used as the anode, the silicon-tripodand film as the
separator and electrolyte, and the Vulcan-carbon electrode as the cathode. A VMP3 potentiostat
(BioLogic Inc.) or Solartron 1470 (Solartron Analytical, UK) was used for all electrochemical

tests. The Li—O: cells were allowed to rest at 60 °C for 10 hours before discharge was performed.
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2.2.11 Differential scanning calorimetry (DSC)

A DISCOVERY DSC (TA Instruments) was used, and 2-6 mg of the silicon-tripodand films
were placed in hermetically sealed aluminum pans (TA instruments). Heating and cooling rates
of 10 °C/min was used under a nitrogen flow rate of 50 mL/min. Two heating and cooling runs
were performed for each sample to remove any thermal history. The second heating/cooling run

is reported in the Results/Discussion section.
2.2.12 Nuclear magnetic resonance (NMR) spectroscopy

A Bruker AVANCE or AVANCE I1I-400 MHz spectrometer was used for the NMR

experiments.
2.2.13 X-ray diffraction

XRD experiments was performed using a Rigaku Smartlab (Rigaku, Salem, NH, USA) in the
parallel beam configuration with a Cu Ka radiation source. After the Li—O- cells were
discharged, they were transferred into an Argon glovebox without air exposure (MBRAUN, H>O
< 0.1ppm, Oz <0.1 ppm). The electrode was sealed in an airtight XRD sample holder (Antor

Paar, Austria) for XRD measurement.

2.3 Results and Discussion

The silicon-tripodand siloxane polymer was synthesized using the hydrosilyation reaction
catalyzed by Karstedt platinum catalyst.**° The reaction scheme is shown in Figure 2-1a, and 'H
nuclear magnetic spectroscopy (NMR) data in Figure A-1 shows the expected disappearance of
the vinyl functionality of tris(2-methoxyethoxy)(vinyl)silane (~5.8 — 6.15 ppm) and the Si—-H
bond (~4.7 ppm) of polymethylhydrosiloxane (PMHS). The obtained polymer was viscous (Mn
= 13,444 Da; Mw = 32,000 Da).

Flexible free-standing films are generated when a lithium salt is dissolved in the polymer
because of physical crosslinks that form when the lithium cation is coordinated by ether groups
across different repeat units. As the salt content is increased, the films become more

mechanically robust. However at a salt concentration of 20 wt% or more, the films may be
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brittle. In SPEs, ionic conduction is believed to occur in the amorphous region. Hence, polymers
capable of dissolving salt and have low glass transition temperature (T) are of interest.
Differential scanning calorimetry (DSC) was used to study the thermal behavior of the generated
films. As the DSC spectra in Figure 2-1b shows, the generated films are non-crystalline as there
is no peak in the spectra. The Ty for the 10 wt% lithium bis(trifluoromethane)sulfonimide
(LiTFSI) film is remarkably low (<—90 °C) and was beyond the cooling capacity of the DSC
equipment used. As lithium salt concentration is increased, the mechanical stability increases,
and the Ty increases. Changing the lithium salt from LiTFSI to lithium triflate, where triflate has
a higher donor number (DN = 16.9)>? than TFSI (DN = 5.4)°? leads to higher T, for the triflate
films compared to LiTFSI at similar salt concentrations (Figure A-2). The anion donor number is
a gauge of the electron-donating ability of the anion and hence ion-ion interactions and binding
to the lithium will be stronger for higher donor number salts. Therefore, the type of lithium salt
modulates the thermal properties of the films. The increased interaction may be responsible for
the observed higher Ty in Figure A-2. Interestingly, films reported by Walkowiak et al.*
incorporated LiPFs salt (DN = 2.5)°2, but had T, close to room temperature. This discrepancy
might be due to the fact that their starting Si-trip polymer has a much higher T, than we measure

in our work for our starting polymer.

36



o \
d O/
H /\/O\

\S‘—o-[- SI-_ 0+3‘/— 3 Karstedt catalyst
-~ |l || n |I * : S’O\/\ P Toluene b

PMHS o\’/\0 s T=50C

n~>51 e

Vinyl silane

Sl O+S|—O Sl—

Sulucon tnpodand

b 0.2 c 0.2
10 wt LiTFSI 10 wt LiITFSI + 0 wt silica
+ 4 wt silica
- 15wt LITFSI[ __
~;°-’ 20 wt LiTFSI § + 2 wt silica
3 0.0 3 0.0
3 3
= =
3 3 + 8 wt silica
= 3 ] =
02 -2 sm———————————————
-80 60 40 -20 0 20 40 60 -80 60 40 -20 0 20 40 60
Temperature (°C) Temperature (°C)

Figure 2-1 | Synthesis and characterization of siloxane polymer. (a) Hydrosilylation reaction
between polymethylhydrosiloxane (PMHS) and tris(2-methoxyethoxy)(vinyl)silane (“vinyl
silane” in the presence of Karstedt catalyst. Differential scanning calorimetry (DSC) spectra of
siloxane/LiTFSI films as a function of (b) LiTFSI weight percentage, and as function of (c) silica
weight percentage where all films contain 10 wt% LiTFSI. Numerical values for the glass

transition temperature (Tg) can be found in Table A-1.

Additives have been explored in PEO-based electrolytes to inhibit PEO crystallization at room

temperature, increase room temperature ionic conductivity while increasing mechanical
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stability.>3-*¢ Furthermore, additives like silica (SiO,) have been shown to limit ion-ion
interaction of lithium salts in PEO to increase number of free lithium cations.>? But, SiO; alone
does not appear to support Li ion transport. Hence, an optimal amount of SiO, is needed to
suppress crystallization and ion-ion interactions, but not lead to a high volume fraction of
nonconductive SiO2.>* Since the Si-trip films are non-crystalline, SiO addition may only aid in
limiting ion-ion interactions. The DSC spectra in Figure 2-1c shows that silica addition can also
modulate Ty. When 2 — 8 wt% silica is added to a 10 wt% LiTFSI film, the 4 wt% silica addition
gives the lowest Tg value and is optimal among the silica compositions studied. However, silica
addition does not lead to Ty lower than when no silica is present. This may be due to the already
low Tg of the 10 wt% film and the low donor number of LiTFSI where ion-ion interactions are
expected to be limited. The influence of silica content is more pronounced when films containing
a salt of higher donor number where ion-ion interactions are more prominent. When 4 wt% silica
is added to a film containing 20 wt% lithium triflate, the T, reduces significantly, showing that
silica can improve the thermal property of the films (Figure A-3).

The amorphous nature of these films, low T, and lithium ion solubility leads to high ionic
conductivities. Figure 2-2a shows ionic conductivities as function of salt and silica content. 10
wt% Si-trip films shows the highest conductivities at all temperatures, where an ionic
conductivity of ~10~* S/cm is obtained at 60 °C. However, the 10 wt% films are fragile. The
addition of silica does improve mechanical stability, but leads to conductivities ~ 10> S/cm at 60

°C.
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Figure 2-2 | Ionic conductivity of generated films. Average ionic conductivity of

siloxane/LiTFSI films as a function of LiTFSI salt and silica content.

The Si-trip electrolytes were explored in actual Li—O: batteries. PEO electrolytes have been
explored in Li—O> batteries, and work by Harding et al.** shows that holding a PEO electrolyte in
O at open circuit voltage (OCV) leads to a rise in the voltage as a function of time. The voltage
rise was a result of oxygen-induced decomposition of PEO to form formates, esters even in the
absence of any induced electrochemistry. The Si-trip electrolyte contains ether side chains for
ionic conductivity, but the fraction of ether in Si-trip is lower compared to PEO. Figure 2-3a
shows that when Si-trip is also held at OCV, a steady voltage is observed for 100 hours. All Li—
O batteries were operated at 60 °C to increase the reaction kinetics and access high ionic
conductivities. With this result, we studied the discharge capacities of Li—Oz cells containing a
lithium metal anode, Si-tripodand electrolyte, and a Vulcan-carbon electrode at 60 °C. Despite
the high ionic conductivities of the films, when cells were fabricated, the anode-SPE and
cathode-SPE interfaces were very resistive. Hence, a 20 wt% salt was dissolved in Si-trip
polymer to generate a viscous “polymer cream”. A paint brush was then used to apply a thin
coating to both the anode-SPE and cathode-SPE interfaces (more information in the experimental

section). Figure 2-3b shows discharge capacities as a function of current rate. At 10 mA/gc, a 2.8
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Vi plateau is observed that is similar to voltages observed using PEO electrolyte and organic
liquid electrolytes. However, as the current rate is increased, lower discharge capacities are
observed. This capacity reduction is often attributed to poor oxidation reduction kinetics, limited
oxygen diffusion in the electrode, insulating Li>O: film growth that prevents further oxygen
reduction among others. Although we show that Li—O> discharge is supported, the desired L1202
discharge product is not observed after discharge. This could be due to low capacities that do not
generate high amount of Li,0> that can be observed using x-ray diffraction (XRD), or possible

reaction between Li2O; and the electrolyte that leads to Li>O2 disappearance after discharge.

a 40 b 40
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Figure 2-3 | Li-O: batteries using siloxane films. (a) Open-circuit voltage (OCV) of Li-O;
cells in oxygen as a function of time with a stainless steel mesh cathode. (b) Discharge capacity
as a function of current rate of Li—O cells in oxygen with a Vulcan carbon cathode. All cells
held at 60 °C during electrochemistry. PEO data was obtained from Harding ef al.* (Copyright
American Chemical Society). Electrolyte for (a): 20 wt% lithium triflate in Si-tripodand. (b): 20
wt% lithium triflate with 4 wt% silica.

Post-discharge characterization of these films is difficult because the films are solid, but a

yellowish color was observed on the electrolyte films. To understand the stability of the Si-trip
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chemical structure, Si-trip oligomers were fabricated (see Experimental Section) so that when
lithium salt is dissolved, the Si-trip oligomer/salt mixture is still liquid. Li—O2 cells were then
fabricated using these liquid Si-trip oligomer electrolytes. The discharge curves can be found in
Figure A-4. Similarly to the Si-trip films, a yellowish side reaction product was also formed after
discharge using the Si-trip oligomer electrolyte. Using 'H NMR, Figure 2-4 shows the Si—O—
CH2 is unstable during Li-air discharge as new proton peaks at 3.7 — 3.8 pm are in different
chemical environments and appear adjacent to the Si~O—CH3 peak at 3.85 ppm. This is
unsurprising as the Si—~O—CH; bond has been shown by others to be labile. A number of
nucleophilic species (superoxide, peroxide) present could be responsible for the degradation. For
a rechargeable Li—O; battery, the electrolyte must be stable in the presence of Li2O» and support
Li2O;, formation and oxidation. Therefore, we studied the stability of the Si-trip structure in the

presence of commercial Li2O;.

Using a previously published technique, a chemical mixture of Li>O> and Si-trip (1:1 molar ratio
of Li>O»:Si-trip repeat unit) was made and stirred for five days.?® '"H NMR was then performed
on the mixture, and Figure 2-4b shows that Li2O; is capable of reacting with the Si-O—CH> bond
on the Si-trip electrolyte yielding the same decomposition products observed electrochemically.
Therefore, the silicon-tripodand structure is unstable for Li—O> use. Modified Si-trip structures
can be synthesized that avoid the Si-O—CH; bond (Figure A-5), but the ether side group may still
be susceptible to degradation as in PEO* and glyme solvents.!® Finally, although the Si-trip
structure may degrade in Li—O,, it may show promise in lithium-ion batteries where nucleophilic
species like superoxide and peroxide are not present. Therefore, more work should be done to

explore these electrolytes in lithium and sodium-ion batteries.
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Figure 2-4 | NMR characterization to probe stability of Si-trip structure. 'H NMR
characterization (a) after discharge in oxygen in a Li—O: cell using a liquid Si-trip oligomer
electrolyte and (b) after chemically mixing Li>O2 with the Si-trip oligomer for five days. The
highlighted region are where new peaks arise in the spectra. 'H NMR (400 MHz; CDCl3;

residual CHCI; reference)

2.4 Conclusions

In this work, we show that salt and silica dissolution in the synthesized silicon-tripodand
polymer can lead to flexible ionically conducting free-standing films where salt type, salt and
silica content can modulate the thermal and conductivity properties. We show that the siloxane

polymer can support Li—O> discharge, but the Si-O—CH2 bond is susceptible to degradation in
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the presence of Li2O2. By exploring the parameter space for this electrolyte, and incorporating in
a battery, we can better understand electrolyte properties, and their chemical vulnerabilities.
Knowledge gained from this work will guide the use of these electrolytes for other battery

chemistries such as Li and Na-ion.
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Chapter 3

Understanding the Chemical Stability of Polymers for Lithium-air
Batteries

Adapted and reproduced with permission from Chibueze V. Amanchukwu, Jonathon R. Harding,
Yang Shao-Horn, and Paula T. Hammond. “Understanding the Chemical Stability of Polymers
for Lithium—Air Batteries.” Chem. Mater. 2015, 27, 550-561. Copyright 2015, American
Chemistry Society.
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3.1 Introduction

Innovations in portable electronic devices such as smart phones and laptops, and electrical
vehicles, can be partly attributed to lithium-ion batteries; the most energy-dense batteries
commercially available.'>" Lithium-ion battery use in electric vehicles has allowed for the
gradual electrification of transport, but the current format—graphitic negative electrode and
transition metal oxide positive electrode—has reached its practical limits in gravimetric energy
density.'>!>37 To allow future electric vehicles to effectively compete with gasoline-powered
cars in driving range per charge, newer battery chemistries with much higher energy densities are
being explored. In recent years, lithium-air (O;) batteries have emerged as a possible lithium-ion
replacement because their theoretical gravimetric capacity (3861 mAh/gy;) is an order of
magnitude greater than lithium-ion (372 mAh/gc) if a lithium metal negative electrode is utilized
as opposed to a graphitic intercalation electrode.!>!41658-60 Although this difference has spurred

intense research and commercial interest, several challenges such as electrolyte instability, %1944

18,34,61 61,62

low rate-capability,** poor round-trip efficiency, and limited cycle life®"-%* must be

addressed before possible commercialization.

In its current configuration, lithium-air (O2) battery technology uses lithium metal as the negative
electrode, a porous high surface area material (e.g., carbon) as the positive electrode, and oxygen
as the active material.'>*” During cell discharge, oxygen is reduced to form superoxide radical
anions (O27)% that can combine with lithium ions to form lithium superoxide (LiO2)%>%* before
the formation of the desired discharge product, lithium peroxide (Li202).'*%*%> During charging,
lithium peroxide is then oxidized to evolve oxygen.?%*>>64 The reversible formation and

oxidation of lithium peroxide is therefore vital to the rechargeable nature of a lithium-air
cell.2°’36’62

Reduced oxygen species such as the superoxide radical anion are highly reactive species, and
the desired discharge product, lithium peroxide, is a strong base®’ that can participate in
unwanted side reactions detrimental to cell performance.** These superoxide and peroxide
species readily decompose carbonate-based electrolytes, such as ethylene and propylene
carbonate, that are widely used in commercial lithium-ion batteries,%® and even prevent the

formation of Li,Oz, instead leading to side products such as lithium carbonate and lithium
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formate.'®4°6® Ether-based electrolytes (e.g., 1, 2-dimethoxyethane and tetraglyme) have proven
more stable than their carbonate counterparts and allow for the formation of Li>O> during the
first discharge; however these ether-based electrolytes also decompose upon further cell
cycling.!®% Other electrolyte systems such as amides?® and DMSO® have been explored, but
they too decompose during cell cycling and on exposure to Li»O> and KO, highlighting the

importance of developing stable electrolytes.

In addition to Li-air battery research into liquid aprotic electrolytes, Li-air cells with polymer
electrolytes have been explored.'>”!72 Some of the widely used polymer electrolytes are stable in
contact with lithium metal, and like their ceramic counterparts, can help suppress lithium
dendrite formation.” In addition, polymers have been widely used as binder for the oxygen

electrode.19-2%-34.36;

62,72 Therefore, the ubiquity of polymers in lithium-air research, and the
technological potential of new roles for polymers as solid state electrolytes are developed,
necessitates a thorough study to carefully evaluate their stability when exposed to the discharge

and charge cell reactions.

Recent work by several researchers have highlighted the importance of evaluating the stability of
polymers for lithium-air use. Black et al. studied the decomposition of the common binder
poly(vinylidene fluoride), and reported on the dehydrofluorination of the polymer backbone in
the presence of chemically generated LiO», and the formation of lithium fluoride (LiF) during
cell discharge.?® Nasybulin et al. studied a wider range of polymers, and characterized their
stability in the presence of KO2/Li>O; based on the formation of inorganic decomposition
products such as K2CO3.”* However, indicating the formation of inorganic decomposition
products like K2COs does not give insight into how the polymer chemical structure reacts.
Therefore, it is unknown how the polymeric structure of PAN, PVC, PVP etc. react or are
affected by the presence of Li2Os. Are the resultant carbonates observed using X-ray diffraction
(XRD) due to a degrading polymeric backbone or the polymeric functional group? Although the
mechanism of PVDF degradation in lithium-air has been studied by some researchers,?®’2 there
is a dearth in knowledge about the mechanism of degradation for other polymers. Despite these
previous works, it is not known what functional groups should be avoided to prevent reactivity
with lithium peroxide, and in turn how to inhibit reactivity of these polymers. This work strives

to address these issues. There remains a need for greater insights into how and why the polymers
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react with Li2Oz, the functional groups and polymer backbones that are especially susceptible to
attack, the extent and time frame (days, weeks etc.) of polymer degradation, and some
controlling trends and principles that govern polymer reactivity and instability that can inspire

new stable polymer binders and electrolytes.

In this work, we aim to address some of these questions by evaluating the reactivity and stability
of a subset of polymers in the presence of commercial lithium peroxide powder. Since the
desired discharge product of a lithium-air cell is lithium peroxide, it is vital that the polymer used
be stable in contact against Li2O2. Using commercial Li2Oz affords us a quick screening tool to
deduce the chemical stability of a polymer or small organic molecule before complete lithium-air
cells are fabricated. In addition, it isolates the polymer, and eliminates the influence of lithium
metal and carbon in the oxygen electrode as it pertains to reactivity against products formed
upon discharge and charge in Li-air batteries.**$7> For this paper, we chose to examine a set of
polymers that have been thoroughly studied in the lithium-ion and lithium-air literature; the
structures of which are shown in Figure 3-1.73747677 These polymers have aliphatic C—C
backbones (except polyethylene oxide), and their side-chain functionalities were chosen to
understand the influence of the side-chain functional groups on the reactivity and stability of the
polymer and its backbone. In addition to determining the stability of each polymer tested, we
establish reactivity trends across all evaluated polymers with regard to the electron-withdrawing/
electron-donating nature of their functional groups, the influence of a and B-hydrogen atoms in
the hydrocarbon polymer backbone, and how these factors contribute to the polymers’ chemical
stability in lithium-air. Knowledge and reactivity patterns gained from this work should prove
critical in the bottom-up design of new polymers to serve as binders and mechanical supports, or

as solid-state/gel polymer electrolytes for future lithium-air batteries.

3.2 Experimental Methods

3.2.1 Materials used

All polymers used in this work are shown in Figure 3-1, and an explanation of the abbreviations

is listed in the Abbreviations section. The polymers PAN, PMMA, PTFE, PVC, PVDF, and
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PVDEF-HFP were obtained from Sigma-Aldrich. PEO was obtained from Polysciences, Inc.
Nafion® was obtained from Ion Power Inc. as a 7.2 wt% lithiated Nafion® in isopropanol
solution. Drops of the Nafion® solution were drop-cast onto a polystyrene weigh-boat and
allowed to slowly evaporate overnight. The resultant film was vacuum-dried at 50 °C for at least
24 hours. Lithium peroxide (Li20;) powder (technical grade, 90%), anhydrous N, N-
dimethylformamide (DMF), and N, N-dimethylacetamide (DMAc) were purchased from Sigma-
Aldrich, and used as obtained. Deuterated DMSO (D, 99.9%), and deuterated DMSO with
tetramethylsilane (D, 99.9% + 0.05% v/v TMS) were obtained from Cambridge Isotope

Laboratories, Inc.

3.2.2 Chemical reactivity tests

All chemical reactivity tests were performed in a dry-nitrogen glove box (MBRAUN, H>0 < 0.1
ppm, Oz < 10 ppm). The following describes a typical experiment. In a 20 mL vial, about 132 mg
of polymer was dissolved in 4 mL of DMF. Since no solvent has been proven to be completely
stable in lithium-air, we chose DMF to serve as our reaction medium. While DMF can be
unstable when used in a lithium-air cell,”> we use DMF for our studies because its FTIR and UV-
Vis peaks mostly do not interfere with the peaks of interest in the studied polymers (Figure B-1),
and allows for the use of a DMF-based gel permeation chromatography (GPC) instrument. For
PVDF only, DMAc was used as the solvent since PVDF is insoluble in DMF. The
polymer/solvent mixture was stirred to allow the polymer to dissolve. In another 20 mL vial,
about 85 mg of L1202 was added to allow for an excess mass concentration of Li>O2 compared to
the polymer mass concentration. Then, 1.5 mL of the polymer/solvent solution was added to the

vial containing Li2O. The mixture was stirred throughout the course of the experiment.

3.2.3 FTIR characterization

In the glove box, 10 pL of the polymer/Li>O2/solvent mixture was placed on a transparent IR
card (International Crystal Laboratories, 19 mm KBr aperture IR card). The IR card containing
sample was allowed to rest in the glove box to allow for solvent evaporation until there was no
visible trace of solvent. However, some of the samples were also transferred to the glove box
ante-chamber, where it was allowed to vacuum dry at room temperature for at least two days for

effective solvent removal. The IR card was then transferred out of the glove box, and the IR
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spectra obtained immediately. A JASCO 4100 Fourier transform infrared (FTIR) spectrometer
was used for data collection. All spectra were obtained in absorbance mode with a resolution of 1
cm’!, using 100 accumulation scans. The spectrometer was flushed with dry nitrogen before and

during sample measurement.

3.2.4 UV-Vis characterization

In a 20 mL vial, a polymer was dissolved in DMF (or DMAc for PVDF) to obtain a 10.5 mg/mL
mass concentration of polymer. 100 pL of the polymer/solvent solution was removed to later
serve as a control. Then, Li-O» powder was added to the polymer solution to obtain a Li.O2
concentration of 16.4 mg/mL. The mixture was thoroughly stirred throughout the course of the
experiment. At different time points, stirring was stopped and the mixture allowed to rest for
about 15 minutes to ensure that the dispersed Li>Ox fall out of solution. For example, for the ‘1
hour’ time point, stirring was stopped at 45 minutes. Carefully, a volumetric pipette was used to
collect 25 pL of the topmost part of the mixture (to ensure Li>O» particles are also not collected),
and deposited in an empty 3 mL vial. Then, 1 mL of pure DMF was added to dilute the contents
of the 3 mL vial. The vial was vigorously shaken to ensure full dissolution. A Pasteur pipette was
then used to transfer the diluted mixture to a UV-Vis cuvette. The pure solvent (DMF or DMACc)
was used as a blank. A Beckman Coulter DU 800 ultraviolet-visible (UV-Vis) spectrophotometer
was used for data collection. For data analysis, the CTRL data, which corresponded to the
polymer/solvent control, was subtracted from each polymer/Li>O;/solvent time point to better
illustrate the accumulation of decomposition species as a function of time. In addition, the CTRL
data was also subtracted from itself leading to the straight line that corresponds to zero in the

UV-Vis spectra.

3.2.4.1 Details: a) For PAN, 5 pL of the PAN/Li20O2/DMF mixture was used (instead of
25 pL) because of the very high concentration of decomposition species, and diluted with 1 mL
of DMF. b) For PVDF-HFP and PVC, 25 uL of the polymer/Li2O2/DMF mixture was used and
diluted with 1 mL of DMF. ¢) For PVDF, a syringe was used to collect about 0.2 mL of the
PVDF/Li»O2/DMAc mixture and filtered using a 0.45 pm Teflon® filter into a polystyrene well

plate. Then, 25 uL of the contents of the well plate were then transferred to a 3 mL vial and
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diluted with 1 mL DMAc. The PVDF mixture was filtered because of the interference of Li>O-
particles during data collection. d) For Nafion® and PVP, the polymer/Li»O2/DMF mixture was
also filtered in the same manner as PVDF, and 25 pL of the mixture diluted with 1 mL DMF. )
For the CTRL data for each polymer, the same volume used for the polymer/Li>2O2 mixture was
used. For example, 5 pL of the PAN/DMF mixture (without Li>O,) was diluted with 1 mL DMF
to obtain the CTRL data.

3.2.5 NMR characterization

In a 5 mL vial, about 16 mg of polymer was dissolved in 1 mL of deuterated DMSO with TMS
(D, 99.9% + 0.05% v/v TMS). Then, 0.5 mL of the polymer solution was transferred to a NMR
tube for "H NMR analysis. This served as the control. In another 5 mL vial, about 30 mg of
Li;O; was dissolved in 0.7 mL deuterated DMSO without TMS (D, 99.9%). Then, 0.4 mL of the
Li;0/DMSO dispersion was added to the NMR tube containing the polymer solution. The NMR
tube was sonicated throughout the experiment to keep the Li,O; particles dispersed in solution.
At different time points, the NMR tube was removed from the sonication bath and taken for 'H
NMR analysis. The maximum temperature reached in the sonication bath was 50 °C. Although
the temperature in the sonication bath can go as high as 50 °C, it was not held at 50 °C
throughout the course of sonication. Since the results obtained using NMR are consistent with
the FTIR and UV-Vis data, the temperature rise in the sonication bath is not believed to affect
the interpretation of our results. All measurements (except 'H NMR and sonication bath) were
performed in a nitrogen-filled glove box (H20 <0.1 ppm, Oz < 10 ppm). The contents of the
NMR tube were never exposed to the atmosphere. A Bruker AVANCE and Bruker AVANCE

I11-400 MHz nuclear magnetic resonance (NMR) spectrometer was used.

3.2.6 GPC characterization

A DMF-based Waters® gel permeation chromatography (GPC) instrument was used to determine
the polymer molecular weight before and after reaction with Li2O>. The polymer/Li>O2/DMF
mixture was filtered using a 0.45 pm Teflon® filter before GPC analysis. A poly(methyl

methacrylate) calibration standard was used.
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Figure 3-1 | Polymers studied in this work. List of polymers studied for this work. The red

lines represent bonds that are cleaved during reaction with Li2Ox.

3.3 Results and Discussion

3.3.1 Poly(acrylonitrile)

Poly(acrylonitrile) (PAN) has been a widely used mechanical support for gel polymer
electrolytes, and PAN support/electrolyte systems have had some of the highest reported ionic
conductivities.”® In addition, PAN was the polymer of choice for the first lithium-air cell
developed by Abraham et al.”” In our work, PAN was found to be highly unstable, and reacted
readily with Li>O». Using procedures detailed in the Experimental Section, commercial lithium

peroxide was added to a PAN/dimethylformamide (DMF) solution, and within minutes, the
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previously clear and transparent solution turned yellow (Figure 3-2). After one day, the solution
deepened to an orange color, and finally to a permanent dark red hue after about two days. The
color changes are an obvious indication of a chemical reaction between PAN and Li2Ox.

Several characterization techniques such as ultraviolet-visible (UV-Vis) spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR), and gel permeation
chromatography (GPC) were used to characterize the decomposition products and elicit the

mechanism and rate of PAN reaction.

Since the solution color changes are due to resultant soluble decomposition species, absorption in
the ultraviolet-visible (UV-Vis) region can be particularly helpful in monitoring the reaction.
Therefore, the reaction mixture of PAN/Li>2O2/DMF was carefully studied using UV-Vis, and
Figure 3-2a shows an increase in the absorbance of the soluble decomposition species as a
function of Li>O2 exposure time. Beer’s law allows for the correlation of absorbance with
concentration;”” therefore the absorbance increase corresponds to an increase in concentration of
soluble decomposition species with time. Although Beers law does have a concentration
limitation, the overall trends discussed here are still valid within the absorbance range of 0-1, for
which Beers law is most accurate. These decomposition species could only result from the
chemical degradation of PAN by Li,O;. After about three days, the saturation or completion of
the reaction was reached, and the concentration of decomposition species approached steady
state in solution. In addition, the loss of the absorbance peak at 310 nm corresponds to the
conversion of an intermediate decomposition species to another, and there were slight shifts of
the wavelength of maximum absorbance (Amax) as the reaction proceeded. We further used FTIR
and NMR to understand the molecular changes in the PAN structure to provide valuable
information that can be used to devise methods to mitigate reaction or avoid the functionality

responsible for reaction.
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Figure 3-2 | Reaction of poly(acrylonitrile) with Li2O2. (a) UV-Vis spectra for the reaction of
PAN with Li202.The rise in absorbance in (a) corresponds to the rise in the concentration of
soluble decomposition species due to PAN degradation. (b) FTIR spectra for the reaction of PAN
with Li202 which shows a decrease in the nitrile stretching vibration (2242 cm™) and the rise of a
new peak at 2195 cm™ due to PAN reaction that has previously been attributed to a f-amino

nitrile.®’ The reaction pictures correspond to the same samples used to obtain the FTIR spectra.

We propose that the reactive chemical functionality in PAN is the nitrile functional group
(~C=N). The nitrile functional group is highly polarized, meaning the carbon directly attached to
the nitrogen has a partial positive character (8"), and is electrophilic.” Fortunately, this
functional group has a separate and highly definitive stretching vibration at 2242 cm’!, making
FTIR?®! an easy technique for characterization and possible delineation of the reaction
mechanism. This hypothesis is supported by FTIR measurements in Figure 3-2b, which show a

consistent decrease in the intensity of the nitrile functional group as Li»O2 exposure time
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increases. This observation suggests that LiO; attacks the nitrile functionality, which leads to
imine-like conjugated soluble species (—C=N—C=N-) that are responsible for the marked color
changes observed visually and monitored in UV-Vis.?828 The observed wavelength of these
imine species are dependent on the cause of PAN decomposition. For thermolysis of PAN under
vacuum at 150°C, and thermo-oxidation in the presence of atmospheric O, two absorption bands
attributed to polyimine appear in the UV-Vis spectra at 270 and 360 nm (thermolysis), and 270
and 385 nm (thermo-oxidation), respectively.®* At early decomposition times (at least three
hours), two absorption bands are present at 310 and 385 nm that may be due to these polyimine
species. For much later decomposition times, the absorption spectra widens, consolidating the
two maxima, and the Amax shifts to lower wavelengths, an indication of a variation in the level of
conjugation and/or oxidation of the polyimine species.®* As a result of the electrophilic carbon
atom in the nitrile functional group, nitriles can undergo nucleophilic addition and are

susceptible to oxygen radical attack from radicals generated by Lix0».”°

Interestingly, when a stoichiometric excess of Li>O> was used (excess mole ratio of peroxide to
nitrile repeat unit), a new IR absorption peak at 2195 cm™ appeared after about 4 hours and
increased in intensity as the reaction proceeded.®® The observed color changes, the decrease in
nitrile functionality, and subsequent increase in the new functional group at 2195 cm™ (attributed
by Coleman et al. to be a B-amino nitrile)*’ has previously been observed during the thermal
degradation of PAN at 200°C and reduced pressure,®” and also during benzoic acid treatment at
170°C.** Therefore, it is interesting to note that we observed similar changes during Li>0>
exposure at room temperature, suggesting that the reaction with free radicals derived from
peroxide yields some degree of nitrile oligomerization at much lower temperatures than
previously reported. Although excess Li2O> concentration was used, the nitrile functional group
was not completely eliminated based on FTIR (which could be due to the presence of short
nitrile oligomers), and it took about three days for the reaction to equilibrate and reach
saturation. In addition, if the PAN/Li»O2/DMF mixture was not stirred thoroughly, a highly
viscous dark red gel was found, possibly resulting from crosslinking due to the generated imine
groups and the formation of conjugated ladder-like structures often observed as precursors to

graphitization, %
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To determine the extent of reaction on the polymer backbone, we used 'H NMR to monitor the
aliphatic CHz hydrogen atoms in the main polymer backbone and the a-CH hydrogen directly
attached to the nitrile group. Figure 3-3 shows the 'H NMR spectra chronicling the reaction of
PAN. After about four hours, new proton peaks arose, whose source can only be from the
protons available in the polymer backbone. After three days, the a-CH (8 = 3.2 ppm) and f-CHz
(6 = 2.1 ppm) proton signals were almost nonexistent, implying they were cleaved and the
polymer backbone significantly degraded. Also, there was the rise of a new peak at 8 =2.95 ppm
that has previously been observed in colored PAN (obtained through thermal treatment or
treatment with base),?® and ascribed to methylene and/or methine protons resulting from cyclic
ladder-like decomposition species or azomethine structures.® Incomplete PAN reaction, the
presence of protons in very different chemical environments along the chemical backbone, and
other smaller oligomers that may form during degradation led to the conglomeration of peaks
from & = 0.5-2.4 ppm. In addition, these new proton peaks could also be due to protons on the
end groups of polymers that have been cleaved. Gel permeation chromatography (GPC) data
allowed us to monitor the changes in the polymer molecular weight, and we observed a 65
percent decrease in the weight average molecular weight of the polymer, further supporting

polymer degradation and breakdown.??
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Figure 3-3 | "HNMR analysis of reaction between poly(acrylonitrile) and Liz02. '"H NMR
(400 MHz; DMSO; Me4Si) spectra of PAN reaction with Li»O2. As reaction time increases,
there is a loss of the a-CH (8 = 3.2 ppm) and B-CH2 protons (6 = 2.1 ppm) in the molecular
structure of PAN due to reaction with Li»O,. The HDO peak is present because pure deuterated
DMSO contains H>0O residue which can exchange protons with DMSO. The rise in the HDO

concentration can be due to the reaction of Li2O2 with DMSO which several authors have
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postulated can lead to the formation of water.5®7° *New peak at 8 = 2.95 ppm that has been

previously observed in colored PAN.%3

Several researchers have proposed decomposition mechanisms for the degradation of PAN, and
the mechanism that best correlates with our experimental results is that by Coleman et al.®° for
thermal degradation of PAN. The mechanism is adapted and reproduced in Figure 3-4. Firstly, as
shown in the FTIR spectra (Figure 3-2b), reaction begins by nucleophilic attack at the carbon of
the nitrile functional group by dispersed Li2O particles or the peroxide anion (if Li2O2 slightly
dissociates in DMF). There is a subsequent decrease in nitrile functionality within 4 hours, and
formation of imine-like (—C=N) ionic species responsible for the yellowish color, further
confirmed by the two absorption bands in the UV-Vis spectra as mentioned previously. The
nitrile functional group is highly electron-withdrawing, meaning that the o-CH carbon atom
becomes electron deficient due to an inductive electron withdrawing effect, and more
importantly, the a-CH hydrogen atom becomes electron deficient due to hyperconjugation.”
Hence, the a-CH hydrogen atoms are acidic and vulnerable to nucleophilic attack from O2* or
more probably, the newly formed and more nucleophilic imine ions.*’ Therefore, after 4 hours of
reaction, the a-CH proton signals (using 'H NMR) begin to decrease in intensity, leading to a
different conjugated species (—C=C—N) that is responsible for the second color change from
yellow to orange, and possibly responsible for the disappearance of the ultraviolet peak at 310
nm, and the distinct difference between the UV-Vis spectra at 3 hours and the UV-Vis spectra at
19 hours (Figure 3-2a). Finally, once the electron-deficient f-CH> protons and a-CH protons are
cleaved, the final solution becomes dark red. Based on these results, PAN is unsuitable for use in

Li-air batteries due to its high reactivity and almost complete degradation in the presence of

Li20s.
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Figure 3-4 | Proposed PAN reaction mechanism. Mechanism for the reaction of
poly(acrylonitrile) with Li»O,. This figure is adapted from reference [%°]. We do not fully observe
structure [5] above since no new carbonyl peaks in the PAN degradation products are observed
in FTIR. However, the loss of the -CH2 protons is observed as shown in the NMR data in
Figure 3-3. Another mechanism may be responsible for the abstraction of the B-CH2 protons

without the formation of a carbonyl moiety.
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3.3.2 Halogenated polymers

Of the polymers heavily utilized in the battery literature, halogenated polymers are often at the
forefront with some like poly(vinylidene fluoride) (PVDF), sold under the trademark Kynar®,
that are commercially marketed for battery applications. Similar to poly(acrylonitrile),
halogenated polymers such as poly(vinyl chloride) (PVC), PVDF, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP), and Nafion® have been used as mechanical supports for gel
polymer electrolytes,”>”* but even more so as binders for the positive electrode.!®>*2 In contrast,
poly(tetrafluoroethylene) (PTFE), commonly known as Teflon®, is almost exclusively used as a
binder for lithium-battery applications.?>-*¢ These halogenated polymers are mechanically
robust,” but despite the presence of the strong carbon-halogen bonds, PVC, PVDF, and PVDF-
HFP are unstable and react readily with Li>O,. On the other hand, Nafion® and PTFE are stable

and do not appear to react with Li>O».

When Li,O2 powder was added to the PVC/DMF solution, the solution color changed
immediately from transparent to slight orange, before becoming a dark mixture within three days
(Figure 3-6b). Similar color changes occurred for PVDF and PVDF-HFP when Li2O2 powder
was added with both changing from clear solutions to black within three days (Figures 3-5c-d),
indicative of the instability of these polymers. This finding is in good agreement with recent
work by Black et al.?® and others studying PVDF,74% and past work that has shown strong bases
such as potassium hydroxide (KOH) can act as a dehydrochlorination agent.?”#8 For lithium-air,

these bases can be 02", LiO2, Li2O», etc.; for this work, we have focused primarily on Li2O,.
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Figure 3-5 | Reaction of PVDF and PVDF-HFP. UV-Vis spectra of the reaction of (a) PVDF
and (b) PVDF-HFP with Li,O: as a function of time. The absorbance increase in the UV-Vis

spectra show the rise in concentration of soluble decomposition species resulting from PVDF

and PVDF-HFP degradation. (c) FTIR spectra of the PVDF: Li,O> reaction after 144 hours and

(d) the PVDF-HFP: Li2O; reaction after 72 hours. The rise of the C=C stretching vibrations

around 1650 cm-1 confirm the formation of conjugated alkene-like degradation products whose
formation is tracked in the UV-Vis spectra. The inset pictures in (¢) and (d) correspond to the

PVDF and PVDF-HFP solutions after reaction with Li2O2, respectively. Peak assignments and

vibration descriptors consistent with ref [*].
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The changes in color, and formation of possible m-conjugated species again allowed for the use
of UV-Vis spectroscopy to track the reactivity of PVC, PVDF, and PVDF-HFP in contact with
Li>0; (Figures 3-5a-b, 3-6a).” As the polymer/Li;O> exposure time increased, so did the
absorption in the UV-Vis spectra, corresponding to an increase in the concentration of soluble
conjugated decomposition species resulting from PVC, PVDF, and PVDF-HFP degradation.
Possible precipitation of these species led to a decrease in concentration (and absorbance). This

is most evident in Figure 3-6a for the decomposition of PVC as the peak area first increased, and
then decreased after longer exposure periods. Interestingly, the UV-Vis spectra for the
degradation of PVC indicates a range of conjugated species that form, which absorb over most of

the UV-Vis region.
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Figure 3-6 | Reaction of PVC with Liz0z. (a) UV-Vis spectra of the PVC reaction with Li2O>
as a function of time. The soluble decomposition species that result from PVC degradation
increase with time, and absorb over most of the ultraviolet-visible region. (b) FTIR spectra of the
PVC: Li»0O; reaction after 72 hours. Inset picture in (b) shows the corresponding color change
after reaction. Peak assignments obtained from ref [*°], while vibration descriptors are consistent

with the notation given in ref [*°].
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In the analysis of these halogenated polymers, it is helpful to reference the well-known reactions
of alky! halides. The carbon-halogen (C—Cl, C—F) bond is highly polar due to the significant
difference in electronegativity between carbon and the halogens, and this results in an electron-
deficient a-C atom.” Alkyl halides often act as electrophiles and are capable of undergoing two
different reactions: (i) nucleophilic substitution at the a-C, and (ii) elimination of the B-H and the
halogen to yield an alkene.” For PVDF and PVDF-HFP, where fluorine is the halogen, a
bimolecular (Sn2) substitution of peroxide or any nucleophile at the a-C is unfavorable because
F is a very poor leaving group. Alkyl fluorides typically do not undergo these Sx2-type
reactions.” In addition, a unimolecular (Sx1) substitution is also unlikely because of the poor
leaving nature of F, the secondary nature (2°) of the a-C, and because the nucleophile Li>O; is a
strong base.” Therefore, an elimination mechanism would be preferred for the reaction of PVDF
with Li2O2, and the PVDF component of PVDF-HFP. A unimolecular (E1) elimination
mechanism would be uncompetitive because the first step, which involves F leaving the chain,
would be too slow. Therefore, a bimolecular elimination (E2) reaction is favored because of the
presence of a strong nucleophile and the highly electron deficient protons; and as shown in
Figure 3-7 begins with the abstraction of a $-CHa proton, followed by the formation of an alkene,
and then expulsion of the fluorine.?%” FTIR spectra®® of the decomposition products of PVDF
and PVDF-HFP in Figures 3-5c-d support this elimination mechanism and shows the rise of the
aforementioned alkene C=C stretching vibrations at 1650 cm™' that result from the
dehydrofluorination of the PVDF backbone.2® These C=C vibrations and the formation of the

resultant LiF has also been reported by several authors. 272!

The resultant conjugated alkene
species is responsible for the observed blackening of the solution, and for the discoloration some
have observed when PVDF and PVDF-HFP are used in lithium-air cells.?%7* It must be
mentioned that the presence of two fluorine groups on the polymer’s a-carbon will make the p-H
protons more electron deficient as compared to, for example poly(vinyl fluoride) with just one

fluorine in its repeat unit.

For PVC, the decomposition mechanism is slightly different. Although the a-C of PVC is
secondary and also contains a halogen functionality, an Sn2-type substitution is possible because
Clis a good leaving group.”” However, for secondary alkyl halides where a strong base is used,
an E2 mechanism dominates like in the fluorinated PVDF and PVDF-HFP, and leads to the

elimination of H-CI (Figures 3-7, S8), and the formation of alkene species along the polymer
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backbone.”#” Again, these alkene conjugated species are responsible for the color changes, and
the FTIR spectra” in Figure 3-6 shows the stretch at 1005 cm™ that is specific for long all-trans
polyene conjugate species, also observed during the dehydrochlorination of PVC by KOH.%"2
The UV-Vis spectra in Figure 3-6a are similar to those obtained for PVC that has been degraded
thermally and degraded by exposure to potassium tert-butoxide, and the general absorption over
the UV-Vis region is attributed to these long polyene-like moieties.®® Therefore, it is proposed
that PVC, PVDF, and PVDF-HFP undergo dehydrohalogenation processes upon exposure to
Li20n.

8) PVDF
H F H
S i S |
I. CFJ Cl: Jn [ Cc c Jn + LiF + LiOOH
H F
2L?022-
b) PVC
H ,Cl H
L 1 N |
c—-cC > c=¢ + LiCl + LiOOH
L] I, l | I
H, H H

Figure 3-7 | Proposed mechanism for PVDF and PVC reaction. Mechanism for the
degradation of (a) PVDF and (b) PVC. These polymers both undergo dehydrohalogenation

degradation processes in the presence of peroxide.
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Figure 3-8 | FTIR analysis of PVC and Li2O2 reaction. FTIR spectra of the reaction of PVC
with Li>Oa. This is the extended fingerprint region of the same spectra shown in Figure 3-6b. It
shows a significant intensity decline in the C-ClI stretching vibrations, further confirming the
dehydrochlorination process that involves a loss of H-Cl from the polymer backbone to yield

conjugated polyenes.

When polymers devoid of hydrogen atoms in their backbone like fully fluorinated PTFE and
Nafion® were examined, no reaction with Li>O> was observed (Figure 3-9). The elimination
reactions responsible for the degradation of PVC, PVDF, and PVDF-HFP are no longer possible
due to the absence of hydrogen atoms that can be abstracted on the polymer chain, and any
bimolecular or unimolecular substitutions of peroxide are unfavorable.” The FTIR spectra® in
Figures 3-9a-b did not show any decomposition products (either alkene or other) for Nafion® and
PTFE, and no color changes were observed. The new broad peak that did appear in Figure 3-9a
for the PTFE mixture with Li,O, was also present in the Li>O2/DMF control. Nafion® was also
examined using UV-Vis (Figure B-2), which revealed no soluble decomposition species. It is
important to mention that although the backbone of commercially sold Nafion® often remains the
same, the end group varies because of different functional groups introduced to impart solubility
properties. If the end-group is reactive with Li>O,, it is possible for the stability of Nafion® to be

adversely affected.
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Figure 3-9 | FTIR analysis of PTFE and Nafion mixture with Li2O2. FTIR spectra of the
mixture of (a) PTFE and (b) Nafion® with Li>O> after 72 hours. Neither PTFE nor Nafion®
appear reactive with Li2O2. Peak assignments for 6a and 6b obtained from ref [**], while

vibration descriptors are consistent with the notation given in ref [*].

Since the fully fluorinated polymers do not appear to react with Li2Oz, the reactive component of
the PVDF-HFP copolymer is presumed to be PVDF and not HFP, as HFP is fully fluorinated
with no protons on the polymer backbone. As Figures 3-5a-b show, the concentration of soluble
decomposition species was higher for PVDF than PVDF-HFP, suggesting PVDF can be more
reactive than PVDF-HFP due to the higher fraction or relative concentration of PVDF units in

the homopolymer.

3.3.3 Poly(vinyl pyrrolidone)

Poly(vinyl pyrrolidone) is another polymer that has been explored for electrolyte systems.**% It

has a pyrrolidone side chain on the aliphatic backbone of the polymer. When this polymer was
exposed to Li2O;, a light yellow solution resulted (Figure B-3). UV-Vis data showed an increase
in soluble decomposition species as a function of time, but as compared to the reactive polymers
discussed previously, the concentration of soluble decomposition species was much lower
(Figure B-3). Therefore, although PVP reacts with Li>O», it is a slow reaction, and when the
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decomposition species were analyzed, no significant changes appeared in the NMR and FTIR
spectra (Figures B-3).% Although the carbonyl group is highly polar, the presence of the nitrogen
atom in the ring with its lone pair electrons donate electron density to the carbonyl and reduce
the electron deficiency of the a-CHa protons adjacent to the carbonyl.” Nucleophilic attack is
still possible at the a-CH: position and the carbonyl carbon, and the slight reaction with Li>O»

may be due to this attack, but the reaction rate is significantly lower than those discussed above.

3.3.4 Poly(methyl methacrylate)

Another polymer that has found common utility in gel polymer electrolyte systems for lithium-
based batteries is poly(methyl methacrylate) or PMMA.”>7 A gel can be formed by mixing
PMMA powder with organic liquids (or ionic liquid) or polymerizing the monomer MMA in the
presence of the ionically conducting organic liquid/ ionic liquid.”® Remarkably, when PMMA
was exposed to LiO, it appeared stable, and no discoloration was observed. FTIR (Figure 3-
102)*° and NMR (Figure 3-11)!%° data showed no appearance or disappearance of peaks, and the
molecular structure of the polymer before and after Li>2O2 exposure remained intact. However, in
the NMR data in Figure 3-11, an unassigned proton peak at = 3.16 ppm appeared, which may
be due to a reactive impurity in PMMA since the polymer backbone and side-chain functionality

appear stable.

We can consider the stability of PMMA by simplifying the polymer into an ester-like small
molecule that affords us different reaction mechanisms for possible nucleophilic attack by Li>O».
Firstly, the carbonyl functional group (C=0) is highly polar due to the difference in
electronegativity between oxygen and carbon, and like the nitrile carbon and the a-C in an alkyl
halide, the carbonyl carbon has a partial positive character (§"), is acidic, and capable of reacting
with nucleophiles.” For carbonyl-containing compounds, there are four general reactions that
can be anticipated for these systems: (i) alpha substitution at the carbon o to the carbonyl, (ii)
carbonyl condensation between two carbonyls, (iii) nucleophilic addition at the carbonyl carbon,

and (iv) nucleophilic acyl substitution at the carbonyl carbon.”
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Figure 3-10 | FTIR analysis of Li202 with PMMA and PEO. FTIR spectra of the mixture of
(a) PMMA and (b) PEO with Li2O2. PMMA appears stable while the intensity of the CH
vibrations of PEO changes, hinting at a degree of crosslinking within the PEO chains induced by
Li,0 (boxed section in 3-10b). Peak assignments for 3-10a and 3-10b obtained from refs [*°]

and ['°] respectively, while vibration descriptors are consistent with the notation given in ref [*]

At the a-C position of PMMA that is attached to the polymer backbone, there is no hydrogen
atom present. Instead, the a-C is substituted with a methyl group that donates electron density to
the a-C, essentially shutting off any potential reaction mechanism that can occur at that
quaternary carbon. Since no a-CH is present, the first two reactions listed above are unlikely in

PMMA.
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Figure 3-11 | H NMR analysis of PMMA with Li2O2. 1H NMR (400 MHz; DMSO; Me4Si)
spectra of the PMMA mixture with Li>O; as a function of time. * — peak due to Li>O; reacting
with DMSO (see Figure 3-8). y — Unassigned peak.

Theoretically, the last two reactions listed are possible. Despite the fact that our data shows that

PMMA is stable, we cannot rule out possible nucleophilic addition (rxn iii) or substitution (iv) at
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the carbonyl carbon. If PMMA is used in a Li-air cell, strong bases like the superoxide radical
anion can possibly add to the carbonyl center, and although this addition is reversible, any
impurity such as water present in the cell could lead to further decomposition.” This might
explain why Nasybulin ef al. reported the formation of Li>COj3 in the mixture of
PMMA/Li,02/K0,.” Also, nucleophilic substitution by a strong base at the carbonyl carbon that
leads to elimination of a methoxy anion is possible, but the methoxy anion is a poor leaving
group—much worse than fluorine—making this reaction route unfavorable.” It is for these

reasons we consider PMMA to be stable in the presence of Li>O> alone.

3.3.5 Poly(ethylene oxide)

Unlike the aliphatic (C—C, C—H) backbone polymers such as PAN and PMMA discussed above,
whose stability is heavily influenced by the presence and type of functional group, polyethylene
oxide (PEO) has an ether backbone with no side-chain functionalities. It is the only polymer
studied in this work that, when complexed with a lithium salt, is capable of acting as a good
solid-state electrolyte in the absence of liquids. For current lithium-air cells, ether solvents such
as dimethoxyethane (DME) and tetraethylene glycol dimethyl ether (TEGDME) have become
the solvent of choice,’*%%1%2 despite widely varying conclusions regarding their stability.!%#41%3

PEO is essentially a macromolecule of DME, and when exposed to Li2O2 appears relatively

stable (Figure 3-10b).

Ethers are often highly stable compounds, and except for possible C—O bond cleavage by strong
acids or highly oxidative conditions, are unreactive in the presence of bases, nucleophiles, and
many other reagents.” This is consistent with our observation that PEO is relatively stable in the
presence of Li;O2. As the FTIR spectra!®! in Figure 3-10b shows, no new functional groups are
observed after addition of Li»O; to the PEO/DMF mixture. However, the change in the ratio of
the peaks at 1242 cm™/1234 cm™ and 1360 cm''/1343 cm’! (highlighted in Figure 3-10b) that
correspond to the CHy stretches indicate that some crosslinking of PEO may have occurred in the
presence of Li2O». In addition, GPC data showed a 15 percent increase in the weight average
molecular weight, an increase in the number average molecular weight by a factor of 3, and a
reduction in the polydispersity index by a factor of 2.5, confirming crosslinking of the PEO
chains. The NMR spectra shows very minor signs of degradation (Figure 3-12) where a peak

associated with lithium formate is observed, an occurrence previously noted in small molecule
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ethers.!>1%2, Furthermore, we must note that ethers can also react with oxygen to form peroxide
species.” Therefore, future studies would be needed to examine the effect of possible PEO

crosslinking on the performance of a lithium-air cell.
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Figure 3-12 | "H NMR analysis of PEO with Li202. '"H NMR (400 MHz; DMSO; Me4Si)

spectra of the PEO mixture with Li2O2 as a function of time. The plot on the right hand side is a
zoomed-in section of the left-hand plot. *-indicates the possible formation of lithium formate as
a minor decomposition product of PEO in the presence of Li2O2. The formation of formate as an

ether decomposition product has been reported previously.'*!%
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3.3.6 Establishing reactivity trends

The polymers discussed in this work were examined to determine their stability and possible
reactivity in the presence of the desired discharge product in a lithium-air cell. However, the goal
of this work encompasses more than the study of a small number of polymers; rather, it would be
helpful to use the knowledge gained from this subset of polymers to predict the stability of other
polymers. This subset of polymers listed in Figure 3-1 allows us to develop reactivity trends that

can prove useful in the selection and utilization of new polymers for lithium-air applications.

UV-Vis spectroscopy makes it possible to understand the relative rates of reactivity for the
unstable polymers studied. To compare the reactivities of PAN, PVC, PVDF, PVDF-HFP, and
PVP, equivalent polymer and Li»O2 mass concentrations were used (see Experimental section for
more details). Using the absorbance value at Amax, which corresponds to the concentration of
soluble species from polymer degradation, a plot of absorbance versus reaction time (Figure 3-
13) yields a form of kinetic degradation rate curve for each of the polymers. PAN appears to be
the most reactive of the polymers studied, and PVP the least. Despite the fact that the aliquot
used for the other polymers (PVC, PVDF, PVDF-HFP, and PVP) was five times more
concentrated than PAN (see Experimental Section), the concentration of PAN decomposition
species is still much higher. The order of polymer reactivity with Li>O> appears to be as follows:
PAN >> PVC ~ PVDF > PVDF-HFP >>PVP. At initial reaction times, PVC reacts similarly to
PVDF but, at longer reaction times, PVDF appears more reactive than PVC because the protons
in PVDF are more electron-deficient (due to the two fluorine functionalities in each repeat unit)
as compared to the protons in PVC. In addition, as mentioned previously, PVDF is more reactive

than PVDF-HFP because of the higher PVDF fraction in the homopolymer.
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Figure 3-13 | Reactivity trends across studied polymers. Plot of the maximum absorbance
(Amax) at each time point for the different unstable polymer/Li>2O; mixtures studied. The
maximum absorbance corresponds to the soluble decomposition species resulting from polymer
degradation. Of the polymers studied, PAN appears to be the most reactive with Li,O>, while
PVP the least. The halogenated polymers have similar reactivity with Li>Oz, although at longer
times, PVDF appears more reactive than PVC and PVDF-HFP.

Not surprisingly, at short reaction times, this order of reactivity closely corresponds to the
Hammett constants for the different functional groups: PAN (0.56) > PVC (0.37) ~ PVDF (0.34)
> PVP (0.05).!™ This trend is reasonable because it correlates with the electrophilic nature of the
functional groups. The higher the Hammett constant, the more electrophilic and electron
withdrawing the functional group, the more electron-deficient the polymer chain, and the more
reactive the polymer will be with the nucleophilic and electron-rich Li»0,.” However, the
electrophilic nature of the functional group on the polymer is not the only parameter that governs
reactivity with Li»O», especially since PTFE and Nafion® share the same functional group as

PVDF and PVDF-HFP, but still appear stable. A second parameter, the presence of an a or -
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hydrogen atom adjacent to the electron-withdrawing/electrophilic functional group, also
contributes to the polymer’s instability.?® The two parameters that appear to govern reactivity
with Li2O», and in turn polymer stability in the nucleophilic lithium-air cell environment are

summarized as follows:

L. The presence of highly electron-withdrawing functional groups on the polymer side

chain [<C=N, —X (F, Cl), -NO,, ~CF3] AND

II. If the polymer backbone is aliphatic, the presence of a hydrogen atom that is a or 3

to the electron-withdrawing group.

We propose that these two parameters are important for the stability of the fluorinated polymers
(PTFE and Nafion® vs. PVDF and PVDF-HFP), where the only difference between the two
classes is parameter II. For PAN, the presence of the electrophilic nitrile group (parameter I)
seems sufficient enough for PAN to react with Li2O, especially since nucleophilic attack begins
at the nitrile carbon. Replacing the a-CH - which is cleaved during PAN reaction with Li2O2
(Figure 3-3) — with a methyl group might reduce the reactivity of PAN, but will be insufficient to
entirely thwart the reaction of PAN. For PVC, the presence of the halide functionality (parameter
I) and the adjacent a and § hydrogens (parameter 1I) make the dehydrochlorination of PVC in the
presence of Li»O2 possible. PVP is much less reactive because the nitrogen donates electron
density to the carbonyl side group, while PEO is relatively stable despite possible crosslinking in

the presence of Li>O> because of the electron-donating nature of the ether functional group.”

These guidelines can be used to examine numerous other polymers. For example, a polymer with
a nitro functional group (—NO) or a trifluoromethyl functional group (—CF3) adjacent to an a-
CH proton will lead to an electron-deficient proton and almost-certain reactivity with Li2Ox.
Knowledge of the reactions of small molecules in the presence of bases and nucleophiles should

provide additional insight with regards to the chemical stability of polymers for lithium-air.

It is important to note that although Li>O: is used for these polymer screening tests, it may not be
the only source of nucleophilic species in a lithium-air cell. It is believed that during cell

d 14,65

discharge, superoxide radical anions are forme and they could serve as either a nucleophile

or a source of radical species that can propagate polymer decomposition. Therefore, the polymer

73



reactions that occurred in the presence of Li2O2 may be accelerated in the presence of O2” in an
actual lithium-air cell. In addition, it will be important to examine the polymers that do appear
chemically stable (PTFE, Nafion®, PMMA, and PEO) in a lithium-air cell to determine their

electrochemical stability in a reduced oxygen environment.

Finally, lithium peroxide size variations’® and different surface chemistry'% can also lead to
differences between the chemical stability that this work has examined, and what occurs in a
fully operating lithium-air cell. Although commercial lithium peroxide is used for this screening
study, electrochemically generated lithium peroxide species may be in the form of particles with
much smaller dimensions (dependent on discharge capacity)!® that may increase their surface
area and thus reactivity with the polymers studied, and accelerate polymer degradation. In
addition, the stability of these polymers upon charging in lithium-air is also of importance and
further studies will be needed to elucidate potential degradation pathways. Continued
degradation of the polymer that serves as an electrolyte or as a binder will contribute to poor rate

capabilities of lithium-air cells, poor round-trip efficiencies, and a much shorter cell lifetime.”?

3.4 Conclusions

Using commercial lithium peroxide as a screening tool, we have examined the stability of
polymers that have been commonly used for lithium-based battery applications. The polymers
PAN, PVC, PVDF, PVDF-HFP, and PVP react with Li>O2 and are unstable. The polymers
PMMA, PTFE, and Nafion® appear chemically stable in the presence of Li>O,. PEO appears
relatively stable, but may undergo some chemical crosslinking. Using tools such as UV-Vis,
NMR, FTIR, and GPC, the decomposition species were characterized to determine the modes of
degradation. Two parameters seem to govern the stability of the polymers studied: (i) the
presence of highly electron-withdrawing/electrophilic functional groups on the polymer side
chain, and (ii) the presence of hydrogen atoms that are adjacent to the aforementioned electron-
withdrawing groups. Lithium peroxide or any oxygen free-radical species or nucleophile in a
lithium-air cell can attack these unstable polymers, leading to polymer decomposition that will
negatively affect the chemistry and long-term performance of a lithium-air cell. Finally, these
studied polymers provide invaluable insight into the general stability of polymers and the

correlation between polymers and their small organic molecule counterparts. Understanding the
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general reactivity of functional groups with bases and nucleophiles will be important in the

selection and development of new polymers for lithium-air applications.
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Chapter 4

One-Electron Mechanism in a Gel-Polymer Electrolyte Li—O; Battery

Adapted and reproduced with permission from Chibueze V. Amanchukwu, Hao-Hsun Chang,
Magali Gauthier, Shuting Feng, Thomas P. Batcho, and Paula T. Hammond, “One electron

process in a gel polymer electrolyte Li-O> battery.” Chem. Mater. 2016, 28, 7167-7177.
Copyright 2016, American Chemistry Society.
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4.1 Introduction

The need to address climate change and decrease the carbon output generated from fossil fuels
has spurred rapid development and fervent commercial implementation of renewable energy
technologies such as solar and wind. These energy generation technologies require the
development of cheaper and more energy-dense storage media to make them viable large scale or
mobile energy solutions.!? Therefore, newer battery chemistries such as metal-air and metal-
sulfur have been explored.'>!3” Among the metal-air chemistries, lithium-air (O2) has the
highest theoretical gravimetric energy density (~3500 Wh/kgriz02),'> and involves oxygen as the
active species in combination with lithium metal.'* Discharge of Li—O; batteries typically
involves a two-electron process, where oxygen is first reduced to superoxide O2™ (equation (1)),
and further to lithium peroxide through disproportionation of lithium superoxide (a reactive free
radical), (equation (3a)) or an additional electrochemical reduction step (equation

(3b)).!420:45,64.107-110 O charge, it is believed that oxidation of Li»O> yields Li* and O, gas. 2043110

0, +e” - 05 )
Lit + 05 - LiO, 2
LiO, + LiO, — Liy0, + 0, (3a)
LiO, + Li* + e~ - Li,0, (3b)

Controlling the discharge chemistry in Li—O> cells is vital, and solvent type, catalysts, and other
additives have been explored to improve the discharge capacities, current rate, and O solubility,

but have not yielded a 1 mol e /mol Oz process. 810111112

During the writing of this work, Lu et
al. reported a 1 mol e /mol Oz process in the presence of iridium nanoparticles on a reduced
graphene oxide electrode in a liquid electrolyte.!!* The 2 mol e /mol O reduction process has
been suggested to be partially responsible for the kinetically-limited oxygen reduction and
evolution reactions, low current rates, poor capacity retention, and low cycle life typically
observed in Li—O; cells.'>!432 In addition, conventional Li-O> batteries use non-aqueous liquid
electrolytes, and their chemical and electrochemical instability, '#1°?* volatility and flammability

preclude their use in an oxygenated environment.
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Ionic liquids (IL) and bulky cations such as tetrabutylammonium (TBA) have been shown to
support a 1 mol e /mol O process using cyclic voltammograms (CVs), but never in an actual Li—
Oz cell. Instead, a 2 mol e”/mol Oz process to form Li>Os is observed when ionic liquid/salt
systems based on 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyri4TFSI)
and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMITFSI) are used as the
electrolyte in a Li-O> cell.*® In this work, we incorporate ionic liquids into a gel polymer
electrolyte (GPE), and show that the Li*/IL" molar ratio in the GPE controls the oxygen
reduction process, switching from 2 mol e /mol O; in the presence of Li* to 1 €™ in the absence
of Li" (and only presence of ionic liquid cation). Spectroscopic tools such as ultraviolet-visible
(UV-Vis) and electron paramagnetic resonance (EPR) spectroscopy were used to confirm the
formation of a ionic liquid-superoxide complex not previously observed in Li—Ox batteries. This
discharge behavior is observed only when the ionic liquid (either ammonium, pyrrolidinium or

imidazolium) is incorporated in a GPE, and not in the pure ionic liquid.

The GPE contains a polymer and an ionic liquid/lithium salt mixture, where the polymer
provides mechanical support and impacts barrier and diffusion properties in the membrane, and
the ionic liquid/lithium salt provides the necessary ionic conductivity. DFT calculations and
Pearson’s Hard Soft Acid Base (HSAB) theory!!* are used to explain the observed oxygen
reduction phenomena, and a non-aqueous battery prototype that uses an anion-exchange
membrane to simulate the GPE Li—O; cell environment is developed to demonstrate the broad
scope of this work. A one electron discharge process could prove vital in alleviating the slow
kinetics, poor cycle life, and reactivity concerns of standard Li—O> batteries. Moreover, the
mechanism observed here could be of great interest in other metal-air and metal-sulfur batteries

where controlling intermediate type and solubility is paramount.
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Figure 4-1 | Physical and electrochemical characterization as function of Li+/IL+ content in

the GPEs and in pure ionic liquid systems (without polymer). a, Configuration of the gel

polymer electrolyte Li—O; cell. (1a inset = flexible GPE film with Li*/Pyr" molar ratio of 0); b,

Differential Scanning Calorimetry (DSC) plot of PMMA, Pyr14TFSI, and varying GPE content;
¢, Ionic conductivity of different GPE formulations at 25 and 60 °C; Discharge curves of Li-O2
cells in Oz of varying Li*/Pyr* (d) Li*/EMI" and Li"/BTM" (e) GPE formulations; f, Discharge
curves of Li—O cells in O using a salt-free or 1 M LiTFSI in Pyr14TFSI ionic liquid electrolyte

(no PMMA present in electrolyte). (d)—(f) Current rate = 10 pA cm™2 (based on geometric
surface area) using a Vulcan carbon/PMMA electrode (4:1 mass ratio) at 60 °C. The ratios

indicate the molar ratio of Li*/Pyr” or Li”/EMI" in the GPE. Chemical structures of the polymer,
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salt, and ionic liquids are shown. PMMA: poly (methyl methacrylate); Pyr14: 1-butyl-1-
methylpyrrolidinium; EMI: 1-ethyl-3-methylimidazolium; BTM: Butyl-trimethyl ammonium;
TBA: tetra-n-butyl ammonium; TFSI: bis(trifluoromethanesulfonyl)imide. IL+ = ionic liquid

cation
4.2 Experimental Methods

4.2.1 Materials used

Poly(methyl methacrylate) (Mw = 120, 000), lithium bis(trifluoromethane)sulfonimide (LiTFSI)
salt (99.95 % trace metals basis), tetra-n-butylammonium perchlorate (> 99.0 %, for
electrochemical analysis), diethylene glycol dimethyl ether (anhydrous, 99.5%), acetonitrile
(anhydrous, 99.8 %), dimethyl formamide (anhydrous, 99.8 %), deuterated dimethylsulfoxide
(DMSO) (99.9 atom % D), poly(tetrafluoroethylene) (free-flowing, 1 um particle size),
deuterated chloroform (99.8 atom % D), and isopropanol were obtained from Sigma-Aldrich.
Diethylene glycol dimethyl ether (diglyme) and dimethylsulfoxide (DMSO) were stored in 3 A
molecular sieves before use. Teflon evaporating dishes (65 mm diameter x 12 mm height) were
obtained from VWR. 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyr14TFSI, ultrapure, 99.5%), Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide
(BTMTFSI, 99%), and 1-ethyl-3-methylimidazolium bis(trifluoromethansulfonyl)imide
(EMITFS], ultrapure, 99.5%) were obtained from IOLITEC Inc (Tuscaloosa, AL). Carbon paper
(TGP-H-60, PTFE and non-PTFE treated) and lithium metal (0.75 mm thick, 99.9 %) were
obtained from Alfa Aesar. Titanium carbide (nanopowder, 99+%, 40-60 nm, cubic) was
obtained from US Research Nanomaterials (Houston, TX). Nafion was obtained as a 7.2 wt %
lithiated Nafion in isopropanol solution from Ion Power Inc. Celgard C480 was obtained from
Celgard. Spin trap 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) was obtained
from Cayman Chemical. The anion exchange membrane (Neosepta AHA) was obtained as a free
sample from Ameridia (New Jersey, USA). Vulcan carbon (Vulcan XC72, 100 m?/g) was

obtained from Premetek Inc.
4.2.2 Gel polymer electrolyte film fabrication

Bohnke et al.?® showed that in a PMMA/propylene carbonate (PC)/LiClO4 GPE, a PMMA

weight percentage less than 30 wt% is sufficient to retain an ionic conductivity regime similar to
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pure PC solvent, and also generate mechanically stable films. Therefore, unless otherwise stated,
PMMA content in the PMMA/Pyr14TFSI/LiTFSI GPEs was maintained at around 30 wt% in this
study. PMMA (at least 500 mg), LiTFSI, and Pyri4sTFSI were added to a 20 mL vial in the
desired amounts. Sample amounts shown in Table C-2. About 4.5 mL of acetonitrile was then
added to the vial and stirred until a clear transparent solution was obtained. The solution was
drop-casted onto a Teflon dish, and allowed to sit in a Nitrogen glovebox for at least two nights
to allow for evaporation of acetonitrile. Then, the Teflon dish was moved to a vacuum oven,
where it was heated at 70 °C under vacuum for two more days. The films (average thickness
350400 pum) were moved to an argon glovebox (MBRAUN, H20 < 0.1 ppm, Oz < 0.1 ppm),
where they are stored until use. The same procedure was used for EMITFSI-based GPEs. The
GPE film was cut into the desired disk diameter in the glovebox just before Li—O» cell

fabrication.
4.2.3 Electrode fabrication

Several electrodes were used during this study. Vulcan carbon-based electrodes were prepared as
follows: Vulcan carbon and other components, 4-5 mL of acetonitrile and 5 mm zirconia beads
were added to a ball mill jar, and the contents mixed in a plaﬁetary ball mill for at least 4 hours at
500 rpm. The uniform black ink was transferred onto a PTFE-treated TGP-H-60 carbon paper
substrate, and a Meyer rod (RDS 60) was used to create a film. Titanium carbide (TiC)
electrodes were fabricated by dispersing 90 wt% TiC and 10 wt% PTFE in iso-propanol in a
mortar and grinding with a pestle. The paste was then coated on nickel foam. Free-standing
vertically aligned few-walled CNT carpets were fabricated as previously reported.®! All
electrodes were vacuum-dried at 75 °C before being transferred and stored in an Argon glovebox

(MBRAUN, H20 < 0.1 ppm, Oz <0.1 ppm).
4.2.4 Ionic conductivity measurements

lonic conductivity measurements were made by sandwiching the GPE between two 15 mm
stainless steel disks (Stainless steel disk | GPE | Stainless steel disk). The setup was heated at 60
°C for 10 hours before electrochemical impedance spectroscopy (EIS) measurement was
performed. This exact setup was allowed to rest at room temperature for 5 hours before the 25 °C
data point was collected. The thickness of the GPE film was determined after the EIS

measurements were completed. This is because the GPE film flows during heating, leading to a
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different thickness before and after heating. The thickness after heating is the true thickness
contributing to ionic conductivity, and is used for the calculations. The thicknesses listed in
Table C-1 are not the typical thickness of free-standing films which are 350400 pm. EIS
measurements were performed in the frequency range of 1 MHz to 0.1 Hz with a signal level of

10 mV. 15 mm was used as the film diameter. The ionic conductivity values are in Table C-1.
4.2.5 GPE Li-O: cell fabrication

Using a Li—O cell setup developed in our laboratory,?? lithium metal (15 mm diameter) was
used as the anode, the free-standing GPE (16 mm diameter) as the electrolyte and separator, and
the corresponding electrode (12.7 mm diameter for Vulcan carbon-based electrodes). The
electrode was 80 wt% Vulcan carbon and 20 wt% PMMA. For cells using CNT (1 ¢cm x 1 cm) as
the electrode, a stainless steel mesh (12.7 mm diameter) was added as the current collector. The
TiC electrodes (90 wt% TiC and 10 wt% PTFE) were square pieces (12.7 mm x 12.7 mm). The
cells were prepared in an Argon glovebox (MBRAUN, H;O < 0.1 ppm, O> < 0.1 ppm) and
moved to another Argon glovebox (MBRAUN, H,O < 0.1 ppm, O; < 0.3 %) — without air
exposure—and filled with oxygen gas. A VMP3 potentiostat (BioLogic Inc.) was used for all
electrochemical tests. The Li—O: cells were allowed to rest at 60 °C for 10 hours before

discharge or charge tests were performed.

For the DEMS setup, a 15 mm Li metal anode, 18 mm GPE, and 15 mm electrode (for Li"/Pyr* =
0.6) or 12.7 mm electrode (for Li*/Pyr™ = 0) was used. The electrode was 78wt% Vulcan carbon,
7 wt% Pyr14TFSI, 5 wt% LiTFSI, and 10 wt% lithiated nafion on carbon paper.

4.2.6 Non-aqueous Li—O: cell fabrication

Preparation of anion exchange membrane: The anion exchange membranes were cut into 18 mm
disks and soaked in a 1 M LiClO4 solution for two nights to allow for anion exchange. Then, the
AEM disks were rinsed for 5 minutes with copious amounts of milliQ water. The AEM disks
were soaked again in fresh 1 M LiClO4 solution for 1 night. After rinsing again with milliQ

water, the disks were washed with acetone before vacuum-drying at 75 °C.

The same Li—O cell setup was used. Lithium metal (15 mm diameter) was used as the anode,
two Celgard C480 membranes were used as porous separators (18 mm diameter), and a pristine

TGP-H-60 (no PTFE treatment) carbon paper electrode was used for these experiments. 0.1 M

82



TBACIOy in diglyme or 0.1 M LiClO4 in diglyme or the mixture were used as stated in the main
text. For cells containing the anion exchange membrane, the 18 mm AEM was sandwiched
between two Celgard C480 separators. About 90 pL of electrolyte was used. Filling the cell with

oxygen and testing was done as stated in the GPE Li—O> cell fabrication.
4.2.7 Li—O2 fabrication with ionic liquid (no polymer present)

The same procedure for the ‘non-aqueous Li—O, cell fabrication’ was used. For the 0 M LiTFSI
configuration, pure Pyr14TFSI was used as the electrolyte. An 80 wt% Vulcan carbon/20 wt%
PMMA electrode on carbon paper was used. The Li—O- cell was allowed to rest at 60 °C for 10

hours before discharge.
4.2.8 Differential Scanning Calorimetry (DSC)

2—-6 mg of PMMA, Pyr14TFSI, and the electrolyte films were placed in hermetically sealed
aluminum pans (TA Instruments). A 10 °C/min cooling and heating rate was used under a
nitrogen flow rate of 50 mL/min. Two heating and cooling runs were performed on each sample
to remove any thermal history. Only the second heating/cooling run is reported. A DISCOVERY
DSC (TA Instruments) was used.

4.2.9 Scanning electron microscopy (SEM)

SEM was performed using a ZEISS Merlion (Carl Zeiss Microscopy GmbH, Germany). Sample
preparation was done in an Argon glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm). For samples that
were washed, the samples (Li | GPE| CNT) were placed in a 20 mL and 2 mL of
dimethoxyethane was added. The vial was shaken for less than five minutes until the CNT
delaminated from the GPE and lithium metal. In the Argon glovebox, samples were placed in an
aluminum foil bag and the bag was heat sealed. The sealed foil bag was removed from the
glovebox and moved to the SEM room. The sample was removed from the foil bag and in less
than 5 seconds was transferred into the SEM chamber where high vacuum was then pulled. All
images were taken with an in-lens detector at 5 kV and 68 pA. An integrated Energy Dispersive

Spectroscopy (EDAX, Ametek) was used to probe the composition of the products.
4.2.10 Differential Electrochemical Mass Spectrometry (DEMS)

The same DEMS setup as described in reference (22).
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4.2.11 Ultraviolet-visible (UV-Vis) spectroscopy

After the CNT electrode was discharged using a GPE Li*/BTM" molar ratio of 0, the Li |GPE|
CNT piece was placed in a 20 mL vial. Then, 0.3 mL of dimethyl sulfoxide was added. After 0.2
mL of the solution was removed, 0.5 mL of pure DMSO was added to the vial. Finally, 0.3 mL
was removed from the vial and added to a clean 3 mL vial where it was diluted with 1 mL
DMSO. 0.01 mL of the solution in the 3 mL vial was then used for the UV-Vis measurement.
For the control, a Li—O; cell was made with lithium metal, a GPE Li"/BTM" molar ratio of 0.6
and a CNT. The cell was heated at 60 °C for over 10 hours, but was not discharged. The cell
components were then stored in an Argon glove box for over two weeks. This is to ensure that
the control has the same exposure with lithium metal as the discharged electrode. The cell
components (Li |GPE| CNT) were then placed in a 20 mL vial. 0.3 mL DMSO was added. 0.01
mL of the solution was then used for UV-Vis measurement. These sample preparations were
done in an Argon glove box. A Nano Drop ND-1000 Spectrophotometer was used in the UV-Vis
module and a 1| mm path. Pure DMSO was used as the blank.

4.2.12 Electron paramagnetic resonance (EPR) spectroscopy

Fragments of the cell setup (either discharged or control) were added to a 3 mL vial. Then, 0.3
mL of pure DMSO was added and the vial was allowed to sit for over 4 hours. 0.2 mL of the
solution was removed and placed in a 1 mL vial. Then, 0.1 mL of a BMPO/dimethylformamide
solution was added. The contents of the vial were mixed for a few seconds before the content
was transferred to a capillary tube for EPR measurements. Sample preparations were done in an
Argon or Nitrogen glovebox. The discharged sample and control are as described in the UV-Vis
spectroscopy section. Both sample and control solutions were made and characterized at the
same time. EPR measurements were performed using a glass capillary tube inside a quartz tube.
Spectrum was recorded on a Bruker EMS spectrometer, an ER 4199HS cavity, and a Gunn diode
microwave source producing X-band radiation. Measurements were performed at room
temperature with a 9.861 GHz radiation, 0.201 mW power, 100 kHz modulation frequency, and

20.48 ms time constant.

Spectral simulation was performed using the program QCMP 136 by Prof. Frank Neese from the
Quantum Chemistry Program Exchange as used by Neese ef al. in J. Am. Chem. Soc. 1996, 118,
8692-8699. Simulation parameters for the BMPO-superoxide adduct were obtained using a IN,
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1H model; gi=g>=g3=2.0055 with '*N (an= 57 MHz) and 'H (an = 38 MHz), Gaussian line shape
line broadening W1=W>=W3=2 mT. Simulation parameters for the broad peak (originating from
the control) were obtained with gi=g>=g3=2.002 and a Gaussian line shape line broadening

Wi=W2=W3=6 mT.
4.2.13 X-ray Photoelectron Spectroscopy (XPS) characterization

To avoid any exposure to air, samples were transferred from the glovebox to the XPS chamber
using a sample transfer vessel (ULVAC-PHI, INC.) Spectra were collected with a PHI 5000
VersaProbe II (ULVAC-PHI, INC.) using a monochromatized Al Kq source, a pass energy of
23.5 eV and a charge neutralizer. All spectra were calibrated with the Cl1s photoemission peak of
adventitious carbon at 285 eV. Photoemission lines were fitted using combined Gaussian-

Lorentzian functions after subtraction of a Shirley-type background.
4.2.14 Density Functional Theory (DFT) calculations

All calculations were performed using the Gaussian 09 computational package. The ground state
molecular structures were fully optimized in the solvent environment at the B3LYP/6-311++G(d,
p) level of theory and verified by absence of any imaginary frequencies. The CPCM solvation

model was used, and N, N-dimethylformamide was used as the solvent.
4.2.15 Fourier Transform Infrared (FTIR) characterization

FTIR characterization of discharged electrolyte films involve placing the film on a transparent IR
card (International Crystal Laboratories, KBr aperture IR card). A JASCO 4100 FTIR
spectrometer was used for data collection. Spectra were obtained in absorbance mode with 1

cm ! resolution, using at least 100 accumulation scans.
4.2.16 Nuclear Magnetic Resonance (NMR) characterization

For discharged cells, films were removed from the Li—O: cell. The films were submerged in
deuterated chloroform or deuterated dimethylsulfoxide. The supernatant was then placed in a
NMR tube. A Bruker AVANCE and Bruker AVANCE II1-400 MHz nuclear magnetic resonance

(NMR) spectrometer was used for characterization.
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4.3 Results and Discussion

Poly(methyl methacrylate) (PMMA) was selected as the polymer for the GPE because it was
found to be stable in contact with lithium peroxide based on our finding at room temperature,?
although a previous study reported formation of Li2COs in mixtures with KO>. Jung et al.”
incorporated Pyr14TFSI in a PVDF-HFP-based GPE in a Li—O: battery, but their films contain
residual flammable N-methyl-2-pyrrolidone (NMP) solvent from the film fabrication process
(see Appendix C). Furthermore, PVDF-HFP undergoes extensive elimination reactions upon
exposure to peroxide.?®’? lonic liquids with or without LiTFSI salt are incorporated within the
PMMA matrix (Figure 4-1a) to obtain ionically conductive free-standing films with no solvent
impurities (Figure C-1). Although PyrisTFSI'!® and EMITFSI' !¢ are susceptible to reactions with
superoxide, Pyr14TFSI and butyl-trimethylammonium (BTM)TFSI are among the more stable

ionic liquids commercially available.!!®

The Li*/IL" molar ratio in the GPE affects the thermal properties and ionic conductivity of the
GPEs. As Figure 4-1b shows, the amorphous PMMA prevents ordering of the ionic liquid at
lower temperatures. The glass transition temperature of pure PMMA is approximately 105 °C,
whereas the blends examined here show a clear suppression of this glass transition, with a small
inflection appearing at approximately 20 to 30 °C instead, closer to room temperature. As
lithium salt is added to the GPE, two inflections appear, one at the lower temperature and one
closer to pure PMMA, implying separation of the mixture into PMMA -rich and ionic liquid/salt
rich blend phases. Furthermore, the GPE content affects the net ionic conductivity where films
with a Li*/Pyr” molar ratio of 1.5 have much lower ionic conductivities (~107¢ S/cm) than films
with Li*/Pyr" molar ratios < 1 (~107* S/cm) at 60 °C (Figure 4-1c and Table C-1). As the
Li*/Pyr" molar ratio is reduced, more free volume is generated that can allow for ionic transport,
leading to GPE conductivities that approach the conductivity of the pure ionic liquid. Although
the PMMA content is similar across the films, the decrease in ionic conductivity and the brittle
nature of the Li"/Pyr” = 1.5 films are due to interactions between the PMMA carbonyl group and

the lithium ions that limit ion transport.
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Figure 4-2 | Effect of temperature on the cell behavior. Li-O> cell discharged and charged at
25 °C first at a current rate of 13.1 pA cm™2 (a) and then at 3.95 pA cm ™2 (b) with a GPE Li*/Pyr*
molar ratio of 0.6. The capacity obtained is an order of magnitude lower than that obtained at 60
°C with the same GPE electrolyte content (Figure 4-1). A cell with a Li"/Pyr” molar ratio of 0.6
was cycled at two different current rates at room temperature. Firstly, the cell was held at 60 °C
for 24 hours to generate an interconnected electrolyte/electrode interface. Then, the cell was
allowed to rest at room temperature for 4 hours before discharge and charge begun. Electrode: 70
wt% Vulcan carbon, 15 wt% lithiated nafion, 7.5 wt% LiTFSI, and 7.5 wt% PyrisTFSI on carbon

paper.

The GPEs were incorporated in Li—O- batteries as a dual separator and electrolyte with a Vulcan
carbon electrode and Figure 4-1d shows that GPEs can support Li—Oz discharge. All Li—O: cells
discussed in this work — unless otherwise stated — were tested at 60 °C. Discharge at room
temperature leads to poor discharge capacities (Figure 4-2). At a Li*/Pyr" molar ratio > 1, when
lithium ions are in excess (compared to Pyr") in the GPE, a single discharge plateau at 2.5 V is
observed. All voltages mentioned in this work are versus Li/Li". Li—O batteries with
conventional non-aqueous liquid electrolytes show similar discharge voltages.'* Interestingly,
when 0 < Li*/Pyr" molar ratio < 1, two discharge plateaus appear at 2.5 V and 1.9 V.
Furthermore, reduction of the Li* content when going from Li*/Pyr" molar ratios of 0.6 down to

0.25 decreases the capacity obtained from the 2.5 V plateau. When the Li*/Pyr" molar ratio =0
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(no lithium salt in GPE), the 2.5 V plateau disappears and only the 1.9 V plateau is observed.
Therefore, the 2.5 V plateau is a function of lithium-ion content in the electrolyte; as the Li"
content increases from 0 to 0.25 to 0.6, the width (capacity) of the 2.5 V plateau increases;
however, once the Li*/Pyr” ratio is greater than one, the 1.9 V plateau is absent, and the obtained
capacities are an order of magnitude lower. The 1.9 V plateau appears kinetically limited and is

not observed at high current rates (Figure 4-3).
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Figure 4-3 | Effect of current rate on discharge. Discharge curves at different current rates for

a Li—O> cell using a GPE molar ratio of 0.6. Electrode: 70 wt% Vulcan carbon, 15 wt% lithiated
nafion, 7.5 wt% LiTFSI, and 7.5 wt% Pyr14TFSI on carbon paper.

The same qualitative discharge behavior as a function of Li*/IL" molar ratio observed with Pyr-
based GPEs is also seen with EMI-based and BTM-based GPEs (Figure 4-1¢). However, the
second plateau voltage is dependent on the ionic liquid cation (1.9 V for Pyr", ~1.85 V for
BTM", and ~2.1 V for EMI"). The same discharge behavior as in Figure 4-1d is also observed in
Li—O; cells even with Vulcan carbon electrodes formulated with lithium salt and ionic liquid
(Figure 4-4). Although this discharge mechanism seems to be irrespective of the type of ionic
liquid cation present in the GPE, it is not observed in a pure ionic liquid (without polymer) Li-O2

cell (Figure 4-11).3® When pure Pyr14TFSI (no salt or polymer) or 1 M LiTFSI in Pyr;4TFSI are
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used as the electrolyte with a Vulcan carbon electrode using the same current rates and
conditions as the GPEs, the same discharge mechanism is observed irrespective of lithium salt
content. The transport of Li* from the oxidized anode is responsible for the discharge plateau in
the 0 M LiTFSI in Pyr14TFSI system. Therefore, the incorporation of the ionic liquid into a
polymeric matrix can change the voltage where the oxygen reduction reaction occurs (discussed

later).
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Figure 4-4 | Discharge curves with varying GPE Li*/Pyr" molar ratio. Discharge curves at
10 mA gy. ' obtained using a Vulcan carbon electrode containing LiTFSI and Pyri4TFSI
(Li*/Pyr* molar ratio = 1.4). This shows that the Li*/Pyr" content originally in the GPE governs
the observed chemistry. Electrode: 70 wt% Vulcan carbon, 15 wt% lithiated nafion, 7.5 wt%
LiTFSI, and 7.5 wt% Pyri4TFSI on carbon paper. The behavior observed with an electrode
containing lithium salt and ionic liquid (figure above) is the same as that shown in Figure 4-1
with a Vulcan carbon and PMMA electrode. Therefore, the Li*/Pyr" molar ratio in the electrolyte
dictates the mechanism observed because the electrolyte has to infiltrate the electrode for

discharge to occur.
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Figure 4-5 | Electrochemical and spectroscopic characterization during and after the first

discharge. a, Highest Occupied Molecular Orbital (HOMO) of superoxide and TFSI, and

Lowest Unoccupied Molecular Orbital (LUMO) of respective cations as a function of cationic

radius; Differential Electrochemical Mass Spectrometry (DEMS) of Vulcan
carbon/Pyr14TFSI/LiTFSI/Nafion electrode (7.8:0.7:0.5:1 mass ratio) with GPE Li*/Pyr” molar

90



ratio of 0.6 (b) and 0 (c) at 11.3 and 15.8 pA cm 2 respectively (based on geometric surface
area); d, Ultraviolet-visible (UV-Vis) spectra of the supernatant of a discharged CNT electrode
(first discharged at 10 mA gc™' and then at 5 mA gc™') with a GPE Li*/BTM" molar ratio of 0
that was later soaked in dimethylsulfoxide (DMSO), 0.5 M LiTFSI added to the discharged
supernatant solution, and a control consisting of a CNT (not discharged) with a GPE Li"/BTM"
molar ratio of 0.6; e, Electron paramagnetic resonance (EPR) spectra at room temperature of the
discharged CNT electrode (5 mA gc™!)/DMSO supemnatant as in (d) with added BMPO, control
as in (d) with BMPO addition. Discharge—control involves subtracting the control spectrum from
the discharged spectrum. Simulated parameters are in the Methods section; figure 4-5¢ inset =
Hyperfine coupling constants for the BMPO-superoxide adduct simulated from the discharged
spectra compared to the literature (ref. !'") ; (f) XPS data chronicling the change in the Cls, Nls,
and Ols in the pristine (i—iii) and after 1 discharge for a CNT electrode discharged with a
Li+/Pyr+ molar ratio of 0 (iv—vi). BMPO = 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide.

In the GPEs studied here, the ionic liquid provides a supplementary cationic source to Li" cations

and thus can alter the discharge mechanism. Allen et al.!'®

postulate through cyclic voltammetry
(CV) that oxygen reduction in pure ionic liquid (no Li*) occurs at 1.96 V and 2.1 V for
Pyri4TFSI and EMITFSI-based cells respectively, and is associated with ionic liquid-superoxide
complexation. These reduction potentials are similar to those obtained in the GPE cells when
Li*/Pyr* or Li*/EMI" molar ratio < 1. Therefore, we hypothesize that the 1.9 V plateau for Pyr*
and the 2.1-2.2 V for EMI" in GPE-based Li—O: cells is due to ionic liquid-superoxide
complexation. When lithium ions originally present in the GPE become depleted at the cathode,
a second plateau appears when the ionic liquid cation itself becomes the active cationic species.
This lithium ion exhaustion occurs in the GPEs because the lithium transference number is much
lower than the pristine ionic liquid.!!>!?° This suggests that, coupled with the voltage change, the
oxygen reduction chemistry changes when Li* is substituted with IL* in an actual Li—O> cell. In
the absence of Li*, the ionic liquid cation (either Pyr*, EMI" or BTM") can act as a Li" substitute
and is capable of complexing the superoxide oxygen reduction products,!!® thus explaining why
discharge can occur when there is no lithium salt present in the GPE. Other metal-air chemistries

such as Na—air and K—air have shown rechargeable chemistries based on stable superoxide
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formation and oxidation, providing lower charging overpotentials, and faster one-electron
oxygen reduction kinetics.>>33 Furthermore, the ability of the GPE to sequester the superoxide
intermediate may prove interesting in limiting the solubility of polysulfides and prevent their
shuttle in lithium-sulfur batteries. Ionic liquid-superoxide complexation is not observed in the
pure ionic liquid Li—O; cells because lithium ions can easily migrate from the anode; but is
observed in the GPE-based Li—O: cells because the PMMA acts as a diffusion barrier to actively
limit the transport of Li* from the oxidized anode at least on the first discharge (allowing the

ionic liquid to become the active cationic specie).

In the GPE where lithium and ionic liquid cations are present, the lithium reaction with O™
(high-lying HOMO) to yield Li>Ox is energetically favored (over other ionic liquid cations)
because of lithium’s polarizing nature, high charge density, and low-lying LUMO (Figure 4-5a).
Density Functional Theory (DFT) was used to calculate the LUMO of the ionic liquid cations.
Coupled with the reported lithium LUMO'®, the trend where Li* (-3.25 eV)!® < EMI" (-2.17
eV) <Pyr" (-0.93 eV) corroborates the observed oxygen complexation voltage where Li—O2 (2.5
V)>EMI-0: (~2.1 V) >Pyr-0: (1.9 V).

To explain why the oxygen reduction chemistry changes when lithium ions become unavailable,

10,64,108

we apply Pearson’s HSAB reasoning provided by Laoire et a where the small lithium

cation (radius = 60 pm)'?!

cations such as EMI* (239 pm),'?? Pyr* (330 pm),'?* TBA* (494 pm)'?! are soft acids. Moreover,

with high charge density is a hard acid and the charge stabilized bulky

while peroxide anion is a hard base, superoxide anion is a soft base.®*!% Hard acids prefer to
bind with hard bases, and soft acids prefer to bind with soft bases.!!* If lithium cations are
present when oxygen is reduced to superoxide, the oxygen reduction process does not stop at
superoxide, but continues to yield peroxide (Li202) (Schematic 4-1a). This is an overall 2 e~
process (hard acid-hard base). If lithium cations are absent when oxygen is reduced to
superoxide, the reduction process does not proceed to peroxide; instead the superoxide

complexes with the ionic liquid cation. This is an overall 1 e~ process (soft acid-soft base).

To confirm the hypothesis of a2 e versus 1 e process, Differential Electrochemical Mass
Spectrometry (DEMS) was performed with two electrolyte configurations (Li"/Pyr” = 0.6 and 0).

As Figure 4-5b shows, the first plateau at 2.5 V corresponds to a 2 mol e/mol Oz process
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(peroxide formation). As lithium ions become unavailable at the cathode, the second plateau
appears and corresponds to a ~ 1.2 mol e /mol O, process (superoxide formation) at the end of
discharge. This imperfect ratio (1.2 vs. 1 expected) could be due to concurrent superoxide and
peroxide formation, although superoxide formation is dominant. For an electrolyte with no
lithium salt, a 1 mol e /mol O process is solely observed (Figure 4-5¢). To our knowledge, this
is the first time that a superoxide-dominated discharge mechanism is demonstrated in a gel
polymer Li—O2 battery. Schematic 4-1b shows a summary of the proposed discharge mechanism

for a Li*/Pyr" = 0 GPE Li-O cell.
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Schematic 4-1 | Proposed discharge mechanism for varying GPE Li*/Pyr* molar ratio. a,
Application of HSAB theory and the overall oxygen reduction process in the presence of Li* (2
e— process) and the absence of Li* (1 e— process in presence of IL+); b, overall superoxide
discharge mechanism when GPE Li*/Pyr" molar ratio = 0 showing that charge neutrality is

maintained. IL+= ionic liquid cation (EMI*, Pyr", BTM")

Other spectroscopic tools were used to further confirm the presence of superoxide in the
discharge product. Carbon nanotubes (CNTs) were used as the electrode to provide higher
surface area for the discharge reaction. CNT electrodes display similar discharge behavior to
Vulcan carbon electrodes (Figure 4-6). After a CNT electrode with a Li"/BTM" = 0 GPE was
discharged, the GPE/electrode was removed from the Li—O> cell and soaked in dry dimethyl
sulfoxide (DMSO). DMSO is known to solubilize superoxide.!!! The supernatant was removed
from the soaked solution and then analyzed through Ultraviolet-visible (UV-Vis) spectroscopy.
The UV-Vis data in Figure 4-5d show maximum absorbance at 253 nm typically associated with
the 1my, — 1m, transition of superoxide!'>!?4; supporting the 1 ¢~ superoxide reduction process.
Furthermore, when excess 0.5 M lithium salt is intentionally added to the UV-Vis solution, the
superoxide peak diminishes because of quick disproportionation to lithium peroxide.!!! Electron
paramagnetic resonance (EPR) is also typically used to unambiguously detect paramagnetic
species like superoxide.''”'* The addition of a 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-
oxide (BMPO) spin trap to the supernatant from a discharged CNT electrode soaked in DMSO
yields EPR signal with the “doublet of triplet” feature typically observed for a BMPO-
superoxide radical adduct (Figure 4-5¢).!'” These hyperfine coupling features are not observed in
the control solution (CNT not discharged). Simulating the observed spectrum yields hyperfine
interactions from '*N and 'H of an = 38 MHz and an = 57 MHz (Figure 4-5¢) that are similar to
117

previously reported BMPO-superoxide coupling constants of an =40 MHz and ay = 58 MHz,

further confirming the presence of superoxide in the discharged electrode.
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Figure 4-6 | Discharge profiles using GPEs and carbon nanotube (CNT) electrodes.
Discharge at 10 mA g. ' using a GPE Li*/Pyr" molar ratio of 1.5 (a), 0.6 (b), and 0 (c); d,
Discharge at 5 mA g. ' using a GPE Li*/BTM" molar ratio of 0. For figures (a) — (b), the dashed
blue spectra was obtained by restarting the cell after the sudden drop in voltage. We attribute the
sudden drop in voltage to a loss of lithium ions present in the cathode. Subsequent discharge
continues until a gradual voltage decrease. (c) cell was manually stopped to reduce the number of
discharge products and allow for better visualization with SEM. These discharge profiles in (c)

and (d) correspond to the SEM images shown for the discharged electrodes in Figure 4-7.
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Figure 4-5f shows XPS spectra that further supports the formation of a Pyr'—0,™ complex. As
expected, no changes are visible in the Cls spectra from the pristine (2f 1) to the discharged
electrode (Figure 4-5f iv). However, the Nitrogen 1s peak associated with the TFSI anion'?®
(binding energy = 399 eV, Figure 4-5f v) reduces compared to the Pyr" cationic Nitrogen 1s
peak!?® (B.E. = 403 eV, Figure 4-5f v), implying that the anion coordinated to the Pyr* cation has
been replaced. Unsurprisingly, the O1s spectra shows the rise of peaks at 530 eV and 534 eV.
Several authors have attributed the peak at ~ 534 eV to superoxide.'?”128 Assignment of the Ols
peak at ~ 530 eV has been difficult and it has been attributed to superoxide!?® by some and
hydroxide!?? by others. The XPS data shows that the Pyr*—O>""complex has broken the original
Pyr'—TFSI coordination. Superoxide reaction with Pyr" can occur as observed by Schwenke et

al.,'" and is observed in XPS data obtained on another location of the same CNT electrode

(Figure C-2).
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Figure 4-7 | Morphology of discharged Li—O:2 cells using different GPE formulations.
Scanning Electron Microscopy (SEM) images of a pristine CNT electrode sandwiched with a
GPE Li*/Pyr" (a) or GPE Li*/BTM" (c) molar ratio of 0.6; discharged CNT electrodes with a
GPE Li*/Pyr* (b) or GPE Li"/BTM" (d) molar ratio of 0; e, Energy Dispersive Spectrum (EDS)
of one of the particles (shown in inset) using the same electrode in (d). The discharged electrode

in (d) and (e) was washed with dimethoxyethane (DME) before the SEM images were taken.
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The stated ratios are the molar ratio of Li"/Pyr" or Li*/BTM" in the GPE. CNT electrode in (b)
was discharged at 10 mA gc™!, (d) and (e) were discharged first at 10 mA gc™! and then at 5 mA

gc 1. (a, c: scale bar = 200 nm; b, d: scale bar = 500 nm; Inset in (e) scale bar = 1 um)

Scanning electron microscopy (SEM) was used to study the discharge product morphology with
CNT electrodes in a GPE Li—Oz cell. The pristine CNT electrodes mixed with a GPE show a
coating on the CNT walls (Figures 4-7a and 4-7¢). However, when a GPE Li*/Pyr" molar ratio of
0 is used to support discharge, products with cuboid morphology are formed on the CNT walls
(Figure 4-7b). These cuboids (sensitive to SEM beam damage in Figure 4-8) are a result of the
discharge plateau below 2 V, and are reminiscent of the cubic morphology of Na—O; discharge
products.?? Similar discharge products are observed when a GPE Li*/BTM" molar ratio of 0 is
used and the observed particles grow from the CNT surface (Figure 4-7d). These particles in the
Pyr and BTM-based cells are not present in the pristine GPE/CNT set-up (Figures 4-7a and 4-
7¢), and lack the toroidal/flake-like features associated with lithium-based discharge products
such as Li2O,, LiOH or Li>C03.24>%13! Knowing that DEMS, UV-Vis, EPR, and XPS confirms
superoxide formation, and the voltage at which this superoxide complexation occurs has been
verified by CV in the pure ionic liquid,''® the cuboids observed after discharge in Figure 4-7b are
Pyr'~0,"" complexes, and the particles observed in Figure 4-7d-e are BTM O, complexes.
The Energy Dispersive Spectrum (EDS) in Figure 4-7e showing C and O as the primary atomic
components of the particles further supports ionic liquid-superoxide formation. The nitrogen
peak is typically adjacent to the O and difficult to separate. Additional tools to spatially
determine the chemical identity of the solid particles are certainly needed. The observation of
these solid complexes is reminiscent of TBA™-O2"~ complexes that have been previously
synthesized.!?® The particles are not the ionic liquid or lithium-based salts (no typical F and S
anion peaks at 0.67 and 2.31 keV respectively in Figure 4-7¢), and are not PMMA because
PMMA is amorphous (Figure 4-1b) and should not form highly ordered particles/cuboids as
observed in the SEM images. These complexes are observed using GPE-based Li—O; cells partly
because limited solubility of the complex in the solid-like GPE architecture may lead to

supersaturation.
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Figure 4-8 | Sensitivity of the Pyr*—superoxide complexes to beam damage from the SEM
beam. The same electrode area is imaged, and with further exposure to the electron beam, the
CNT underneath the Pyr'—O;' particles is revealed. The same beam intensity is used, and the
time stamp in the images reveals the exposure time length. (a) was the first SEM image taken;
(b) SEM image was taken 87 seconds later; (c) SEM image was taken 1 minute and 20 seconds

after image (a).

When a GPE Li*/Pyr" molar ratio of 1.5 is used, no product is observed (Figure 4-9) and the
CNT walls are similar to the pristine (not discharged) CNT electrode (Figure 4-7a). This lack of
discharge products is unsurprising because lower discharge capacities are obtained with a GPE
molar ratio of 1.5 (Figure 4-6). The lower capacity is attributed to poor wetting and utilization of
the cathode because of the brittle nature of the Li*/Pyr" = 1.5 films, and the limited ionic
conductivity. Reduction of the PMMA content in the Li*"/Pyr" = 1.5 GPEs should allow for more

flexible films and better electrode utilization.
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Figure 4-9 | Morphology of a discharged electrode. CNT electrode after discharge at 10 mA
g. ! using a Li*/Pyr* molar ratio of 1.5. Typical discharge profile is in Figure 4-6.

Li—O> cells using the PMMA-based GPEs were cycled to study their rechargeability. Figure 4-10
shows a Li—Oz battery including a Vulcan carbon electrode cycled with Li*/Pyr" ratios < 1 and a
1.5 V cutoff, where the cell with a GPE Li'/Pyr" ratio of 0.6 shows poor charging, and oxidation
of products formed in the 1.9 V plateau does not occur. Increasing the ionic liquid content, and
depressing the Li*/Pyr" ratio to 0.25 allows for a better coulombic efficiency (84 % compared to
32 %) by facilitating transport of the formed superoxide complexes to the electrode when

charging begins.
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Figure 4-10 | Effect of GPE molar ratio on cycling. First cycles of Li-O; cells with GPE
Li*/Pyr" molar ratios of 0.25 and 0.6. Current rate of 10 mA gy. ! or 9.3 and 12.5 pA cm™2 for
GPE Li*/Pyr" ratio of 0.25 and 0.6 respectively. Electrode: 70 wt% Vulcan carbon, 15 wt%
lithiated nafion, 7.5 wt% LiTFSI, and 7.5 wt% Pyri14TFSI on carbon paper.

To directly compare the effect of a 2 €™ process versus a 1 ¢ process, a 2 V cutoff was used for
the Li*/Pyr" = 0.6 Li—Oz cells, and a 1.5 V cutoff was used for the Li*/Pyr" = 0 Li—O> cells.
Figure 4-11a shows the first and fifth cycles of Li—O2 cells with a GPE molar ratio of 0.6 and 0
with Vulcan carbon electrodes, and for Li*/Pyr™ = 0.6 cells, charging is reversible and mostly
accomplished below 4 V. For a cell with no salt present (Li*/Pyr* = 0), the first discharge shows
a plateau just below 2 V and the charging voltages are much lower compared to the Li"/Pyr" =
0.6 cells even at the first and fifth cycles. The second discharge plateau increases, possibly due to
lithium-ion encroachment of the cathode from the oxidized anode (Figure C-3). Although this
Li*/Pyr" =0 GPE can support cycling, coulombic efficiency at 4.5 V is 39 % (first cycle); the low
efficiency could be due to poor charge transfer kinetics and limited accessibility of the ionic
liquid-superoxide complexes to the electrode. A Li*/Pyr" = 1.5 GPE content was also used to
show cycling for at least five cycles, and Electrochemical Impedance Spectroscopy was used to
show reversible formation and oxidation of resistive discharge products for this 2 mol ¢ /02
process (Figure C-4). Upon extensive cycling, regardless of the initial Li*/Pyr™ molar ratio, the
cycling profiles look similar because infiltration of lithium ions from oxidized anode changes the
molar balance in the GPE. The same cycling behavior observed with Li*/Pyr* based cells was

also observed with Li"/BTM" based Li—O cells (Figure C-3).
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Figure 4-11 | Cycling performance using different GPE formulations with different
electrodes. a, First (bold lines) and fifth cycles (dashed lines) of Vulcan carbon/PMMA
electrode (4:1 mass ratio, 10 pA cm™2) or TiC electrodes (12.4 pA cm™?) with varying Li*/Pyr*
molar ratios; b, Capacity retention versus cycle number for the same Li-Oxz cells in (a). A
discharge cutoff of 1.5 V was used for Li*/Pyr" = 0 cells, and a 2 V cutoff was used for Li*/Pyr"

= (.6. Cycling performed at 60 °C and current rates based on geometric surface area.

334475 prompts the use of

The instability of carbon-based electrodes during Li-O2 cycling
titanium carbide (TiC) to support Li—O2 discharge and charge with different GPE formulation.'"
Similarly to the Vulcan carbon electrode in Figure 4-11a, the first discharge for a cell with
Li*/Pyr" molar ratio of 0 is below 2 V with a TiC electrode, and the 5™ discharge shows a higher
discharge voltage due to Li" infiltration from the oxidized anode. The charging voltages are
lower compared to the Vulcan carbon electrodes, and the capacity retention even at 4 V is much
better with TiC than the Vulcan carbon electrodes (Figure 4-11b). This electrode-dependent
behavior may be due to the instability of Vulcan carbon or different electrode charge-transfer

kinetics.

One benefit of this one-electron discharge mechanism is the ability to limit the number of
nucleophilic species to 02", and possibly prevent formation of additional reactive species like

022", LiOy, and Li»Oz; therefore, making the GPE Li—Oz cell less prone to electrolyte
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degradation at least on the first cycle. GPEs recovered after multiple cycles at 60 °C show no

changes in the PMMA carbonyl functionality (1700 cm™) in the infrared spectra, and minor

decomposition products/impurities were observed in the '"H NMR spectra (Figure C-5). Yellow

coloration of the GPE — attributed to Pyri4TFSI reduction on lithium meta

1132 _ was observed

after discharge/cycling in Li~O: cells with GPE Li*/Pyr" molar ratios < 1 or when only ionic

liquid was used (without polymer), but not when GPE Li*/Pyr" > 1.
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Figure 4-12 | Non-aqueous Li—O: cells to mimic GPE Li—O2 behavior. a, Configuration of a

Li—02 cell with an anion exchange membrane (AEM) present in a 0.1 M TBACIO4 in diglyme

electrolyte. b, Discharge curves at 3.94 pA cm™2 with different electrolyte configurations at room

temperature: ‘Li; no membrane,” ‘TBA; no membrane,” and ‘Li; TBA; no memb.’ = electrolyte

containing only 0.1 M LiClOy in diglyme, 0.1 M TBACIO4 in diglyme, and a 1:2 molar mixture

of LiClO4:TBACIO4 in diglyme, with no AEM present, respectively. ‘Li; membrane’ and ‘TBA;

membrane’ = electrolyte containing 0.1 M LiClO4 and 0.1 M TBACIO4 in diglyme respectively

and an AEM. Further descriptions of the legend can be found in Appendix C.

Finally, a prototype non-aqueous liquid Li—O2 cell (Figure 4-12a) was developed to replicate the

discharge mechanism observed in the GPE Li-O cells. This set-up is a corollary to the GPE Li—

O3 cell with an anion-exchange membrane (AEM) mimicking the function of the PMMA GPE
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by reducing free lithium-ion transport across the electrolyte, and TBA™ mimicking the ionic
liquid cation (TBACIOs is dissolved in diglyme solvent). At low current rates, Figure 4-12b
(TBA + membrane) shows that the first discharge has a plateau at around 2 V, a voltage similar

198 The plateau at around 2.2 V is due to Li*

to that observed for TBA™-0,"~ complex formation.
from the membrane (the anion for the AEM was exchanged with LiClOy4 prior to incorporation in
the Li—O; cell; see Experimental Section). However, when no membrane is present, irrespective
of the type of salt (either LiClO4 or TBACIQOys), a single plateau at 2.6 V is observed. Even when
the membrane is used with a LiClO4 electrolyte, a 2.4 V plateau is observed, further suggesting
that the plateau at 2 V is not merely due to kinetic losses from membrane addition. The
membrane is thus needed to limit Li* transport from the anode to enable TBA—superoxide
complexation to occur and mimic the effects of the GPE. This further supports our observation in
the PMMA GPE system, where superoxide complexation only occurs when lithium-ions are
unavailable. Moreover, like the GPE system, only about 30 % of the TBA™ cations are used for
superoxide complexation, resulting in low discharge capacity (see Appendix C). Furthermore,

with cycling (Figure C-6), lithium ions cross the AEM, leading to higher discharge plateaus after
the first discharge, again similar to the PMMA GPE-based Li—O: cells.

4.4 Conclusions

In this work, we demonstrate for the first time the use of an amorphous polymeric matrix, in
combination with an ionic liquid, to control the oxygen reduction chemistry across multiple
electrodes in a Li—Oz cell. In the presence of Li cations, a 2 mol ¢ /O, process is observed, but
when Li" are absent — and ionic liquid cations are present — the ionic liquid becomes the active
cationic specie, leading to a 1 mol e/O2 process and the formation of solid ionic liquid-

superoxide complexes.

The ability to obtain a 1 mol e /O chemistry through a gel polymer electrolyte — without the
addition of expensive catalysts — can allow for remediation of the sluggish kinetics, significant
reactivity, high charging overpotentials, and poor capacity retention typically attributed to the 2
mol e /O process in Li—O- batteries. Furthermore, this approach reduces the stringency of

requiring high lithium-ion conductivity in electrolytes (any bulky cationic source can be used),
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and could be explored in other metal-air batteries, and metal-sulfur systems where the limitation
of intermediate polysulfide solubility is vital. Further optimization of this system, development
of more stable ionic liquids, an investigation of a broader set of stable polymer systems with
differing glass transition, ionic liquid compatibility, and molecular transport properties can allow

for higher ionic liquid utilization, higher capacities, and longer cycle life.
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Chapter 5

A Non-lithium Cation Additive for Solution-mediated Li—O>
Electrochemistry: Influence of Ammonium Salts on Discharge and
Charge of Li—O, Batteries.

Adapted from Chibueze V. Amanchukwu, Hao-Hsun Chang, and Paula T. Hammond. “A Non-
lithium Cation Additive for Solution-mediated Li—O- Electrochemistry: Influence of Ammonium
Salts on Discharge and Charge of Li—O- Batteries.” 2017 (Submitted)
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5.1 Introduction

Energy storage media such as batteries and fuel cells are vital in the drive to reduce fossil fuel
use in transportation and electricity generation.!>!*7 Newer energy-dense battery chemistries are
being explored!? and of these, Li-air (O2) batteries with a theoretical gravimetric energy density
of 3500 Wh/kgyi202 compared to 200 Wh/kg for Li-ion have shown great promise.'1316 Li-O,
chemistry is governed by oxygen reduction and evolution during discharge and charge,
respectively.!*?® During discharge, oxygen is reduced at the cathode to produce superoxide
(Schematic 5-1).!*1% Once formed, superoxide is a soft base that according to Hard Soft Acid
Base (HSAB) theory prefers stabilization by a bulky cation (soft acid).*!** However, the
presence of Li" in the electrolyte leads to LiO- (lithium superoxide);'% a highly reactive and
unstable intermediate.?® Disproportionation of LiO> or a further electron transfer step leads to
Li>O; (lithium peroxide).!*!% Charging of Li—O cells involve decomposition of Li>O> to release
Li* and 0,.2° Because Li>O; is an insulator with high bandgap and low electronic conductivity, '3
high overpotentials are observed during charging. Side reactions between LiO> (or Li2O2) with
the electrolyte solvent,?* salt,’! and electrodes*! lead to unwanted side products such as LiOH,**
Li>CO;,* LiF?® among others that also require much higher charging overpotentials to oxidize,

leading to low energy efficiencies, poor capacity retention with cycling, and limited cycle

life 14,28

Li (s) % Lioy+e Li (s) MR Lit(sol) + e

0,(+e ¥ 0, (sol 0,(g+e % 0, (sol)

Li(sol) + O, (sol) =  LiO, TBA'(sol) + O,"(sol) —=» TBA'O, (sol)

Lio, + LiO, decy 13,0, (s)+ O,(g) | TBA'O, (sof) + Li'(sol) —=» LiO,+ TBA(so)

LiOs) + Lisol) + &= s Li,O,(s) Lo, + LiO, gecy  Li,0, (s) + O,(g)
Li metal | Li salt | Carbon paper Li metal | TBA salt | Carbon paper

Schematic 5-1. Li—O2 cell discharge mechanisms. Proposed discharge reaction mechanism
when lithium salt is dissolved in the electrolyte compared to when TBACIO4 salt dissolved in the

electrolyte. The anion (e.g., ClO47) is omitted in the schematic for clarity. Anode and cathode are
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lithium metal and carbon paper respectively. TBA= tetrabutylammonium; “elec.” = electrolyte;

13 [ ) J—,

s” = solid; “g” = gas; “sol” = solution.

Several strategies have been pursued to mediate the discharge and charge processes to improve
discharge capacity and capacity retention with cycling. For charging, metal/metal oxide
catalysts*? and redox mediators such as Lil'% and tetrathiafulvalene (TTF)** have been added to
the electrode or electrolyte to reduce the charging voltages below 4 V. Reducing charging
hysteresis is vital to improve energy efficiencies, but also because the most stable family of
solvents for Li—O> batteries are glymes, which are electrochemically unstable above 4 V.'** For
discharge, a solution-mediated formation of Li>O2 discharge product, where toroids are formed

135,136 whereas a surface-

lead to better utilization of the cathode and higher discharge capacities
driven formation leads to film growth on the electrode. Since Li>O; is an insulator, it blocks
further O; reduction and lowers the discharge capacity. Compared to toroids, Li>O> films are
easier to remove during charge because of their proximity to the electrode.!!"'3” The Li;O
growth mechanism is typically rate-dependent with low current rates favoring a solution-based
mechanism, and a high current rate favoring surface formation, but other parameters such as
solvent type,'!! salt anion,'* additives (H-O etc.)!* have been explored to modulate Li>O>

growth.

The ability of a solvent to support the solution-mediated formation of Li>O; is correlated with its
susceptibility to nucleophilic attack.!*>!3 For example, as one increases the solvent donor
number (ability of solvent to donate electron density to an acceptor or Lewis acid)'* from
acetonitrile, DME to DMSO, the vulnerability of the solvent to nucleophilic attack increases.'®
Therefore, it is important to modulate the solution-based mechanism by varying additives in one
solvent (instead of changing solvents), preferably in glyme solvents.!*® Burke et al.'*¢ varied
anion (NOs") concentration in DME to improve Li* solvation and induce solution-mediated Li>O2
formation, but solubility of LiNOs in ethers is limited, and nitrate will be irreversibly consumed
in creating a solid electrolyte interface (SEI) layer on the lithium metal anode.!**'*! Other
researchers have shown that added H>O in the electrolyte directs toroidal and crystalline Li2O2
growth through a solution-driven process,'3>!42 but LiOH formation or other side reactions with

lithium metal limits the utility of added H,O. However, cation type has not been evaluated
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because it has been widely assumed (as expected) that a lithium salt was required for Li—O-
discharge. The larger a cation, the ‘softer’ it is, and the more stable the cation-superoxide
complex, where cations such as pyrrolidinium'* and ammonium'?* can coordinate and stabilize
superoxide at longer time scales than lithium.!!® Therefore, investigating the influence of the

presence of bulkier cations as an additional knob for controlling Li—O- battery chemistry is vital.

The oxygen reduction and evolution process in nonaqueous systems has been heavily studied
using ammonium-based salts as supporting electrolytes.®*!%, Tetrabutylammonium (TBA) salts
can form stable TBA-superoxide complexes!?® during oxygen reduction, and these complexes
can be reversibly oxidized without external catalysts.!%® Although TBA-influenced oxygen
reduction and evolution has been investigated using cyclic voltammetry,®*!1% the influence of

TBA on the electrochemical performance of actual Li—O: batteries has not been explored.

In this work, we study the ability of a non-lithium salt to support a solution-driven formation of
Li2O in Li—O: batteries. We exploit the ability of TBA to sequester superoxide, and fabricate
Li—O; cells using TBACIO4 (Figure 5-1a inset) as the only dissolved salt. Similar to the use of
viologen'* and 2,5-di-tert-butyl-1,4-benzoquinone'*’, TBA supports a solution-driven formation
of Li2O2; a discharge product formed despite the lack of lithium salt present (Schematic 5-1).
The influence of current rate, TBA concentration, and solvent type on the ability of TBA to
support Li-O; discharge and charge was also explored. Interestingly, we observe that the
presence of TBA in the electrolyte leads to much lower charging overpotentials (500 mV
difference) than when a lithium salt is used. Using Li>O;-preloaded cells, we further show that
the presence of TBA at potentials below 4 V is capable of oxidizing Li>O», unlike typically-used
lithium salts like LiClOa4. Given the results from several spectroscopic tools, we propose a
mechanism that involves the electrochemical induced transformation of TBA to tributylamine,
and the formation of a tributylamine oxide intermediate in the presence of Oz or Li2O> that can
oxidize Li2Oz below 4 V. This work shows for the first time the evaluation of a Li—O> cell with
no added lithium salt present in the electrolyte, the influence of ammonium salts on the
discharge/charge behavior of Li—O- cells, and the use of amine oxides to oxidize Li»Ox.
Knowledge gained should provide insight into a new class of potential salts for metal-air use, and

new pathways to oxidize Li>O2 during charge.
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5.2 Experimental Methods

5.2.1 Materials used

Tetrabutylammonium perchlorate (>99%), lithium perchlorate, diethylene glycol dimethyl ether
(diglyme), 1, 2-dimethoxyethane (anhydrous), acetonitrile, dimethylsulfoxide (anhydrous),
lithium peroxide (90%), tributylamine, 1-decene, trimethylamine oxide, and quinine were
obtained from Sigma Aldrich. Carbon paper (TGP-H-60, not PTFE treated) and lithium metal
(0.75 mm thick, 99.9 %) were obtained from Alfa Aesar. Nafion was obtained as a 7.2 wt %
lithiated Nafion in isopropanol solution from Ion Power Inc. Celgard C480 was obtained from
Celgard. DMSO-d6 (with or without 0.03 v/v % tetramethylsilane) was obtained from
Cambridge Isotope. Whatman GF/A separator was obtained from GE Life Sciences. Vulcan

carbon (Vulcan XC72, 100 m?/g) was obtained from Premetek Inc.

The solvents (DME, diglyme, and DMSO) were stored with molecular sieves (4 A) in an Argon
glovebox (MBRAUN, H20 <0.1 ppm, Oz < 0.1 ppm), and the electrolyte (salt dissolved in
solvent) was made in the glovebox just before fabricating the Li—O: cell to limit exposure to

water. Measured water content of the electrolytes was less than 30 ppm (using Karl-Fischer).
5.2.2 Electrode fabrication

The carbon paper electrodes were cut into 12.7 mm diameter disks and vacuumed-dried at 75 °C
overnight. The Li>O: preloaded electrodes were fabricated in a 1:1:1 mass ratio of Vulcan
carbon: Li2O;: Lithiated nafion, and deposited on aluminum foil in the same manner as described
in ref (*?). The electrodes were transferred to the glove box without ambient exposure. The
carbon nanotube (CNT) carpets were fabricated as previously reported by Gallant et al.,%! and
vacuum-dried at 75 °C overnight before being transferred and stored in an Argon glovebox

(MBRAUN, H20 <0.1 ppm, Oz <0.1 ppm) without ambient exposure.
5.2.3 Electrochemical testing

Lithium metal (15 mm diameter) was used as the anode and carbon paper (12.7 mm diameter) as
the cathode. 120 pL. of 0.1 M TBACIO4 or 0.1 M LiClO4 in DME solution and 0.1 M TBACIO4
or 0.1 M LiClO4 in DMSO was used. For the 2:1 molar ratio TBACIO4/LiClOs electrolyte
mixture, the 0.1 M TBACIO4 in DME and the 0.1 M LiClO4 in DME solutions were not
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premixed before making the Li—O; cell. 40 pL of the 0.1 M LiClO4 in DME solution was first
added to the Li-O: cell before 80 pL of 0.1 M TBACIO4 in DME was added. Two Celgard C480
separators were used for all DME Li—O cells, while one Whatman separator was used for the
DMSO Li—O; cells. Li—O- cells were fabricated in an Argon glovebox (MBRAUN, H,0 < 0.1
ppm, O2 <0.1 ppm). Then, the cells were transferred to another Argon glovebox (MBRAUN,
H>O < 0.1 ppm, Oz < 1%) without air exposure and pressurized with either Argon or oxygen.
The cells were allowed to rest at open circuit voltage (OCV) for at least four hours before
electrochemical measurements were performed. A VMP3 potentiostat (BioLogic Inc.) was used

for all electrochemical tests.

Cyclic voltammetry (2-electrode setup) was performed using the same Li—O; cell setup as above.
Lithium metal (15 mm diameter) served as both reference and counter electrode. Carbon paper
(12.7 mm diameter) served as the working electrode. The cell was fabricated in an Argon
glovebox (MBRAUN, H>O < 0.1 ppm, O; <0.1 ppm) and was pressurized with either Argon or
oxygen (without air exposure) in a similar manner as above. The cell was allowed to rest at OCV
for at least four hours before electrochemical measurements were performed. A sweep rate of 0.1

mV/s was used from 1.5 V to 4.5 V. The second cycle is shown in the figure in Chapter 5.
5.2.4 Potentiostatic Li2O2 preloaded cells

The Li>O: preloaded cells were fabricated in a similar version as the Li—O2 cells. A lithium metal
anode (15 mm diameter) was used as the negative electrode, 90 pL of either LiClO4 or TBACIO4
in diglyme or 120 pL of TBACIO4 in DMSO was used as the electrolyte. The Vulcan
carbon/Li>O2/Nafion (1:1:1 mass ratio) on aluminum foil was used as the positive electrode. For
the cell without Li>O; present, a Vulcan carbon/Nafion (1:1 mass ratio) on Celgard electrode was
used. The cells were allowed to rest for at least 5 hours at OCV, before the potentiostatic tests
were performed. For cells held at oxidizing voltages (e.g., 3.7 and 3.9 V), the cell was held at 2.9
V for thirty minutes before continuing at the oxidizing voltage for the stated time (100 or 200

hours).
5.2.5 Chemical mixtures with Li2Oz or KOz

All experiments were performed in an inert glovebox atmosphere (Argon or Nitrogen). Vials

were stirred for three days.
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a. Tributylamine: In a 5 mL vial, 15 mg Li>O: and 0.3 mL of tributylamine
b. 1-Decene: In a 5SmL, 15 mg Li2O; and 0.3 mL of 1-decene
c. Trimethylamineoxide: 1:1 molar ratio of TMAO: Li202 in acetonitrile.

d. TBACIO4: In a 20 mL vial, a 10:10:1 molar ratio of KO»: Li2O2:TBACIO4 was added to

acetonitrile and stirred for three days.

The TBACIO4/KO2/Li20,, tributylamine/ Li»O-, and 1-decene/ Li,O> mixtures were allowed to
settle and for remaining Li,O> to sediment. About 20 pL of each supernatant was added to
DMSO-d6 for 'H NMR analysis. For the TMAO/ Li>O> mixture, acetonitrile was removed from
the vial, and DMSO-d6 was then added for 'H NMR.

5.2.6 X-ray diffraction (XRD)

XRD data was obtained using a Rigaku Smartlab (Rigaku, Salem, NH, USA) in the parallel
beam configuration with a Cu Ka radiation source. Electrochemically-tested samples were
opened in an Argon glovebox, and sealed in an airtight XRD sample holder (Anton Paar,
Austria) for XRD measurement. The reference code (01-074-0115) was used for all the Li>O>

references in the XRD spectra.
5.2.7 Raman spectroscopy

Raman data was obtained using a LabRAM Hr800 microscope (HORIBA) using an external 633
nm laser, with a 50X long working distance lens. A silicon wafer was used for calibration. A

sealed custom-designed airtight Raman cell was used for the electrochemically-tested samples.
5.2.8 Scanning electron microscope (SEM)

SEM images were captured using a ZEISS Merlion (Carl Zeiss Microscopy GmbH, Germany)
with an in-lens detector at 10 kV and 127 pA. Samples were sealed in aluminum foil bags in an

Argon-filled glove box and rapidly transferred into the SEM chamber to minimize air exposure.
5.2.9 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis data was collected using a Beckman Coulter DU 800 ultraviolet-visible (UV-Vis)
spectrophotometer. In an Argon glovebox, the separator from the electrochemically-tested Li—O>
cells was removed and placed in a clean 20 mL vial. Then, 1.5 mL of DMSO-d6 was added to

the vial to dissolve the components in the separator. 1 mL of the solution was then placed in a
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sealed-cuvette. The cuvette was removed from the glovebox and UV-Vis measurement was

performed rapidly. The pristine solvent was used as a blank.
5.2.10 Nuclear magnetic resonance (NMR) spectroscopy

NMR experiments were performed on a Bruker AVANCE or AVANCE 111-400 MHz
spectrometer. After the Li—O: cells were cycled, they were transferred into an Argon glovebox
without air exposure (MBRAUN, H20 < 0.1 ppm, Oz <0.1 ppm). The cells were then placed in
the glovebox antechamber (again without air exposure) and the cell was held under vacuum for
about 10 minutes to remove some of the solvent. The separator and electrode were soaked in
deuterated DMSO (DMSO-d6 or DMSO-d6 with TMS). The obtained NMR spectra was
calibrated using the residual DMSO peak.

5.2.11 Quadrupole Time of Flight (Q-TOF) Mass Spectrometry

After the electrochemical experiments were performed, the cells were moved to an argon
glovebox without ambient exposure. The electrolyte-soaked separator was then removed from
the cell and placed in a 5 mL vial. The vial was vacuumed in the glovebox antechamber to
remove the DME solvent. Excess methanol was added and Q-TOF analysis was performed on
the supernatant. A Waters Q-TOF micro mass spectrometer equipped with an electrospray
ionization ion source and a Time of Flight detector was used. The Q-TOF was run in ES+ mode
meaning a proton is added to the neutral molecule before it enters the detector. Therefore, all the
reported m/z values for neutral molecules are a proton larger than the actual molecular weight of
the molecule. The figures were calibrated with respect to the internal standard (Quinine, m/z

value of 325.19 and molecular weight of 324.42 g/mol).

5.3 Results and Discussion

5.3.1 Influence on discharge: The influence of TBA on the Li—O: discharge chemistry was
studied by fabricating Li—O: cells with 0.1 M TBACIO4 in 1, 2-dimethoxyethane (DME) as the
electrolyte. Figure 5-1a shows that TBACIOs in the electrolyte can support oxygen reduction at
reaction voltages similar to those observed for Li—O: cells with LiClO4 (~2.5 VLi). Cyclic

voltammetry has shown TBA is capable of complexing oxygen reduction products such as
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superoxide, and supporting the oxygen reduction and evolution process.**!1% However, TBA has
not been incorporated and studied in conventional Li—O; cells. Although TBACIO4 is the only
salt introduced into the Li—O; cell, the discharge product obtained here appears to be Li2O»; the
desired discharge product in conventional Li—O2 cells. Raman spectroscopy data in Figure 5-1b
shows peroxide vibration peaks at 250 and 790 cm™! that are typically associated with lithium
peroxide.!*> We hypothesize that TBA complexes the superoxide intermediate (derived from
oxygen reduction), bringing the superoxide intermediate into solution before allowing for
coordination with lithium ions from the anode (Schematic 5-1). We do not expect to see TBA-
superoxide as the final discharge product because lithium ions that originate from lithium metal
oxidation during discharge would lead to disproportionation of the superoxide to peroxide
(Schematic 5-1). X-ray diffraction (XRD) spectra (Figure 5-1c) shows that the obtained Li>O>
discharge product is crystalline,* and the scanning electron microscope (SEM) image in Figure
5-1d reveals toroidal features typically associated with Li2O2, suggesting solution formation of
Li202.%° The effect of solvent on TBA-supported discharge was also explored and in Figure 5-2,
TBA can also support Li—O; discharge in DMSO and lead to Li,O; formation. We cannot
currently assign the XRD diffraction peaks at 43.6° and 50.5° 20 range, but they appear to be a
result of discharge as they are observed in DME and DMSO. These results in Figures 5-1a-d and
Figure 5-2 indicate that a lithium salt added in the electrolyte is not required to support Li—O2
discharge. The oxidation of lithium metal during discharge provides the lithium ions that are
needed for Li2O, formation. Any salt (e.g., TBACIOs) capable of supporting oxygen reduction in
combination with lithium metal can be utilized. Furthermore, the presence of TBACIO4 doesn’t
appear to have a detrimental effect on the observed reaction voltage at least on the first

discharge.
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Figure 5-1 | Discharge behavior using a TBAClO4-only electrolyte. (a) Discharge curve, (b)
Raman, (c) XRD, and (d) SEM after discharge at 15.7 pA/cm? (geometric surface area) in
oxygen using 0.1 M TBACIO4 in DME as the electrolyte. Inset in Figure 5-1a is the chemical
structure of tetrabutylammonium perchlorate. Voltage (vs. Li/Li"). Li-Oz cell setup for (a)-(c):
Limetal | 0.1 M TBACIO4 in DME | carbon paper. Li—O; cell setup for (d): Li metal | 0.1 M
TBACIO4 in DME | carbon nanotube.
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Figure 5-2 | Discharge behavior using a TBAClOj4 electrolyte in DMSO (a) Discharge curve
of a Li-0; cell discharged in Oz at 15.8 pA/cm? with 0.1 M TBACIO4 in DMSO as the
electrolyte. (b) XRD spectra of the electrode in (a) after discharge. Li—Oz cell setup: Li metal |

0.1 M TBACIO4 in DMSO | carbon paper.

5.3.2 Influence on cycling: The effect of cation type (TBACIO4 or LiClO4) and solvent type
(DME or DMSO) on cycling were also examined. Figure 5-3a shows the first and fifth cycles of
three different electrolyte configurations at a low current rate (3.95 pA/cm?). Current rates are
based on geometric surface area of the carbon paper electrode. When 0.1 M LiClOs is used as the
electrolyte, a discharge voltage at ~2.6 V is observed. However, complete charging requires
voltages greater than 4 V, a behavior typically observed in the absence of catalysts* or redox-
mediator additives.*> When 0.1 M TBACIOs is used as the electrolyte, the first discharge is
similar to that obtained with 0.1 M LiClQ4, but a flat plateau at 3.55 V is observed almost during
the entire chargé. Furthermore, the charging profile for the 0.1 M TBA Li-Oz cell remains
similar at the fifth charge. When a mixture of TBAC1O4: LiClO4 (2:1 molar ratio) is used as the
electrolyte, charging behavior similar to a standard LiClO4 cell is observed at the first charge.
However, by the fifth cycle, charging occurs at 3.55 V (Figure 5-3a). The TBACIO4:LiClO4 Li-
O: cell is certainly intermediate between the behavior observed for a LiClO4-only cell or a

TBACIO4-only cell. The charging behavior in the presence of 0.1 M TBACIO4 is reminiscent of
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redox mediator-like charging where iodide,'°® TEMPO (2,2,6,6-tetramethylpiperidinyloxyl),'*¢

or TTF* can be oxidized during charge, and subsequent chemical reaction with Li>Oz leads to

Li;O; oxidation and reduction of the oxidized mediator. However, a redox-like mechanism

doesn’t seem likely for TBA because the nitrogen functionality is already fully oxidized (+1).
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Figure 5-3 | Effect of TBA and Li salt on Li-O2 cycling in DME and DMSO at different
current rates. Cycling of a Li—O; cell in oxygen in DME at 3.95 uA/cm? to a 0.04 mAh/cm?

cutoff with (a) different electrolyte salt content and (b) different TBA concentration. The
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LiClO4/TBACIO4 electrolyte is a 2:1 molar ratio of TBAC1O4: LiClO4 in DME. Cycling in
oxygen at 100 pA/cm? to a 1 mAh/cm? cutoff with (¢) DME and (d) DMSO electrolytes.
Concentrations are as shown in the figures in the respective solvents (a—c: DME; d: DMSO).
(Bold lines) — First cycle; (Dashed lines) — Fifth cycle. Voltages are vs Li/Li*. Current rates and
capacities are based on the geometric surface area of the carbon paper electrode. Li—O; cell

setup: Li metal | (TBACIO4 or LiClOs) in DMSO or DME | carbon paper.

When the TBA concentration in the electrolyte is increased, the charging plateau is reduced, and
the charging behavior at the fifth charge is improved when comparing 0.01 M to 0.2 M TBA in
DME (Figure 5-3b). However, there are limits to this surprising reduction in charging
overpotentials in the presence of TBACIO4. Figure 5-3¢ shows that as the current rate in DME is
increased to 100 pA/cm?, the ~ 3.55 V plateau is absent, and the charging curve resembles the ,

LiClO4-containing cells.

In DMSO, a different phenomenon is observed. At low current rates (3.95 pA/cm?), TBACIO4
can support discharge and charge, but again the ~3.55 V plateau is absent (Figure D-1) and it
resembles the LiClOs cell. The plateau absence is also observed at 100 pA/cm?; however, the
discharge capacities are higher when TBAC1O4 in DMSO is used as the electrolyte at high
current rates. The improvement in discharge performance may be due to the ability of DMSO to
stabilize superoxide species and solubilize TBA,!!! a superoxide complexing agent.!® At high
current rates, there is a diminishment in discharge capacity observed with cycling that may be
due to the inability to completely oxidize the discharge products. In summary, the redox-like

charging behavior induced by TBA appears rate and solvent-dependent.
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Figure 5-4 | Li2O2 oxidation under potentiostatic hold. (a) Current vs. time from potentiostatic
holds at 3.7 or 3.9 V with or without Li>O; preloaded in the electrode and with different salts in
diglyme (0.1 M salt concentration). (b) Corresponding x-ray diffraction (XRD) spectra at the
different voltages in (a). The “OCV” sample was held at open-circuit voltage for 200 hoﬁrs.
Dashed lines in (b) are the (100), (101), (102), (004), and (103) Li2O; diffraction peaks (left to
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right). Li—O; cell set-up: Li metal | 0.1 M LiClO4 or TBACIOj4 salt in diglyme | Vulcan carbon +

Nafion + Li,O; (when present) on aluminum foil.

5.3.3 Effect on Li,O2 oxidation: Although a stable 3.55 V charging plateau is observed when
TBA is used as a salt in an ether solvent, it is important to know if its presence can lead to Li2O>
oxidation. To study this, Li2O2-preloaded electrodes were fabricated. These electrodes consisted
of Li20O2: Vulcan carbon: Lithiated Nafion in a 1:1:1 mass ratio with no added catalysts. Other
researchers have used these electrodes as a tool to study Li2O> oxidation and eliminate the
influence of other side reaction products that may have formed during cell discharge.*>!2 Figure
5-4a shows current-time plots of these Li;O> preloaded electrodes subjected to potentiostatic
charging tests in different salt configurations in diglyme. Similar to work reported by Yao et
al.,*> when 0.1 M LiClOys is used as the electrolyte, no oxidation current is observed at 3.9 V for
100 hours. As expected, XRD spectra in Figure 5-4b shows that Li2O; is still present in the
LiClO4-containing electrode. However, when 0.1 M TBACIO; is used as the electrolyte at 3.7 V
or 3.9 V (above ~3.55 V), an oxidation current is observed. Remarkably, this corresponds to
Li2O> oxidation as Li2O> is no longer observed on the electrode (Figure 5-4b). In addition, the
Li202 is not converted to LiOH as LiOH is not observed on the electrode; no (101) or (110)
diffraction peaks at 32.5° and 35.7° 260 range.?* A Li>O»-preloaded cell is also held at open-
circuit with a 0.1 M TBACIO electrolyte and crystalline Li>O2 peaks are still observed. This
further supports the notion that Li>O> oxidation is not a result of chemical reaction with
TBACIOs, but needs an oxidizing voltage. Despite the lack of a stable oxidation plateau at
around 3.55 V in DMSO (Figure D-1), and the solvent-dependence of the charging profile, the
presence of 0.1 M TBACIO4 in DMSO also leads to the removal of Li2O2 during charge as the
XRD spectrum in Figure D-2 shows. Yao et al.** showed that catalysts such as Ru and Cr are
capable of oxidizing Li>O2 only when present in the solid-state electrode, but not when the
catalysts are in the electrolyte. Here, TBA appears to act as a redox mediator typically dissolved

in the electrolyte (this hypothesis will be evaluated and discussed later).
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Figure 5-5 | SEM micrographs chronicling the electrochemical changes in Figure 5-4. (a)

Li20z-preloaded electrode held at open-circuit voltage (OCV) in 0.1 M TBACIO4 for 200 hours,
(b)at 3.9 Vin 0.1 M LiClO4 for 100 hours, (¢) 3.7 V in 0.1 M TBACIO4 for 200 hours, and (d)
3.9Vin 0.1 M TBACIO;4 for 100 hours. Solvent = diglyme. Li—O cell set-up: Li metal | 0.1 M
LiClO4 or TBACIOq salt in diglyme | Vulcan carbon + Nafion + Li2O2 on aluminum foil.

The same charged Li>O: electrodes examined by XRD in Figure 5-4 were studied using SEM.
Figure 5-5 shows SEM images that further confirm the observations made in Figure 5-4, and
show that the disappearance of the Li20O2 XRD peaks in Figure 5-4b is not due to phase change
between crystalline and amorphous Li2O:z, but Li>O; oxidation. The large solid particles seen in
Figure 5-5a are the preloaded Li202 and they remain even after seating in a TBACIOj4 electrolyte
at open-circuit voltage (OCV) for 200 hours. In addition, Figure 5-5b shows that Li,O; particles
remain after the 3.9 V potentiostatic hold in 0.1 M LiCIQ, corroborating the XRD spectra in
Figure 5-4b. When TBACIO; is used as the electrolyte, holes are observed where presumably
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Li,03 particles used to be; further evidence of Li»O2 oxidation. Yao et al.!? also used SEM to
chronicle Li>O2 oxidation in the presence of perovskite and Cr nanoparticle catalyzed Li2O2
electrodes, and attributed the disappearance of Li>O; particles and appearance of these holes to
be a result of Li2O2 oxidation. Since the 3.9 V 0.1 M TBACIO4 cell was held for only 100 hours,
remnant partially oxidized Li»O; particles can still be found (Figure D-3), but their quantities are
miniscule compared to the OCV and LiClO4-based cells. Furthermore, since the 3.7 V 0.1 M
TBACIO4-based preloaded cell was held for 200 hours, no Li>O: particles were found on the

electrode after charging was completed.

5.3.4 Electrochemical effect on TBA: TBA was examined in the absence of oxygen to
decouple the mechanism of Li,O; and TBA transformation. Figure 5-6a shows that because of
the lack of oxygen, no significant discharge plateau is observed as expected, but the ~3.55 V
charging plateau is still present. However, the LiClOs-based cells cycled in Argon show no
significant discharge or charge plateau (Figure D-4). Furthermore, in Figure 5-4a, when the TBA
electrolyte is held at 3.9 V with no Li>O: present, there is a significant oxidation current. The
cyclic voltammetry (CV) data in Figure 5-6b corroborates this observation as an oxidation
current beginning at 3.5 V is observed when the TBACIO4-containing electrolyte is scanned
positively in Argon. Again, no reduction current is observed in Argon even after the TBA
decomposition product is formed, indicating that TBA cannot act as a typical redox shuttle. The
electrochemical-induced transformation of TBA appears irreversible, and reversibility is a
requirement for any true redox shuttle. Therefore, in Argon or Oz, TBA is electrochemically
transformed during charge, and the TBA decomposition product leads to the oxidation of Li>O:
(when present). The mechanism that explains this behavior will be discussed in the next

paragraph.
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Figure 5-6 | Electrochemical-induced transformation of TBA. (a) Cycling using 0.1 M
TBACIO4 in DME at 3.95 pA/cm? to 0.04 mAh/cm? in argon. (b) Cyclic voltammetry (2-
electrode setup) in argon and Oz at 0.1 mV/s scan rate with a 0.1 M TBACIO4 in DME
electrolyte. Li—O; cell setup for (a): Li metal | 0.1 M TBACIO4 in DME | carbon paper. Setup for
(b): Working electrode: Carbon paper; Reference and counter electrode: Lithium metal. CV was

performed by scanning first to 4.5 V before scanning to 1.5 V. The second cycle for both argon

and O; is shown in (b).
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Figure 5-7 | "TH NMR after Li—O: cycling in argon and oxygen. "H NMR (400 MHz; DMSO-
d6; H-DMSO) spectrum of (a) TBACI1O4 (b) electrolyte of Li—O: cell after five cycles in Argon,
(c) electrolyte of Li-0; cell after fifteen cycles in oxygen, and (d) commercial tributylamine. *=
DMSO, A=HDO, ¢=solvent. Spectra was calibrated using the residual DMSO (‘H-DMSQO’) peak
in DMSO-d6. Integration values for peaks in (b) and (c) are in Table D-2. Li-O; cell setup: Li
metal | 0.1 M TBACIO4 in DME | carbon paper. The actual cycling profile for (b) is shown in

Figure 5-3a, and for (c) is shown in Figure D-5.
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5.3.5 Proposed mechanism: 'H NMR was used to determine the changes in the TBA chemical
structure during cycling. The electrolyte-soaked separator from cycled Li—O cells using 0.1 M
TBACIO4 or LiClO4 in DME-based cells were extracted and soaked in deuterated DMSO for 'H
NMR and UV-Vis analysis. In all TBA-based Li—-O: cells in DME or diglyme where charging
was performed, yellow coloration of the electrolyte was observed. UV-Vis spectra in Figure 5-8
chronicles the presence of these light-absorbing species when cycling is performed using a TBA-
based electrolyte, and additional species are formed when the cell is cycled in oxygen compared
to argon. Figure 5-7 shows 'H NMR characterization of cells cycled with 0.1 M TBACIOy4 in
argon and oxygen where new peaks related to TBA decomposition are observed. TBA is
electrochemically transformed at 3.55 V (Figures 5-3 and 5-6) to form tributylamine (Figure 5-7)
and possibly an alkene (Schematic 5-2). We propose an electrochemically-induced
transformation of a base (from decomposition of carbon or electrolyte) at > 3.5 V which
deprotonates TBA and allows TBA to undergo Hoffman elimination reaction that leads to
tributylamine and butene. The 'H NMR peaks of commercial tributylamine match the new
observed TBA degradation peaks. Furthermore, quadrupole time-of-flight (Q-TOF) mass spectra
in Figure 5-9 shows a peak at an m/z value of 186.2 that corresponds to tributylamine (MW =
185.4 g/mol), and is formed after electrochemical induced degradation in either Argon or Ox.
Finkelstein ef al.'*” have previously shown that a quarternary ammonium salt can degrade to a
tertiary amine and a hydrocarbon radical intermediate through a one electron pathway. Assuming
a one-electron decomposition pathway, Table D-1 shows that complete decomposition of TBA
should occur before 7 charging steps, and Figure D-5 shows evidence that the charging voltage
begins to increase at the seventh charge. However, NMR data in Figure 5-7 shows TBA is still
present after 15 cycles in O». Therefore, it is possible that during charging, TBA decomposition
products can also be electrochemically oxidized as well as some direct delithiation of Li,O that

can occur below 4 V. 148
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oxidation of Li2O2 to release oxygen. The figure numbers in parenthesis in the mechanism
indicates the figure in this Chapter that provides evidence of the stated pathway. ClO4 anion is
omitted in the mechanism schematic for clarity. Li—Oz cell setup: Li metal | 0.1 M TBACIO4 in
DME | carbon paper. *At 3.5 V, electrochemical-induced base formation that deprotonates TBA,

allowing TBA to undergo Hoffman elimination.
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Figure 5-8 | UV-Vis spectroscopy after cycling. Ultraviolet-visible (UV-Vis) spectroscopy data
obtained after TBACIO4 or LiClO4 was cycled in either oxygen or Argon. The figures shows

additional species are formed when TBACIOys is cycled in oxygen compared to argon.

The proposed TBA reaction pathway is in Schematic 5-2. The alkene formed here would be
butene, but the low boiling point of butene (—6.5 °C) makes post-cycling characterization
difficult. OCV experiments in Figure 5-4b, and chemical experiments involving a 10:10:1 molar
ratio of Li202:K02:TBACIO4 in Figure D-6 show that TBA does not appear to chemically react
with Li20; to oxidize Li2Oz. Once tributylamine and butene are formed, they can possibly
undergo reactions with Li2O2. To examine this, a LiO»-preloaded electrode is held at OCV in
commercial tributylamine or decene (chemically similar to butene but is a liquid at room
temperature) for 200 hours and perform XRD afterwards (Figure D-7). XRD shows that Li,O> is
still present; hence, the oxidation of Li2O2 is not due to chemical reaction between Li»O; and
tributylamine or butene alone. A stirred chemical mixture of Li>O> with tributylamine or decene
also does not reveal any changes in the '"H NMR spectra (Figures D-8 and D-9), further
confirming the XRD observation in Figure D-7. The lack of bulk reaction between tributylamine
and L1202 is surprising because it is known that tertiary amines can react with H>O; to form
amine oxides,*'*® however Hoh et al.'>" noted that direct oxidation of tertiary amines with
H20: proceeds slowly. The limited solubility of Li>O; in tributylamine would also diminish an
already slow reaction with tributylamine compared with H>O,. Other researchers have shown
that oxygen can react with tertiary amines to form an amine oxide, and the amine oxide is an
intermediate that is difficult to characterize because it undergoes subsequent reactions. 3!
Some of these possible reactions are shown in Schematic 5-2. One reaction the tributylamine

I3LI33 an intra or inter molecular reaction that involves the

oxide can undergo is Cope elimination,
oxygen on the tertiary amine oxide abstracting a hydrogen from a carbon that is beta to the

nitrogen to form an olefin. In addition, alkyl radicals and nitroxide can also be formed.'>!
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Figure 5-9 | Quadrupole Time of Flight (Q-TOF) mass spectra after Li—O:2 cycling. Spectra
obtained after cycling in (a) argon and (b) oxygen. Li—O2 cell setup: Li metal | 0.1 M TBACIO4
in DME | carbon paper. For neutral molecules, a proton is added to the molecule by the electron
source before detection; therefore, MW = m/z value — 1 for neutral molecules. Known
assignments: internal standard (Quinine, neutral, m/z = 325.19, MW = 324.42 g/mol),
tetrabutylammonium (charged, m/z = 242.3, MW = 242.5 g/mol), tributylamine (neutral, m/z =
186.2, MW =185.4 g/mol). Additional structures that may correspond to the unassigned m/z

value shown in this figure are listed in Figure D-11. MW = molecular weight

Therefore, we hypothesize that tributylamine can react with oxygen (or Li202) to form a
tributylamine oxide intermediate. The amine oxide, when formed, can react with Li2O: to release
Li* and O,. This reaction between the amine oxide intermediate and Li>O is responsible for the
Li20; oxidation observed after charging in the XRD and SEM data (Figures 5-4 and 5-5). It is
also possible that the generated nitroxide (from alkyl radical loss) can also react with Li2O: to
oxidize it as a similar nitroxide — 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) — has been shown
to oxidize Li>O. during charging.'*® The mechanism shown in Schematic 5-2 explains our
observations, but cannot encompass all the possible decomposition products formed as tertiary
amine oxides are known to structurally rearrange to yield other products.'>' The extra '"H NMR

peaks observed in O (not including the tributylamine peaks) could be due to decomposition
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products that result from the amine oxide reaction with Li>O, Cope elimination etc. Whereas in
argon, only tributylamine is present, because the lack of O2 or Li>O: in the argon cells preclude
the formation of tributylamine oxide and the presence of additional peaks. To test this
hypothesis, we mix trimethylamine oxide (as proxy for tributylamine oxide) with Li»O> in
acetonitrile and the characteristic yellow color was observed; a color observed electrochemically

(after cycling) in our experiments and by Hoh et al.'>

in the mixture of tertiary amine with H,O>
at higher temperatures. New peaks also arise in the NMR spectra (Figure D-10). Therefore, next-
generation Li-O> cells can be fabricated to include amine oxides as a tool to reduce Li2O2
charging voltages. Unfortunately, the amine oxide — once formed — cannot revert to the original

TBA to make this system an ideal redox mediator.

The electrochemical-induced decomposition of TBA is irreversible, and as Mousavi et al.!>*

recently reported, changing the chain length, type of branching, and size on the ammonium may

not improve the electrochemical stability.

5.4 Conclusions

We have shown that Li—O; discharge and charge can occur in the absence of lithium-based salts.
Ammonium-based electrolytes in the presence of lithium metal can support the formation of
Li2O: during discharge, where TBA can temporarily complex superoxide in solution before Li
ions from the oxidized lithium metal anode combines to form Li>O.. During charge, TBA-based
electrolytes can lead to charging voltages below 4 V at low current rates, leading to a 0.5 V
improvement over LiClOq4-based electrolytes. TBA concentration and solvent type (ether vs
DMSO) was also studied, and shown to influence the observed discharge and charge
performance. Furthermore, we proposed a mechanism to explain the ability of TBA to support
Li>O; oxidation. Electrochemically-induced degradation of TBA occurs at 3.55 V to form a
tertiary amine that can react with oxygen (or Li20) to form an amine oxide; the amine oxide
reacts with Li,Oz in a faster reaction to release Oz and Li". Unfortunately, TBA decomposition is
irreversible. We have shown TBA can support discharge and charge in Li—O: cells, and amine
oxides can oxidize Li;O; in Li—O; cells. Knowledge gained from this work should allow for

development of newer salts and broaden our understanding of Li.O> oxidation mechanisms.
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Chapter 6

Evaluation and Stability of PEDOT Polymer Electrodes for Li—O»
~ Batteries

Adapted from Chibueze V. Amanchukwu, Magali Gauthier, Thomas P. Batcho, Chanez
Symister, Yang Shao-Horn, Julio M. D’ Arcy, and Paula T. Hammond. “Evaluation and stability

of PEDOT electroactive polymer electrodes for Li-O; batteries.” J. Phys. Chem. Lett. 2016, 7,
3770-3775. Copyright 2016, American Chemistry Society.
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6.1 Introduction

Lithium-air (O2) batteries have shown promise as one of the energy-dense storage media of the
future.!>!® With a theoretical energy density (3500 Wh kg 'Li202)!? an order of magnitude greater
than Li-ion, the quest for commercial Li-O; batteries has spurred great research interest. Despite
their promise, Li—O: batteries have been plagued with numerous challenges such as the
instability of the electrode and electrolyte, slow oxygen reduction and evolution kinetics, poor
capacity retention with cycling and low cycle life.!%?*?® Commonly used electrodes such as
carbon have been shown to be unstable in the presence of lithium peroxide (Li202) — the desired
discharge product — and superoxide intermediates during cycling.’*>** Decomposition of carbon
leads to insulating products such as lithium carbonate (Li>CO3) that are difficult to oxidize
during charge and require high overpotentials.>> Other cathodes such as nanoporous gold,?
carbides!!® and inorganic metal oxides,!*® among others have been studied to replace carbon
during Li—O battery operation. Efficient cathodes for Li—O; need high surface area, good
electronic conductivity, and low cost. Some electrode materials that may present these desirable
properties include carbides and inorganic metal oxides; however, the limited surface area of
these systems, and the cost of precious relatively inert metals such as gold limit their wide
applicability in Li—O- batteries. Electron-conducting polymers are attractive as they have the
desired electrode properties and are very easily processed into different cathode structures.
Despite the numerous cathode types examined for Li—-O2, only few reports examining electron-

conducting polymers for Li—O; cathodes exist.

Conducting polymers such as poly(3, 4-ethylenedioxythiophene) (PEDOT),!*¢ poly(pyrrole),'’
and poly(aniline) have been widely explored as electrodes or electron-conducting binders for
traditional Li-ion batteries. Typical binders such as poly(vinylidene fluoride) (PVDF) and
polytetrafluoroethylene (PTFE) are not electronically conducting, and are used to bind composite
electrodes. Poly(pyrrole) served as both binder and electron conductor with a LiMn204
cathode,'®” and PEDOT has been used to eliminate the conventional carbon electron conducting
matrix.'*® Furthermore, coating active electrode materials such as lithium cobalt oxide (LiCoOz)
and iron oxyfluoride (FeOF) with PEDOT can improve kinetics and limit the degradation and
side reactions between the active material and the electrolyte solvent.!*%1%° This strategy could be

promising for Li—O> batteries where most organic insulating polymer binders such as PVDF
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have been shown to be unstable, as the ability of these conducting polymeric materials to

transport electrons eliminates the need for further additives. 2%

Cui et al.®® studied tubular poly(pyrrole) as an electrode for Li-O> batteries, and show formation
of lithium peroxide and charge/discharge over multiple cycles. Yoon et al.*° recently reported the
use of PEDOT:PSS (polystyrene sulfonate) to coat a graphene electrode and claim that
PEDOT:PSS can suppress undesirable side reactions in the Li—O; cell and improve cycling

performance. Nasybulin ef al.>°

studied a Super P carbon/PEDOT composite as an electrode for
Li—O: batteries, but the discharge performance and electrochemistry was dominated primarily by
the carbon, and their use of a sulfone-containing salt like LiTFSI (lithium
bis(trifluoromethane)sulfonimide) prevented a thorough understanding of PEDOT
decomposition. The electron-conducting PEDOT was not evaluated as a stand-alone electrode
despite its high electronic conductivity; serving primarily as a binder and contributing at most
five percent of the obtained capacity.>® In addition, these aforementioned studies did not explore

the stability and mechanisms of degradation of the electron-conducting polymer upon cycling in
Li—O: cells.

In this work, we examine the performance of a free-standing microstructured PEDOT electrode
(with no carbon or binders present) in a Li—O: battery and show that it can support lithium
peroxide formation and Li—O: cycling. Our use of LiClOy4 as the electrolyte salt instead of
LiTFSI allows for a clear understanding of the changes in the PEDOT structure. We show that
the thiophene ring in PEDOT is susceptible to degradation that leads to sulfone formation, loss of
conjugation in the polymer chain and diminished electronic conductivity that leads to poor
cycling. Knowledge gained from this work can allow for greater understanding of the feasibility
of using electron-conducting polymers as stand-alone Li—O- cathodes, and devising moieties that
can avoid the observed degradation pathway of PEDOT. In addition, electron-conducting
polymers could be used to coat cheap carbon particles to direct current and limit carbon

reactivity and degradation in Li—O cells.

6.2 Experimental Methods

6.2.1 Synthesis of PEDOT electrode

134



The free-standing PEDOT electrode was synthesized as previously reported in ref ('%') using an
evaporative vapor-phase polymerization procedure. In a chemical vapor deposition (CVD)
chamber, a droplet of FeCls aqueous oxidant solution is placed on a gold-coated substrate. An
EDOT in chlorobenzene solution is also introduced into the chamber, and the temperature is
ramped from 25 °C to 130 °C at 600 °C/h for polymerization to occur. The PEDOT is removed
from the chamber, washed with water and methanol to remove excess oxidant, and stored in 6 M
HCI. To prepare for Li-O: use, the electrodes were washed in copious amounts of milliQ water
(18 mQ cm) before washing with methanol. The electrodes were then vacuum-dried at 75 °C for
at least two nights. The PEDOT electrode was soaked in excess 0.1 M LiClO4 in DME

electrolyte prior to cell fabrication.
6.2.2 Fabrication of Li—O2 cell

Li—O; cells were fabricated in an Argon glovebox (MBRAUN, H>0 < 0.1 ppm, O2 <0.1 ppm).
Using Li—O cells fabricated in our laboratory,??> 15 mm lithium metal (Alfa Aesar, 99.9% metals
basis) was used as the anode, a 0.1 M LiClO4 in DME electrolyte (BASF), two 18 mm Celgard
C480 separators, and the PEDOT electrode. A stainless steel mesh (12.7 mm diameter) was used
as the current collector. After fabrication, the Li—O- cell was moved without air exposure to
another Argon glovebox (MBRAUN, H20 < 0.1 ppm, Oz < 1%) where it was filled with oxygen.
The fabricated Li—O; cell was allowed to rest for 4 hours before any electrochemical tests were
performed. After the electrochemical tests, the Li—O> cell was opened in an Argon glovebox

without air exposure, and the PEDOT electrodes were stored.
6.2.3 Scanning Electron Microscope (SEM) characterization

Samples were imaged using a Zeiss Supra S5VP and a Zeiss Ultra 55 (Carl Zeiss AG, Germany).
The working voltage was 5kV. Samples were mounted and sealed in an Argon glovebox in order

to minimize the time (~< 5 sec) of exposure to ambient atmosphere during transfer into SEM.
6.2.4 X-ray diffraction characterization

Electrochemically-tested cells were opened in an Argon glovebox (MBRAUN, H20 < 0.1 ppm,
0, < 0.1 ppm) without air exposure. Samples were sealed in an airtight XRD sample holder

(Anton Paar, Austria) to minimize air exposure before and during XRD measurement. A Rigaku
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Smartlab (Rigaku, Salem, NH) in the parallel beam configuration was used to collect the XRD

spectra.
6.2.5 X-ray photoelectron spectroscopic (XPS) characterization

To avoid any exposure to air, samples were transferred from the glovebox to the XPS chamber
using a sample transfer vessel (ULVAC-PHI, INC.) Spectra were collected with a PHI 5000
VersaProbe II (ULVAC-PHI, INC.) using a monochromatized Al K, source, a pass energy of
23.5 eV and a charge neutralizer. All spectra were calibrated with the C1s photoemission peak of
adventitious carbon at 285 eV. Photoemission lines were fitted using combined Gaussian-

Lorentzian functions after subtraction of a Shirley-type background.

6.3 Results and Discussion

The free-standing PEDOT films examined in this work were fabricated using an evaporative
vapor-phase polymerization technique that generates the film directly from the substrate under
conditions that yield fibrils of polymer film with nano- and microscale architectures.'®! Other
fabrication methods such as in-situ deposition polymerization'®? or chemical vapor deposition
(CVD)?*’ can also yield PEDOT films with select architectures and high electronic conductivity.
Furthermore, the examined PEDOT films lack the PSS polymer often used to acidically dope the
polymer and aid its solubility in aqueous solutions and some organic emulsions. The use of a
PEDOT-only electrode avoids addition of functionalities (such as PSS) that may complicate the
understanding of PEDOT activity and the monitoring of changes induced by Li—O: reactions.
The doped PEDOT films generated in this work have high electronic conductivity (130 S cm™),
and have been fully characterized by D’Arcy et al.!¢! The nanofibrillar architecture with high
aspect ratio also makes it promising for Li-O, use because it will provide abundant nucleation

sites for Li2O2 growth.

The ability of PEDOT to support crystalline Li>O- formation after discharge without the addition
of catalyst or other electron conducting media such as carbon was explored. Using lithium metal
as the anode and a 0.1M LiCIO4 in DME electrolyte, PEDOT was able to support Li-Ox

discharge with a discharge plateau at 2.6 V reminiscent of the voltage at which oxygen reduction

occurs with other Li-O: battery electrodes (Figure 6-1a).>* Winter-Jensen et al.'®® have
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previously shown that the PEDOT surface is capable of supporting oxygen reduction, albeit in
aqueous media. In conventional Li—ion batteries where PEDOT was evaluated as the electrode,
low discharge capacities were observed because of poor intercalation of lithium ions. However,
for Li—O; batteries, PEDOT does not need to intercalate lithium, but provide an electronically
conducting surface that can support the diffusion and adsorption of Oz and its subsequent
reduction. X-ray diffraction (XRD) of the discharged electrode (Figure 6-1b) shows that Li2O2 is
the primary discharge product, as evident from the (100) and (101) crystalline peaks.***
Furthermore, using scanning electron microscopy (SEM), one can observe the toroidal

morphology associated with Li>O; formation along the walls of the PEDOT electrode (Figure 6-
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Figure 6-1 | Electrochemical and spectroscopic characterization of PEDOT electrodes in
Li—O: batteries. (a), Discharge curve of a Li—O; cell in Oz at 10 pA cm ™2 using a free-standing
PEDOT electrode; (b), x-ray diffraction (XRD) and (c), Scanning electron microscopy (SEM)
image after one discharge with a free-standing PEDOT electrode; (d) Five cycles at 10 pA cm™
in Oz using a free-standing PEDOT electrode. Figure 6-2a shows an SEM image of a pristine
PEDOT electrode. Electrolyte: 0.1M LiClO4 in DME.

Next, the PEDOT Li-O: cell was cycled five times using a capacity-limited regime at 0.2 mAh
cm2 (Figure 6-1d). The first discharge is similar to that observed in Figure 6-1 with the 2.6 V

discharge voltage. The first charge is completed below 4 V, which is promising because typical
carbon-based electrodes have higher charging potentials above 4 V and low energy efficiencies.
Although the charging overpotential in the first cycle is low, subsequent cycling leads to higher
discharge and charge overpotentials. By the fifth cycle, the discharge plateau is at 1.6 V and the

charge culminates at 4.8 V.

SEM (Figure 6-2) was used to track the changes in the PEDOT architecture that may explain the
poor cycling in Figure 6-1d. Figures 6-2a and b show a pristine and discharged electrode,
respectively. As expected, toroids are abundant along the PEDOT network. After the first charge,
Figure 6-2c shows disappearance of the Li>O> toroids, revealing the original PEDOT structure.
Therefore, PEDOT can support Li2O2 formation and oxidation in at least one cycle. By the fifth
cycle, agglomerates are observed (Figure 6-2d) that may be due to an accumulation of
decomposition from DME and PEDOT. DME is known to be unstable during Li—O;

cycling, 19,44,45

and prone to electrochemical oxidation above 4 V. The high charging voltages
needed to complete charging on the PEDOT electrode may thus exacerbate the degradation of
DME. Accumulation of insulating decomposition products such as Li>COj3 and acetates,* may

then passivate the PEDOT surface, preventing oxygen reduction in subsequent cycles.
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Figure 6-2 | SEM characterization of PEDOT films before and after Li-O:

electrochemistry. SEM images of pristine PEDOT electrode before discharge (a), after one
discharge (b), one cycle (c), and five cycles (d). The free-standing PEDOT electrodes were
discharged and charged at 10 A cm ™ in Oz in a 0.1M LiClO4 in DME electrolyte. Scale bar =
500 nm.

To understand the stability of PEDOT, X-ray photoelectron spectroscopy (XPS) was used.
Although electrochemical reduction to superoxide and consequently peroxide can occur on the
PEDOT surface, these species are highly nucleophilic and can chemically attack PEDOT. Figure
6-3 shows C (1s), S (2p), and O (1s) spectra of the pristine PEDOT electrode and the electrode
after 1 discharge, 1 cycle (ending on charge), and 5 cycles (ending on charge). The S (2p) spectra
in Figure 6-3 show significant changes in the chemical environment of the S atom in PEDOT. As
cycle number increases, the fraction of the higher binding energy peaks at ~169 (S2p3.2) and
~170 eV (S2pi.) (relative to the original PEDOT peaks) increases. The shift to higher binding
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energy is due to sulfur atoms bound to a more electronegative atom like oxygen and those peaks
have been attributed to sulfone.'** Marciniak et al.'** have shown that the PEDOT S atom can be
attacked due to photooxidation and Verge et al.'®® have observed attack of the S atom in the
presence of hydroxyl radicals.'®> Superoxide and peroxide anions are strong nucleophiles like

hydroxyl, and may undergo similar reaction pathways with PEDOT (Figure 6-4).

O1s

Pristine

1 discharge

1 cycle

5 cycles

6 172 168 164
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6-3 | XPS characterization of PEDOT films before and after Li—O2 electrochemistry.
X-ray photoelectron spectroscopy (XPS) at the C (1s), O (1s) and S (2p) of a pristine PEDOT

electrode, after one discharge, one cycle (ending on charge), and five cycles (ending on charge).
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The XPS spectra corresponds to the SEM images displayed in Figure 6-2. Details of the XPS

deconvolution can be found in Table E-1.

The O (1s) spectra corroborate the observation in the S (2p) spectra. The fraction of the peak at
532 eV (compared to the total peak area) increases with cycling (Figure 6-5) and constitutes
further evidence of the formation of a sulfone functionality. In addition, the O/S ratio provides a
gauge of PEDOT oxidation because an increase in the ratio indicates oxygen external to PEDOT
has been incorporated on the PEDOT surface or chemical structure. After the first discharge,
Li>O: is observed as expected at around 531 eV in the O (1s) spectra'®® in Figure 6-3, and may
account for the high O/S ratio observed in Table E-2. However, with subsequent cycling that
ends on charge, the O/S ratio is still higher than that observed in the pristine electrode and
indicative of sulfone formation and oxygen-based DME decomposition species. The peak
increase at 289 eV in the C (1s) spectra was postulated to be due to the formation of
carbonyl/carboxyl groups on PEDOT or from DME oxidation or a shift due to the oxidized
thiophene ring.!®* As Figure 6-5 shows, the fraction of oxidized products in the O (1s), C (1s),

and S (2p) spectra increases with cycling.
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Figure 6-4 | Proposed Mechanism of PEDOT decomposition. Proposed mechanism for the
reaction of H2Oz (through possible reaction of Li2O» with ether electrolyte or residual water)
with PEDOT that leads to formation of sulfone functionality. Although we show the mechanism
with H202, Li2O> can possibly react with the same pathway. (b) Further reaction of the sulfone
that leads to loss of conjugation and diminished electron conductivity. The counter-ion for all the

negatively charged species in the schematic is lithium.
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In Figure 6-4, we propose a mechanism for PEDOT degradation where oxygen reduction
products from discharge and charge attack the partially positive S atom on the thiophene ring. A
sulfoxide unit results and further addition to the S atom leads to formation of sulfone. Other sites
on the PEDOT chemical structure can also be attacked as Verge et al.'®® show that OH radicals
can oxidize the C—S—C bond. The formation of the sulfone functionality on the PEDOT ring is an
irreversible chemical change, and has been shown to lead to cleavage of the polymeric chain and
a loss of conjugation.'®*'®> Conjugation across the polymer backbone is responsible for electron
conduction; therefore, the loss of conjugation decreases electronic conductivity, and may explain

the inability of PEDOT to sustain further oxygen reduction after the first cycle (Figure 6-1d).
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Figure 6-5 | Fraction of oxidation due to Li—O2 cycling. Fraction of oxidation products in the
XPS O (1s), C (1s), and S (2p) spectra for the pristine PEDOT electrode, electrode after 1
discharge, 1 cycle (ending on charge), and 5 cycles (ending on charge). These fractions
correspond to the XPS data in Figure 6-3. O (1s) fraction of oxidation = (532 eV peak area/ total
peak area); C (1s) fraction of oxidation = (289 and 290 eV peak area/ total peak area); S (2p)
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fraction of oxidation = (169 and 170 eV peak area/ total peak area). The S (2p) spectra for the
pristine has no peaks at 169 and 170 eV and has a “0” fraction.

6.4 Conclusions

In this work, we examined the performance of PEDOT as a stand-alone electrode in a Li-O;
battery. We show that the conducting polymer PEDOT can initially support Li—O discharge and
charge with the formation and oxidation of Li>Os respectively. However, after several discharges
and charges, irreversible changes occur on PEDOT that lead to the oxidation of the thiophene
ring and formation of sulfone, cleavage of segments of the polymer that lead to loss of
conjugation and electronic conductivity; these changes result in poor cycling behavior.
Therefore, the use of PEDOT is limited for binder or electrode use in Li—O» batteries.
Knowledge gained from this work should galvanize the Li—O2 community in developing new
electronic conducting polymers that avoid the susceptibility of PEDOT S atom oxidation and
loss of conjugation, and provide an alternative to the carbon and inorganic electrodes that have
been heavily studied so far. These findings are important in the search for new Li—O> electrodes,
of which electron-conducting polymers are an exciting prospect, and the physical insights related

to PEDOT decomposition are significant and urgent.
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Chapter 7

Summary and Perspectives
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7.1 Summary

In Chapter 2, we synthesized a silicon-tripodand solid state siloxane polymer and studied its
thermal and ionic conductivity properties as a function of lithium salt type and content.
Furthermore, mesoporous silica additive was added to reduce ion-ion interactions and modify the
glass transition temperature (Tg) and ionic conductivity. The siloxane polymer film was
incorporated into a Li—O; battery and shown to support discharge. However, we use nuclear
magnetic resonance (NMR) spectroscopy to show that the Si-O—CH> bond is unstable. To
understand what nucleophile is responsible for the instability, we make a chemical mixture of
Li20z (the desired Li—O; battery discharge product) with the siloxane polymer and show that

Li2O; can react with Si-O—CH: in the same manner as observed electrochemically.

Therefore, the chemical mixture of Li>O> with the polymer can serve as a proxy to understanding
polymeric stability in actual Li—O: cells. Instead of fabricating Li—O> cells to understand
stability, one could use chemical mixtures with commercial Li2Oz. In Chapter 3, we selected a
group of polymers that have been heavily studied for Li-ion and Li-air batteries. We showed that
two parameters seem to govern the instability of the polymers studied: (i) the presence of highly
electron-withdrawing/electrophilic functional groups on the polymer side chain, and (ii) the
presence of hydrogen atoms that are adjacent to the aforementioned electron-withdrawing
groups. Polymers such as poly(acrylonitrile) (PAN), poly(vinyl chloride) (PVC), poly(vinylidene
fluoride) (PVDF), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), and
poly(vinyl pyrrolidone) (PVP) are reactive and unstable in the presence of Li2O. On the other
hand, the polymers poly(tetrafluoroethylene) (PTFE), Nafion®, and poly(methyl methacrylate)
(PMMA) appear stable against nucleophilic Li2O: attack. The lack of labile hydrogen atoms and
the poor leaving nature of the fluoride group allows for the stability of PTFE and Nafion®, while
the methyl and methoxy functionalities in PMMA reduce the number of potential reaction
pathways for Li>O: attack in PMMA.

Since PEO and other smaller molecule ethers have been shown to be susceptible to auto-
oxidation and degradation in oxygen, the use of solid polymer electrolytes (SPEs) is limited.
Almost all SPEs depend on the ether functionality for ionic conduction. Therefore, this
necessitated a shift to gel polymer electrolytes (GPEs) that decouple mechanical stability and

ionic conductivity. In Chapter 4, we fabricated GPEs where PMMA provides mechanical
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stability, and an ionic liquid (IL)/lithium salt mixture provides ionic conductivity. We fabricate
free-standing flexible GPE films and show that the lithium/ionic liquid cation molar ratio in the
GPE modulates the thermal and ionic conductivity properties. Also, we show that when the Li/IL
molar ratio is > 1, low ionic conductivity and low discharge capacities are obtained. When 0 <
Li/IL molar ratio < 1, two discharge plateaus are observed where the first plateau at around 2.5 V
is a function of lithium ion content, and the second plateau is a function of ionic liquid cation
type. The first plateau is a 2 mol e /mol Oz reduction process and the second a 1 mol ¢ /mol O2
process. Our work was the first time this switching behavior was shown, and was only observed
using a GPE. When an ionic liquid/salt electrolyte is used without the polymer present, this
switching process is not observed. We used UV-Vis, electron paramagnetic resonance (EPR),
and X-ray photoelectron spectroscopy (XPS) to confirm the formation of ionic liquid-superoxide
complexes as the discharge product. Scanning electron microscope (SEM) indicates that these
complexes may be solid. To broaden the scope of the work, we fabricated non-aqueous cells that
incorporate tetrabutylammonium (TBA) salt to mimic the ionic liquid behavior in the GPE. In
Chapter S, we show that TBA dissolved in ether or dimethyl sulfoxide (DMSQ) with a lithium
metal anode can be used to support discharge and charge in Li—O: batteries without a lithium salt
present. Using X-ray diffraction (XRD) and Raman spectroscopy, we showed that Li>O- is the
discharge product despite the lack of dissolved lithium salt. Hence, the lithium ions originate
from the oxidized lithium metal anode. During charge, we show that the TBA-ether electrolytes
lead to a > 0.5 V reduction in charging overpotentials. In addition, we show that in contrast to
lithium salts, TBA electrolytes support Li>O> oxidation during charging. Finally, we use NMR
and quadrupole time-of-flight (Q-TOF) mass spectrometry to understand the charging process.
We show that during charging, electrochemical-induced transformation of TBA to tributylamine
occurs at > 3.55 V, and reaction with O or Li»O: leads to a tributylamine oxide intermediate that

reacts with and oxidizes Li20x.

In Chapter 6, we used a free-standing PEDOT polymeric electrode as the cathode for Li-O>
batteries, and show for the first time that PEDOT can support oxygen reduction in a non-aqueous
setting to form Li>O». Because we have free-standing PEDOT films that do not contain
polystyrene sulfonate (PSS), we used XPS to show that sulfone functionalities form on the
PEDOT backbone with increased cycling. PEDOT degradation may lead to chain cleavage that

hampers electron conductivity and lead to poor cycling.
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7.2  Perspectives

In Chapter 3, although we developed a screening procedure to understand the chemical stability
of polymers by using chemical mixtures of polymer and Li>O2, more work could be done on
understanding the effect of polymer molecular weight, polymer morphology (e.g., crosslinked
network, block copolymer) on the rate of reaction with Li2Oz. Could polymeric structures where
vulnerable functional groups are hidden in a core-shell like morphology reduce side reactions?
The work in Chapter 3 was done at room temperature and in an inert atmosphere. The influence
of temperature, oxygen, and superoxide (KO;) was not explored, and can provide insight
especially for polymers deemed to be stable. For example, poly(methyl methacrylate) (PMMA)
was found to be stable in contact with Li>O2 at room temperature. However, we found that
adding KOz to a PMMA/ Li;O; mixture and performing the reaction at 60 °C leads to

decomposition.

Furthermore, experimental screening procedures can be time consuming. Therefore,
computational tools such as density functional theory (DFT) will be vital. DFT could be used to
compute activation energy barriers, reaction free energies, deprotonation energies as a function
of functional group type and molecules of interest that are attached to a polymeric chain.
Knowledge/trends obtained using computational tools can then be verified experimentally. Some
of the molecules determined to be stable may not be commercially available. Hence, more
synthetic chemists are needed to join the Li—O2 community to fabricate new compounds and

polymers.

The gel polymer electrolyte (GPE) system discussed in Chapter 4 showed the ability to use the
electrolyte to control the discharge and charge process in Li—O; batteries. The ability to decouple
mechanical stability from ionic conductivity in GPEs increases the number of polymers that can
be studied. However, more stable ionic liquids (or small molecules) and polymers are needed.
The oxygen solubility and lithium ion conductivity/diffusivity of ionic liquids also need to be

improved. These improvements can lead to an increase in current rates and discharge capacities.

Despite the focus of my work on polymeric systems, the development of inorganic ionically-

conductive ceramic membranes is vital. These membranes can be chemically stable against
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peroxide and superoxide attack. However, their stability in contact with lithium metal needs to be
improved; although an ionically conducting polymer can be used at the anode-ceramic interface.
Deposition tools such as atomic layer deposition (ALD) and pulsed laser deposition (PLD) can
also be used to reduce the interfacial resistance and improve kinetics and transport across the

cell.

Knowledge gained from this thesis can be used in other battery chemistries. For example, the
siloxane polymer studied in Chapter 2 has room temperature ionic conductivities greater than
the ubiquitous PEO at room temperature. Although, we show the siloxane polymer to be unstable
in Li—O2 because of the labile Si-O—CH: and ether linkages, the Si~O—CH2: can easily be
changed to Si—~CH>—O—CHa, and the lack of mobile superoxide and peroxide species in lithium-
metal, lithium-ion, and silicon-anode batteries etc. can lead to elimination of flammable and

unsafe volatile electrolytes currently used.

My PhD thesis sought to accomplish two things: 1) Develop new materials (polymers, additives)
for lithium-air batteries, and 2) Study the performance and reaction mechanisms of Li—O>
devices incorporating these materials, and the degradation pathways the materials can undergo.
Coupling fundamental understanding with material selection can empower the design of next

generation Li—O> batteries.
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Table A-1. Average ionic conductivity of the silicon tripodand films as a function of LiTFSI salt
content and silica content. All the silica-containing films have 10 wt% LiTFSI.

Average lonic Conductivity (S/cm)

LiTFSI salt wt% 80°C 60 °C 50°C| 40°C 25°C
10 2.0E-04 | 1.3E-04 | 9.0E-05 | 7.3E-05 | 4.6E-05
15 2.7E-05 1.6E-05 | 1.2E-05 | 8.7E-06 | 5.8E-06
20 1.6E-05 | 9.6E-06 | 7.7E-06 | 5.2E-06 | 3.2E-06
Average Ionic Conductivity (S/cm)

Silica wt% 80°C| 60°C 50°C| 40°C 25°C

0| 2.0E-04 | 1.3E-04 | 9.0E-05 } 7.3E-05 | 4.6E-05

2| 2.0E-05 | 1.1E-05 | 8.9E-06 | 6.5E-06 | 4.0E-06

8 | 3.0E-05 | 2.0E-05 | 1.4E-05 | 6.9E-06 | 6.5E-06
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Table A-2. Glass transition temperatures obtained from Differential Scanning Calorimetry
(DSC) measurements as a function of LiTFSI salt content and salt content. All the silica-
containing films have 10 wt% LiTFSI.

LiTFSI salt wt % | Tg (°C)
10} <-90
15 —83
20 —74

Silica wt% | Te (°C)
o] <90
2 —74
4 -80
8 —84
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Figure A-1. '"H NMR characterization of polymethylhydrosiloxane (PMHS), tris(2-
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methoxyethoxy)(vinyl)silane and the synthesized product (Si-tripodand). '"H NMR (400 MHz;
CDCls; residual CHCIs reference)
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Figure A-2. DSC spectra of 15 and 20 wt% lithium triflate and LiTFSI where the Si-trip/triflate

films lead to glass transition temperatures greater than the Si-trip/LiTFSI films at similar salt
concentrations.
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Figure A-3. Differential Scanning Calorimetry (DSC) spectra of siloxane/salt films as a function
of lithium triflate content and silica content.
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Figure A-4. Comparison of discharge capacities as a function of current rates for both solid-state

Si-tripodand films, and for a 10 wt% lithium triflate salt dissolved in a Si-trip oligomer.
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Table A-3. Calculations used to determine reactant and catalyst amount needed for Si-tripodand

synthesis.

PMHS repeating group

Molar ratio

Mass of PMHS (g)
Moles of PMHS
Moles of Vinyl
Mass of vinyl (g)
Volume of vinyl

Volume PMHS (mL)
Karstedt catalyst (ulL)

Catalyst amount in product (g)
Catalyst amount (ppm)
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60

Vinyl_silane:PMHS
1.2

10
0.166666667
0.2

56.078
54.23404255

9.940357853
15

0.0002565
3.881776083

MW of vinyl silane
Density of vinyl
(g/mL)

PMHS density (g/mL)
Catalyst density
(8/mL)

Pt wt% in catalyst

280.39

1.034
1.006

0.855
0.02
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Table B-1. Properties of the polymers studied in this work.

Polymer Abbreviation Mw Tg (°C) Tm (°C)
ref. [73]) ref. [7]

Poly(acrylonitrile) PAN 150,000 125 317
Poly(vinylidene fluoride) PVDF 180,000 —40 171
Poly(vinylidene fluoride- PVDF-HFP 400,000 -90 135
co-hexafluoropropene)
Poly(vinyl chloride) PVC 233,000 85 —
Poly(ethylene oxide) PEO 100,000 —64 65
Poly(methyl methacrylate) PMMA 120,000 105 —~
Poly(vinyl pyrrolidone) PVP 10,000
Poly(tetrafluoroethylene) PTFE — 321
Nafion® - 1100
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Figure B-1. FTIR plot of the mixture of Li2Oz and DMF. These peaks do not interfere with the
polymeric peaks of interest.
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Figure B-2. UV-Vis spectra of the Nafion mixture with Li»O» before (a) and after (b) the CTRL
data was subtracted from the Nafion data. The (a) data was as obtained from the UV-Vis
spectrophotometer. The Nafion:Li2O; mixture was recorded after 456 hours of stirring. No peaks

due to soluble decomposition species were present in the UV-Vis spectra (Figure B-2a) for

Nafion at an even much longer time frame than that used to study the hydrohalogenated
polymers (PVC, PVDF, and PVDF-HFP). The increase from ~300-500 nm in the Nafion:Li20:

spectrum (Figure B-2b) is an artifact of the subtraction process because the Nafion CTRL data in
Figure B-2a was below zero for that wavelength range. As described in the Experimental section,
the Nafion:Li»O2 was filtered before performing UV-Vis to avoid interference from Li,O2

particles.
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Figure B-3. (a) 'H NMR (400 MHz; DMSO; MesSi), (b) FTIR, and (¢) UV-Vis plot of the
poly(vinyl pyrrolidone) (PVP) reaction with Li>Ox. Inset in (b) shows the clear and transparent
PVP solution, and the characteristic yellowish color of the PVP solution after mixture with
Li20,. The disappearance of the peak at =3.33 ppm (attributed to H>O present in deuterated
DMSO) is most likely due to a reaction between water and lithium peroxide.
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Figure B-4. "H NMR (400 MHz; DMSO; MesSi) spectra of the mixture of LizO2 with DMSO.

This was used as a control for the NMR experiments. *It does appear that Li2O> reacts with

DMSO, increasing the concentration of water (6=3.33 ppm), an occurrence previously postulated

by reference [*]. Also, the TMS appears to be affected by the presence of Li>O, leading to

satellite peaks at =0 ppm.
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Discussion on Jung, K.-N., Lee, J.-1., Jung, J.-H., Shin, K.-H. & Lee, J.-W. A quasi-solid-state
rechargeable lithium—oxygen battery based on a gel polymer electrolyte with an ionic liquid.
Chemical Communications 50, 5458-5461 (2014)

Jung et al. fabricated a PVDF-HFP/Pyr14TFSI/LiTFSI gel polymer electrolyte by dissolving
PVDF-HFP, LiTFSI, and Pyr14TFSI in N-methyl pyrrolidone (NMP). The films were cast on a
Teflon mold and vacuum-dried at 70 °C. NMP is a non-volatile solvent with a boiling point of
202 °C. As they report, PVDF-HFP is semi-crystalline, and it is known that crystallinity in
polymer electrolytes hinders ionic transport. However, they report an ionic conductivity of
PVDF-HFP-LiTFSI electrolyte (without ionic liquid) to be 1.6 x 10 S/cm at 30 °C.
Conductivities as high as 107 at low temperatures for PVDF-HFP-based electrolytes have only
been reported in the presence of small molecule solvents (refs '” and '7° ). Furthermore, for a
PVDF-HFP polymer immersed in EC/DEC solvent, the ionic conductivity at low solution ratios
approaches 107 S/cm at 10 % solution (ref. '"). Therefore, NMP must be present in the PVDF-
HFP-LiTFSI films studied by Jung et al. leading to high ionic conductivities (without ionic
liquid). Since the same procedure is used for the fabrication of the PVDF-
HFP/Pyr 14 TFSI/LiTFSI films, we expect the NMP impurity to be present also. Therefore, NMP
(in addition to Pyri4TFSI) helps with ionic conduction, and may inadvertently affect the
discharge and charge behavior of the reported Li—O2 cells.

—— Pristine

e i, g

2.9 28 27 26 25 24 23 22 21 20 19 18 17
5 (ppm)

Figure C-1 | NMR of pristine GPE film. '"H NMR (400 MHz, CDCls) spectra of a pristine GPE
film (Li*/Pyr" = 0.6) soaked in deuterated chloroform for at least one night. The liquid is then
used for 'H NMR. Chloroform and acetonitrile (solvent used for GPE film fabrication) are
miscible. The lack of a peak at 8 = 2.10 ppm shows that no acetonitrile impurity is present in the
GPE films studied in our work.
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Ionic conductivity measurements

Ionic conductivity measurements were made by sandwiching the GPE between two 15 mm
stainless steel disks (Stainless steel disk | GPE | Stainless steel disk). The setup was heated at 60
°C for 10 hours before electrochemical impedance spectroscopy (EIS) measurement was
performed. This exact setup was allowed to rest at room temperature for 5 hours before the 25 °C
data point was collected. The thickness of the GPE film was determined after the EIS
measurements were completed. This is because the GPE film flows during heating, leading to a
different thickness before and after heating. The thickness after heating is the true thickness
contributing to ionic conductivity, and is used for the calculations. The thicknesses listed below
are not the typical thickness of free-standing films which are 350-400 pm.

EIS measurements were performed in the frequency range of 1 MHz to 0.1 Hz with a signal level
of 10 mV. 15 mm was used as the film diameter.

Table C-1. Ionic conductivity of different GPE formulation at 60 °C and 25 °C.

Li*/Pyr* molar ratio | Thickness (mm) Ionic conductivity Ionic Conductivity
(S/em) @ 60 °C (S/em) @ 25 °C

0 0.096 1.6 x 10 1.0x 107

0.25 0.041 72x 107 1.2x 107

0.6 0.057 4.7x107° 23x10°

1.0 0.075 29x107° 1.4x10°6

1.5 0.189 8.0x10° 2.4x107

Table C-2. Typical GPE weight percentages for different Li salt/ionic liquid molar ratios.

Li*/Pyr’ molar ratio | PMMA (wt%) LiTFSI (wt%) PyriuTFSI (wt%)
0 375 0 62.5

0.25 30 10 60

0.6 30 20 50

1.5 29.4 353 353

Li*/EMI" molar ratio | PMMA (wt%) LiTFSI (wt%) EMITFSI (wt%)
0 375 0 62.5

0.6 28.4 21.9 497

1.5 28.4 34.0 375
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Figure C-2 | X-ray photoelectron spectroscopy (XPS) of pristine and after one discharge.
XPS data chronicling the change in the Cls, N1s, and Ols in the pristine (i-iii) and after 1
discharge at 10 mA g™' using a CNT electrode (iv—vi). This spectra corresponds to a different
location of the same sample examined in the XPS figure in Chapter 4 (Figure 4-5). The pristine
electrode involves sandwiching the CNT electrode with a GPE Li*/Pyr” molar ratio = 0 and
heating at 60 °C. When a chemical reaction occurs—and not a complexation—there is the rise of
an alkene peak in the Cls spectra at B. E. =291 eV and a reduction in the cationic N1s peak
(compared to the TFSI anion N1s peak). The observed changes in the N1s spectra are different
for a reaction versus a complexation. This XPS observation corroborates the work by Schwenke
et al.'"> that reports alkene formation and opening of the Pyr* cation ring, which should lead to a

reduction in the cation N1s peak.
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Figure C-3 | Cycling profiles using different GPE formulations (with Li*/Pyr" and
Li*/BTM") with different electrodes. Cycling using a GPE Li*/Pyr” molar ratio of 1.5 (a), GPE
Li*/Pyr” ratio of 0.6 with a discharge cutoff voltage of 2 V (b), and GPE Li*/Pyr" ratio of 0 (¢)
with a Vulcan carbon/PMMA electrode (4:1 mass ratio) at 10 pA cm2; d, Cycling using a GPE
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Li*/Pyr* molar ratio of 0 with a TiC electrode at 12.4 pA cm™2. Cycling with a Vulcan
carbon/PMMA electrode (4:1 mass ratio) at 10 pA cm ™2 using a Li*/BTM" molar ratio of 0 (e)
and 0.6 (f). Cycling performed at 60 °C and current rates based on geometric surface area. The

Vulcan carbon cycling behavior is similar across the different ionic liquid-based GPEs.
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Figure C-4 | Electrochemical Impedance Spectroscopy (EIS) study of reversibility. a,
Cycling using a GPE Li*/Pyr" molar ratio of 1.5. b, EIS spectrum corresponding to the cycled
cell in (a). Li20z is a known insulator with a 4.8 eV bandgap.'” After the first discharge, the
resistance increases, and is eliminated after first charge. The reversible formation and oxidation
of these resistive species mirrors the reversible formation and oxidation of Li02.'” Other
resistive species such as Li2CO3 and LiOH require much higher oxidation potentials and show
poor reversibility with longer cycling.**'™ Electrode: 70wt% Vulcan carbon, 15wt% lithiated
nafion, 7.5wt% LiTFSI, and 7.5wt% Pyr14TFSI on carbon paper.
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Figure C-5 | Spectroscopic characterization of GPEs after electrochemical analysis. a, 'H
NMR (400 MHz, CDCl3) of different GPE films before and after cycling. The pristine spectra in
the '"H NMR corresponds to a GPE molar ratio of 0.6, the Li*/Pyr" = 0 corresponds to the GPE
film after cycling (Cycling spectra in Figure C-3d), and the Li*/Pyr" = 0.6 corresponds to the
GPE film after 3 cycles with a TiC electrode (All cycles are at 6.2 pA cm ™2 except for the 1%
charge at 3.1 pA cm2). The small peaks at § = 2.8 — 2.9 after cycling could be decomposition
products or impurities; b, FTIR spectra corresponding to pristine (GPE Li*/Pyr" molar ratio of
0.25) and cycled GPEs, where the cycling spectra for Li"/Pyr" = 0.25 is in Figure 4-10 and the
Li*/Pyr” = 1.5 cycling spectra is in Figure C-4. The GPE films (before and after discharge) were
soaked in CDCl; overnight. The solution was then taken for '"H NMR.
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Figure C-6 | Cycling behavior of non-aqueous Li—O2 cells to mimic GPE Li—O:2 behavior.
Five cycles for a system containing 0.1M TBACIO4 with an anion exchange membrane (AEM)
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resent at 3.94 cm 2 at room temperature. Current rates based on geometric surface area. The
p p

configuration of the Li—O; cell is in Figure 4-12a in Chapter 4.

Electrochemical analysis for Pyr-based GPEs

Assuming a 1:1 molar stoichiometry of Pyr'~0,"", and utilizing the amount of capacity obtained
at the plateau at 1.9 V, the average fraction of the Pyr” used in the cell is computed. To
determine the amount of Li used in the cell, a 2 mol e /mol Oz was utilized.

Li*/Pyr* Average fraction of | Average fraction of Mol superoxide
molar ratio | Li" used in cell Pyr" used in cell

0 N/A 0.25 3.0x107°

0.25 0.21 0.24 41x107

0.6 0.131 0.25 3.5x107°

1.5 0.0122 0.0018 1.7x 1077

Within regimes where the ionic liquid-superoxide complex forms, the cell capacity should be
dictated by the ionic liquid concentration in the electrolyte. Assuming a 1:1 molar stoichiometry
of Pyr™:0;", only 25-30 % of the ionic liquid is utilized for complexation before ‘sudden death’
occurs in the cell. In conventional non-aqueous systems, ‘sudden death’ is a function of pore
blockage due to Li2O> accumulation and eventual electrical isolation of the electrode because of
insulating Li>0.!”> Formation of the cuboid ionic liquid-superoxide complexes appears
responsible for the observed ‘sudden death’ when they clog the available pores. It is also possible
that only 25-30 % of the ionic liquid is accessible to the electrode, and capacities could be

limited by the diffusivity of superoxide into the ionic liquid.
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Electrochemical analysis for TBA-based non-aqueous cells containing an anion-exchange
membrane

The below acronyms explain the legend of Figure 4-12b in Chapter 4 and shows the
configuration of the Li—O: cell. All salts were dissolved in diglyme. About 90 uL of electrolyte
was used in the cells.

Li, no membrane = (Li metal | 0.1M LiClOg4 | Celgard C480 | 0.1M LiClO4 | Carbon paper)

TBA, no membrane = (Li metal | 0.1M TBACIO;4 | Celgard C480 | 0.1M TBACIO4 | Carbon
paper)

Li, TBA, no membrane = (Li metal | 0.1M LiClO4 | Celgard C480 | 0.1M TBACIO4 | Carbon
paper)

Li, membrane = (Li metal | 0.1M LiClOs | Celgard C480 | AEM | Celgard C480 | 0.1M LiClO4 |
Carbon paper)

TBA, membrane = (Li metal | 0.1M TBACIO4 | Celgard C480 | AEM | Celgard C480 | 0.1M
TBACIO; | Carbon paper)

Mol of TBA | Capacity Mol of Fraction of
added (Ah) superoxide TBA used
6x10° 5x107° 1.9x10° 0.31

A 1:1 molar stoichiometry of TBA™—O," was assumed, and the capacity used for the calculations
was obtained from Figure 4-12b in Chapter 4. It is also assumed that the TBA available for
complexation is the TBA added after the AEM and in contact with the electrode. Of the 90 L.
electrolyte solution in the Li—Oz cell, 60 pL. was added after insertion of the AEM. Therefore,
only 6 x 10 mol of TBA is available for complexation.

The fraction of TBA™ used is very similar to the fraction of Pyr" utilized for superoxide
complexation.
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Table D-1. Theoretical calculations to determine how much TBA is consumed during each
charge and how many cycles are needed to completely consume TBA. This assumes a 1 electron
decomposition pathway as proposed by Finkelstein et al.'¥

0.05 mAh « —2 C_3600s _mol . ey 10-5mol TBA per ch t
. * * * = 1. .
ALY 1000mA 14-s 1k 96485C mo per charge step
TBA concentration 0.1 M
Volume in cell 120 pL
Amount of TBA present 1.20 x 107> mol

Charge capacity in one cycle | 0.05 mAh
(5 pA for 10 hours)

Amount TBA consumed 1.87 x 10® mol
Cycles needed to consume all | 6.45
T'BA present

Table D-2. Integration of NMR data from Figure 5-7 in Chapter 5 detailing the changes in the
TBA structure and the increase of decomposition species after cycling due to TBA oxidation at
3.55 V. The Argon cell was cycled five times while the Oz cell was cycled fifteen times. 0.1 M
TBA in DME was used as the electrolyte with a lithium metal anode and a carbon paper cathode.

Region Pristine TBA Cycled in Argon | Cycled in Oz
1.68 — 1.45 ppm 1.0 1.0 1.0
2.35-2.25 ppm 0.01 0.18 0.16

0.976 —0.780 ppm | 1.45 1.75 2.25
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Figure D-1. Cycling performance of a Li-O; cell with a 0.1 M TBACIO4 or a 0.1 M LiClO4 in
DMSO electrolyte in oxygen at 3.95 pA/em? to a 0.0395 mAh/cm? cutoff. Li—O2 cell setup: Li
metal | 0.1 M TBACIO4 or 0.1 M LiClO4 in DMSO | carbon paper. (Bold lines) — First cycle;
(Dashed lines) — Fifth cycle
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Figure D-2. XRD spectra after holding a Li2O2 preloaded electrode at 3.9 V for 100 hours in a
0.1 M TBACIO4 in DMSO electrolyte. Dashed lines are where the (100), (101), (102), and (004)
Li,0O; diffraction peaks should be (left to right). Li—Oz cell set-up: Li metal | 0.1 M TBACIO4 salt

in DMSO | Vulcan carbon + Nafion + Li2O2 on aluminum foil.
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Figure D-3. Remnant of Li20> particles (circled) after a Li2O2-preloaded electrode was held at
3.9 V for 100 hours in a 0.1M TBACIO4 in diglyme electrolyte. The electrochemistry is located
in Figure 5-4. The large holes in the electrode are where Li2Ox particles used to be before their

oxidation.

4.4
4.0.
3.6
3.2]
2.8
2.4
2.0
1.6
1.2

Voltage (V)

—ath

0.1M LiCIO,

Argon

000 001 002 003 0.04

Capacity (mAh/cm?)

Figure D-4. Cycling using 0.1 M LiClO4 in DME at 3.95 pA/cm? to 0.0395 mAh/cm? in argon.
The observed reduction plateau may be due to dissolved oxygen in the solvent. However, the
discharge capacity fades quickly with cycling. Li—O> cell setup: Li metal | 0.1 M LiClO4 in DME

| carbon paper.
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Figure D-5. (a) Cycling of a Li-O2 cell in oxygen at 3.95 pA/em? to a 0.0395 mAh/cm? cutoff
using a 0.1 M TBACIO; in DME electrolyte. This cycling data corresponds to the NMR data
shown in Figure 5-7. (b) Zoomed-in image of (a). Li—Oz cell setup: Li metal | 0.1 M TBACIO4 in

DME | carbon paper.

Figure D-5b shows that the voltage begins to deviate from the rest by the 7% cycle. One cannot
easily distinguish the 1% to 6 charge steps, but it is easy to see the 7" charge step. The voltage
begins to increase by the 7" cycle, and is very close to the expected complete consumption of
TBA by 6.45 cycles (Table D-1). More discussion can be found in Chapter 5.
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Figure D-6. 'H NMR spectra of (i) a pristine tetrabutylammonium perchlorate sample and (ii)
after mixture with Li2O2 and KO for three days. DMSO-d6 was used as the NMR solvent with
residual DMSO in DMSO-d6 (‘H-DMSQO’) used for spectra calibration. HDO originates from the
NMR solvent.

176



|
_Tributylamijne

7

. _.Decene

Intensity (a.u.)

20 (degrees)

Figure D-7. XRD spectra of a Li>O; preloaded electrode after being held in either pure
tributylamine or decene at open-circuit potential for 200 hours. The dashed lines represent Li>O2
diffraction peaks, and this data shows that Li2O> remains after prolonged exposure to these
molecules.
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Figure D-8. '"H NMR spectra of (i) a pristine tributylamine sample and (ii) after mixture with
Li0: for three days. DMSO-d6 was used as the NMR solvent with residual DMSO in DMSO-d6

(‘H-DMSQ”) used for spectra calibration. HDO originates from NMR solvent.

178



L L L 3 g B 38
a =R onE S -
h g | Y \
e
f
C
'H NMR; 400 MHz; DMSO-d6; H-DMSO
r d’
? tﬂt HDO Dvlsoj
N
s s PR ) " pm1

Figure D-9. "H NMR spectra after a mixture of decene with Li;O: for three days. DMSO-d6 was

used as the NMR solvent with residual DMSO in DMSO-d6 (‘H-DMSQO”) used for spectra

calibration.

a O O

\N+/ al DVLSO o

Pl
'H NMR; 400 MHz; DMSO-d6; H-DMSO

TMAO + Li,O, | LuJ_\
Trimethylamineoxide (TMAO) | l k
S 3 e

Figure D-10. "H NMR spectra of a pristine trimethylamineoxide (TMAO) sample and after
mixture with Li>O: for three days. DMSO-d6 was used as the NMR solvent with residual DMSO

in DMSO-d6 (‘H-DMSO”) used for spectra calibration.
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W\‘ Chemical Formula: CgH,4N
N Molecular weight: 143.27

r\/ ~
Figure D-11. Possible molecule that may correspond to the unassigned m/z values obtained in
Figure 5-9 in Chapter 5.
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Table E-1. O (1s), C (1s), and S (2p) X-ray photoelectron spectroscopy (XPS) values obtained
from pristine PEDOT films, after 1** discharge, after 1 cycle (ending on charge), and after 5
cycles (ending on charge).

Ols
Position (eV) | FWHM | Area/(RSF*T*MFP)
Pristine 533.53 | 1.775 131.4
531.11 | 1.368 7.9
1 533.15 2 218.2
discharge 531.63 1.5 95.8
1t 533.51 2 102.1
charge 53234 | 1.691 160.7
5t 533.73 2 84.0
charge 53249 | 1.813 181.5
Cls
Position (eV) | FWHM | Area/(RSF*T*MFP)
Pristine 285 1.2 377.0
286.09 1.6 630.7
287 | 1.641 508.2
288.55 | 1.456 30.9
289.72 2.48 27.2
1o 285 1.29 608.9
discharge 286.29 1.6 442.3
287.4 1.8 115.1
288.8 | 1.466 69.7
2901 1.849 87.4
1 285 1.2 378.2
charge 286.14 1.6 437.1
287 | 1.752 293.1
289.02 | 1.573 161.5
290.17 2 56.6
5th 285 | 1235 392.
charge 286.11 | 1.597 352.1
287 | 1.669 315.0
288.99 | 1.538 150.0
290 | 1.704 59.7
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S2p

Name Position (eV) | FWHM | Area/(RSF*T*MFP)
Pristine | S 2p3/2 163.99 | 1.063 46.1
S 2p1/2 165.15| 1.063 23.0
S 2p3/22 165.44 1.5 19.2
S2pl22 166.6 1.5 9.6
I S 2p3/2 163.7| 1.066 21.1
discharge | § 2p1/2 164.86 | 1.066 10.5
S2p3/22 165.48 1.5 10.7
S2pli22 166.64 1.5 5.3
S 2p 169.15 2 6.0
S2p 170.31 2 3.0
1 S 2p3/2 163.91 | 1.066 22.0
charge [ g2p12 165.07 | 1.066 11.0
S 2p3/22 165.5 1.5 10.3
S2pl/22 166.66 1.5 5.2
S 2p 169.22 | 1.523 18.4
S 2p 170.38 | 1.523 9.2
5t S 2p3/2 163.86 | 1.072 18.5
charge | §2p1/2 165.02 | 1.072 9.2
S2p3/22 165.29 1.5 10.3
S2pli22 166.45 1.5 5.1
S2p 169.19 | 1.574 21.5
S 2p 17035 | 1.574 10.7

Table E-2. This table was used to make Figure 6-5 in Chapter 6. The values were obtained using

the area values in Table E-1.

C (Is) 0 (1s) S (2p) O/S ratio
Pristine 0.04 0.06 0 1.4
1% discharge 0.12 0.31 0.16 5.5
1% charge 0.16 0.61 0.36 3.4
5™ charge 0.17 0.68 0.43 3.5

The ratios in the table were obtained as follows: C (1s) = (Area at 288.9 + Area at 290 eV)/ total
C (1s) area; O (1s) = Area at lower energy level (531 or 532 eV)/ Total area; S (2p) = (Area at
169 + area at 170 eV) / total S (2p) area; O/S ratio = total O (1s) area / total S (2p) area.
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