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The LiO2 electrochemical redox couple is one of the prime candidates for next
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cyclability due to parasit side reactionsFortunately, recent LD, research has shown some
success in improving the performance and cyclability of theseatbodes by shifting toward
nanostructured architectures with catalytic functionalizations.

Atomic layer deposition (ALD) is one of the most promising enabling technologies for

fabricating these complex heterostructures. Offering precise control of film thickness,



morphology, and mass loading with excellent conformality, this vppase deposdn
technique is applied in this work to deposit thin film and particle morphologies of different
catalyst chemistries on mesostructured carbon scaffolds.
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of first galvanostatic charge/dischargeofile with a 20pA total cell current for sponges loaded with
catalyst. Despite little difference in ORR behavior, Ru exhibits significantly lower charge voltage for full
(o= 10z (o014 V20 (701 VL=T Y2 41
Figure 34: Galvanostatic cycle performance of MWCNT@Ru cathode. A) Overlay of select cycle profiles
under capacit and voltage limited conditions (2,130 mAhghonWith a current of 70mA Harvor). Profile
shows stable cycling until failure during the"fischarge due to voltage limitation. B) Reclosing the
cathode in a new cell resulted in recovery of the eywlofile after the 2% charge, as shown on the

right, for up to 40 cycles. C) Cycle profile overlay for cathode cycled at higher current density. D)
Discharge capacity for cathode cycled in C is maintained for over 300 cycles............................43
Figure 35: Mass spectroscopy headspace sampling of MWCNT/Ru cell fths@farge (premature

cell failure requiring anode replacement). The primary component en@ there are barely detectable
levels of C@which in previous works has been used to indicat€Qithe presence on the cathode as a
result of parasitic sidesactions!!® The lack of a clear reason for failure encouraged us to replace the
AN0dE aNd rESUME tESHING........iiiiiiiiiiiiiiie et e e e e e e e e e e eeeeeaaaeeeaeeaeesasaassaaaaensannarereerrssrssseneenes 44
Figure 35: Survey scans of the first discharge and charge of a Ru functionalized MWCNT cathode. The
spectra are normalized so that the C 1s pdakee the same intensity, highlighting the relative change

of the O and Li peaks. The peak heights are proportional to the total amount of each element. Inset: C :
O : Li atomic ratios calculated using photoelectron Cross SeCLiQNS..............uuvverierreeeeerieeeeeeeeeaeenn 46
Figure 36: A systematic comparison of the high resolution C 1s/ Rub3d@als (c,d), and Li 1s (e,f) XPS
peak regions for the first discharge and charge of a Ru functionalized cathode. All spectra are normalized
to the same arbitrary peak intensity to highlight changes in peak shape and location, though the
absolute quantites change significantly (Fig 35 inset). Peak locations for (a) and (b) can be found in the
text. Some peaks in (b) shift slightly relative to (a), possibly due to small amounts of differential
charging. Explicit peak fitting was not attempted for (c), (€), and (f), though locations of possible
species are highlighted, with locations based on either measured standards (LiOz)Sbr literature

Ve (VT G Lo =T 6 ) et R 46
Figure 37: High resolution XPS spectra of the (a) Li 1s and (b) O 1s of commercially ay@ilable Li
powder. The spectrare calibrated by placing the C 1s hydrocarbon peak at 284.8 eV................ a7

Figure 38: High resolution C 1s / Ru 3d spectrum of a Ru functionalized cathode aftel terfe

cycle (see Figure 34). The charge spectrum from a different cathode after a single charge (Figure 36b) is
almost identical. The Ru peaks can no longer be clearly resolved into metallic and oxide components,
but the primary Ru 3d j=5/2 intensity ciemed at 280eV suggests the catalyst is still at least partially
123 7= 1o 48

Figure 39: TEM image of the MWGRIT cathode after thesicharge (left) and the 40th charge cycle

(right) showing the surface film remaining on the cathode with underlying and intact Ru catalyst9

Figure 40: TEM image of MWGRII cathode aftersldischarge showing interfacial layer and the

presence of ~1.5nm spherically shaped deposited particles, mainly on the Ru surface. It seems likely that
these patrticles are primarily composed afkibased on the XPS analysis because the only significant
difference between the spectra for charged and discharged cathodes can be attributed to the presence
of LbO,. Though those deposited species disappear upon charging of the cathode (Figure 39b) the
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amorphous SEI stays on its surface without noticeable changmrphology (e.g. or composition as

(01010 1 0 ) 2 o PR 50

Figure 41: High resolution F 1s and S 2p spectra from a Ru functionalized MWCNT cathode after a single
dischargecharge cycle. The F 1s shows a small amount of formed LiF, possibly from TFSI decomposition.
This amount of LiF was consistent across mtsaity all samples tested. The S 2p shows a peak at a

slightly lower binding energy than the main TFSI peak, which would nominally be associated with a more
reduced sulfur species. This feature is again consistently observed and does not grow aftéesl0 cyc

The S intensity at ~163 eV was a feature observed on all samples loaded into the XPS during a particular
time, and has been identified as slight contamination from an unrelated outgassing S loaded sample
stored in the same VaCuumM CRamMDET... ... e e e e e e e e e e e e e eneeaas 50

Figure 42: Raman spectrum of pristine;i@wder (left) showing strong peak at 1142¢émhich can be
attributed to the O=0 stretch. KO2 powder aged in air shows evolution of multiple peaks......... 56

Figure 43: FTIR and Raman spectra for limit of detection of mol% HMBMSO. The measured limit

of detection is ~0.05 mol% for FTIR and 1% for Ramendiaated by the onset of the symmetric SO

Y =1 (o Y= I I el o TSP UPRRPPRROPPI 56
Figure 44: Raman spectrum of electrolyte after 14 days of rest within a discharged cell. No signal at 1142
cm! suggests oxidation of DMSO is below detection limits or Not Present...........coceeevvveeveeeenenn. 57

Figure 45: SEM (left) and TEM (right) images ofPALddated carbon nanotube sponge used as a
cathodefor extensive cycling to probe DMSO stability over long cycles (80 hrs round.trip)........58
Figure 46: Cyclic voltammetry of pristine sponge cathoéleytle shown) compared to CNT@Pt

cathode (fourth cycle shown). As obtained, the onset potentials for ORR are higher for the eatalyst
loaded cathodes, suggestieghanced activity which agrees well with the report on catalytic trends for
ORR&Y The more prominent improvement in activity is observed during the oxygen evolution reaction,
with significant increases in current obtained at much lower onset poteati@lompared to the pristine

YT 1 58
Figure 47: Raan spectrum of electrolyte sample from CNT@Pt showing no detectable levels of DMSO2
0 $\sop- Shown with 20 mol% DMSO2 in DMSO for COMPAKISON........c.ueviiiiiieiiiiiiee e 59

Figure 48: Figure 4. XPS spectra afagived Li202 powder (a,c,e) and Li202 powder immersed in

DMSO for over 2 months at room temperature (b,d,f). (a) daémpare the C 1s region with peak

fitting, and (c) and (d) compare the O 1s region with peak fitting. (e) and (f) show a wide energy region
(0- 600eV) which contains the O 1s, C 1s, S 2p, and Li 1s peaks. The numbers next to each peak reflects
the calcliated atomic percent composition of each sample. The insets show high resolution data from

the S 2p regions. Thesgales of all graphs are normalized to approximately the same size to highlight
differences in peak shape, except for the insets in (e) §ndhich have the same-scale to highlight

(ol g = TaTo [T T I [0 = 1SR 60
Figure 49: XRD obOp aged in DMSO for two months showing no indication of decomposition to LioH or
O PP PPPRP PP 61

Figure 50: FTIR obQ aged in DMSO for seven months showing no indication ofation to DMSQ@ 62
Figure 51: Plot of capacity waltage during linear voltage scan. The blue curve represents a cell that
had no rest time between the end of discharge and this charge sweep. The red curve represents a cell
that rested for 100 hours before the charge SWeep.............uuviiiiiiiiiii 62
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Figure 52: DMSO adsorbed atop superoxide (left) and peroxide (right) teedihgd, surfaces........! 63
Figure 53: The NEB barrier for DMSO decomposition atop superoxide (a) ande¢bdterminated

LpO; surfaces. The high precision PBEO calculatibm((b)) predicts a higher barrier and an
exothermicity that iS lowered DY 0.29@V........coi i 65
Figure 54: The NEB barrier for DMSO decomposition atop a monolayer of broken DMSO on peroxide
terminated Li202 surface. The H that is abstractedifDMSO and transferred to the broken DMSO

fragment is shown with the dashed circle in Image 0 (Frame.i)......ccccooociiiieiiiiiniiiieeee 66
Scheme 2. Suggested Mechanisms for Oxidation of DMS®, (B)*4, (C¥Y, and (D), the mechanism
proposed/studied iN thiS WOIK ... e e e e e e e e e aaaaaaaaeaa e 69
Scheme 3. Strategy for optimizing ALD functionalization of MWCNT scaffofdlaadieal route to long
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Figure55: Galvanostatic cycling profile (300ngAwp 300mAhg?) to failure (2V lower limit) for the

PrISTINE MW CNT SPONGE.. ... ittiieiee et ettt e e e e st e e e e e e et e e e e e e s ab e e et e e e e s snb e rreaeeeeannbrnneeeeesaannn 74

Figure 56: TEM image of MWCNT sponge after accelerated GV cycling test showing loss of crystallinity.
..................................................................................................................................................... 75

Figure 57: Galvanostatic cycling profile (300gt4g 300mAhg?!) of MWCNT sponge coated with two
different thicknesses of ALD Tiespite a similar number of total cycles to failure (CtF), the cathode

with the thinner TiQlayer exhibited slightly longer charge durations.............ccccoecvvieerieiiiiinienenn. 75
Figure 58: TEM image showing 100 cycles (~5nm)stw# coating of ALD TiOn MWCNT.............. 76
Figure 59: TEM images of 75 cycles of ALD Pt on pristine MWCNT sponge (left) and a 5nm MWCNT@TIO
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Figure 60: Galvanostatic cycling data under accelerastihg conditions (100mAgto 300mAhg?) of
TiQ@Pt core shell cathodes with two different Ti@terlayer thicknesses (~5nm and 20nm). This data
shows a slight enhancement in reversibility of the thinner,Ta@er. Both curves show a 5X
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Figure 61: Profile of*idischarge and charge under the accelerated galvanostatic cycling conditions. All
cathodes discharge to the full capacity but there is a large discrepancy in charge capacittharér

upper limit as a result of the different surface functionalizations............ccceevveviieiiiiiiiii, 78
Figure 62: TEM image of MWCNT@®®t MWCNT double core shell structure with reduced ALD cycle
counts (25 Pt and 40TiOshowing a conformal but thinner shell..............cccoooiiiiiieeeee, 79

Figure 63: Galvanostatic cycling of cathodes with reduced Pt and TiO2 loading. 25 ALD cycles of Pt shows
a 3ximprovement over the MWCNT@Tild Figure 57 and 75 cycles shows a significant improvement
over the analogous structure with LO0TRIEIgUre 60)..........uvuvieieeieeeiiiiiieeeieeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeen 19
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Chapter 1: Introduction

1.1 Motivation for Li-O2 Battery Research

The I nternational Energy Agency (I EA) proj
will increase by37% by 20403 The power sector represents over half of this increase in global
primary energy use surge comparébto the current total energy demand in North Amética.
Fossil fuels play a vital role in the world energy landscape waidd and natural gas dke
principal energy sources for power generatimmd oil fueling thetransportationnfrastructure;
however, there are major consequerafesucha heavydependence n t he wor | dés f i |
fuel reservoir An uneven worldwide distribution of these fuels has led to signifigaapolitical
tension, and within the foressde future, fuel production will eventually be eclipsed by
consumption, further intensifying the problerdurther cause for concern is the projected
increase iNCO, emissions by 20% by 2044 which will setthe world on a path toward loag
term global temperature increases and the associated but uncertain ramifications.

The clear but challenging solution to this problem is the aggressive adoption of
renewable sources of energy, including solar, hydro, wind, Esmand geothermalhese
renewable sources are unlimited and generally untappeahsof energy generation with
minimal pollution or global warming emissionRenewable energynodesgenerallyrequire
completely different infrastructurefor generating elgricity and have been the focus of
extensive research and development buehat to realizewidespread implementation due to
limitations in geographic and temporal availabiliyhese limitations bring into question the
reliability of an electric gridiat would draw a significant portion of its power from sources with
variable generation, bubhése setbacks can be overcome by coupling renewablgyesstems

with appropriateenergy storage schemes.



In terms of energy storage fefectric gridapplicatons, there are three classes based on
the expected discharge duration: storage technologies for power quality appligatior<0
min discharge timégflywheels, capacitors, superconducting magnetic energy shorageging
power with discharge duratianof ~1 hour(high power batterigs and energy magament
schemes with discharge times of several hours or (rRueped hydro, compressed air, thermal
energy storage, and high capacity batt@fésBatteries are a particularly adaptable energy
storage scheme due pmrtability, scalability, ad versatility in deliverable power and energy
density based on the chemistry.

Batteries will also play a major role in enabling a shift toward electrification of the
transportation sector, further reducing dependence on geopolitically sensitive, emission
producing fossil fuels and providing an environmentally friendly, lower cost alternative to
combustion powered vehicles in the long term if coupled to clean, domestic sources of
electricity.

Indeed, commercially available battery technologies have 3glreseen initial
implementation (Pdacid, NFCd, NFMH, Li-ion, and NaS) in grid storage and electric vehicles
(Li-ion, Ni-MH, Pb-acid), but there are multiple chemistries still in the development phase that
offer significantly enhancettheoreticalperformance ceilinggotentially paving the way for long
term applicationOne of these most promisimgxt generation battery technologisghe L+O>
battery.

With a theoretical specific energy density of 3,458 WH kgd 4,170 Wh 1, the LiO;
sysem stands at the pinnacle of a research shift toward high risk, high reward battery chemistries
including high voltage Lion cathodes such as Li¥Mn13C0120. (LMRNMC), metal

molecule electrochemical redox couples likeS.iand other metalir chemisties® Figure 1



shows the projected practical energy density - System Mass for 100 kWh_, (kg)
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i . Figure 1: Energy density projections of theoretical LiO2 cell
different stages of developmental maturity andonfigurations as compared to current and future Liion
systemgd?!*d

the relative promise this technology offers pending successful optimization is clear.

Despite the excellent theoretical metripseviously mentioned, currently achievable
practical values are significantly lowen order for LO. batteries to play an active role in the
future energystoragelandscape, a variety of technical issues in each component of the device
(cathode, anodeseparatorand electrolyte must be addressed. A detailed study of the system
presents even more challenges, including lackluster roymcefficiency and poor cycling

stability. Fortunately, this

Table I: Mass and volumespecific energy densities of battery technologies a@® a range
of maturity ©!

system has recently been the Gravimetric ED (Wh kY  VolumeSpecific ED (Wh%)
System ‘ Calculated Practical Calculated Practical

subject of significant
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at its history, some of the [Es/\lelely
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recent advances, and outline



the challenges addressed in the context of this dissertation.

1.2 History and Fundamentals of Nonaqueous Li-O2 Batteries

The LiO2 battery concept was

originally proposed by Littauer and Tsai i

e (V)

E

1974 with the use of mmaqueous alkaline

DooeREmEENNND
cxoRNdMOTONMID

Volto:

electrolytel*® A little over 20 years later,

|
[eN=Ne 0]
NON &

1.0 1.5 2.0 2.5 3.0

Abraham and Jiang discovered the S oo s e,

. . ., Figure 2: Discharge profile of the Li/C pouch cell used in the IR
nonaqueous lithium air battery while gas sampling experiment?
studying Li intercalation behavior of graphite in a Li/C cell with-gelymer electrolyté®”l By
inadvertently introducingmall amount®xygen while sampling the gahase headspace for IR
studies,the resumed discharge behavior would briefigld capacity at ~2.3V, as shawn
Figure 2. They later used these preliminary results to build and Fatéme first practical
nonaqueous LD battery® Due to significantly reduced theoretical metrics, major issues with

anode stability and limitations in rechargeability with aqueous electrolytes, thagueous

system will be the focus of this work.

The nonaqueous {0, batery V
conventionally consists of a porous carb &
S
" . &
positive electrode scaffold designed 4 ¥

D

promote oxygen diffusion and reduction, ¢
Lithium lons

organic Lkion conducting electrolyte, and

pure lithium metal anode, as showrFigure

Lithium Metal
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X
-\,

3. During discharge, lithium metal i

Figure 3: Schematic of a LiO, battery during discharge

FE ; showing O, reduction at cathode and oxidation of lithium metal
oxidized at the anod@eneréing an external /' .70 =



electron current as the dissociated lithium ions flow through the electrolyte with the
electrochemical potential gradient to the cathode. Upon meeting timdeasurface, the lithium

is reduced with dissolved oxygen in the electrolytemiag Li>O2 on the cathode surface in a
process known as thexygen reductionreaction (ORR). During subsequent charging, this
process is reversed, as@; is electrochemically dissociated to evolve oxygen gas andali
process known as thexygen evolution reaction (OER). Many nocidealities in these
electrochemical processes at the positive electrode sutdfadaish the performance of this

system, asutlinedin the following section.

1.3 Problem Statement
1.3.1 Overpotential and Poor Round -Trip Efficiency

As introduced briefly in the previous section, the secondary, nonague@sssistem is
characterized btwo net reactions shown Bcheme 1The consensus from various studi¢$’!
is thatthe oxygernreductionmechanismnvolves formation of @ as an intermediatevhile the
charge process occurs directly withoequiring formation ofin intermediaté? Figure 4 shows
a practical cycle profile for a LD> cell with a dashed line showing the standard potential for the

discharge reactiorl)o=2.96V vs. Li/Li", as calculated by the Nernst equation. A characteristic

Scheme 1: Discharge (ORR) and charge (OER) processes in aQ4 battery
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drop (~=250mV) in the operating voltage OER: Li,0, — 2Li* + 2e~ + 0,(V)
I | I ' ' Icharéc l I l

from the theoretical ORR value is 420 — -

observed in practical LD, systems as a

e(V)

result of three experimental factorsg

o)
[
1
=
I...
1

]
:‘_

Ohmic losses, activation polarizatio

Il Vltag

- 3241 1
(charge transfer  resistance), and

discharge

concentration polarization (mass transfer 18  ggrp. 0, + 2e~ + 2Li* = Li,0, (2.96V) T

resistance). The Ohmic losses are 0 140 280 420 560 700

Capacity (mAhg?)
attributed to the electronic resistivities Ofrigure 4: schematic of a typical LiO; cycle profile 191
the lithium and carbon electrodes, and the ionic resistivity of the nonaqueous eleciMolye.
idealities associated with activation polarization are kinetic bottlenecks related to charge transfer
processes (oxidation and reduction) occurring at the surfaceshoéleatrodes. Finally, voltage
loss associated with theoncentration polarizatiooccus as a result of local reactant depletion
over time, essentially starving the reactions. The effects of each of these limitations increase with
current density, meaning that the power density ofOLibatteries hinges on addressing
bottlenecks in geeration and transport of active species. A significantly higher voltage is
required to reverse this process, typically requirirgrB4V vs. Li/Li* before full capacity

recovery. The area within the red curve is essentially wasted eredjyhis behavias a major

barrier to commercialization. Thus, one of the key challenges to realizing a practioal Li

system is finding a way to reduce e@@hldggdveropo

respectively).



1.3.2 Chemical Stability of Carbon Electrod es and Parasitic Side Reactions

The most important characteristics of andathode scaffold are high surface area, good
electronic conductivity, and chemical stability in the presence of the electrolyte, reaction
intermediates, and product€arbon possses many of these qualities, and its affordability and
natural abundance make it an ideal material for commercialization. As a regtgid wariants
of carbon (both allotropesnd morphologigshave beenested as the positive electrode irQ4
batteres. Several studies have examined the stability of these electrodes in operating cells and
observed side reactions at the cathode as a result of carbon decompasitiathile carbon is
chemically stable in static systems and electrochemically stable below 3.5 V v3.duiing
discharge and charge, oxidative decomposition to lithium carbonate and carboxylates is observed
upon charging above 3.5 V in the presence D41 The products of these side reactions are
not completely oxidized during subsequentrgiray, leading to accumulation throughout cycling
and associated electrode passivation and capacity fading. Interestingly, the extent and rate of
carbon degradation is greater for hydrophilic carbon electrodes which is attributed to higher

densities of @, COOH, and @OH intrinsic surface defects)

1.4 Overview of Dissertation
1.4.1 Objectives
1. Develop and test atomic layer deposition chemistries for OER/ORR catalysis to
reduce cell OER/ORR overpotentials, thus improving rouncetrgrgyefficiency.
2. Experiment with electrochemically inactive ALD protection layers as a mode of
defect passivatioin carbon cathode substrates to deter parasitic side reactions and

improve long term cycle stability.



3. Design cathodeatalyst architectures, enabled by ALD, that allow for performance
optimization with optimal materials utilization. This focuses on thepecation
between cathode protection and catalysi$h &@n emphasis on attempting to reduce
the required loading of noble metal catalysts, and/or improving loading efficiency per

process.

1.4.2 Outline and Description of Subprojects

For organizational purposese following subprojects will be addressed in the concimgpters

as outlined, below:
Chapter 2: Development of a lalscale infrastructure for assembly, electrochemical
testing and characterization of-Op battery cathodes including a custom test eel
state of the art integrated system.
Chapter 3:  Design, fabrication, and testing of a unique 3D cathode architecture of
vertically aligned carbon nanotubes on an integrated nickel foam current collector as a
discovery platform for studyingerformanceand degradatiohi-O. battery cathodes
Chapter 4: Assessment of the chemical and electrochemical stability of dimethyl
sulfoxide (DMSO) as a suitable electrolyte solvent forCki battery research and
development.
Chapter 5:  Creation of a LiO> cathode echitecture that exhibits exceptional long
term cycling stability via @mic layer deposition of ruthenium and ruthenium oxide
heterogeneous catalysts on a mwiéilled carbon nanotube sponge
Chapter 6: Interplay between carbon defect passivatiorheterogeneous catalysis as

modes of improving operational stability of-Op cathodes with atomic layer deposition.



Chapter 2: Establishing a Platform for Li -O. Battery Research

2.1 LAMP Fire and ANSlab Rebuild

The first generation obur integrated

Fiji F200 ALD™

vacuumsystemwhich was located in thiab O

for advanced materials processing (LAMI \

in the J.M. Patterson building is shown >

Load Lock &

Figure 5. This system featured a Leybolmemn e

Cham. 1

—
= un'. B
Y Manipulator
— @‘@’ 13

Heraeus Xray photoelectron spectromete

E Rack 1

(XPS), which | assisted in refurbishing as a

E Rack 2

undergraduate coupled to an aluminum _ . _ _
Figure 5: 1 generation integrated high vacwm system in lab for

adya_nced materials processing (LAMP in J.M. Patterson
evaporator and a FIJI F200 atomic layekpuilding)

deposition system with a manual rotary feedthrough wacahamberAfter receiving the John

and Maureen Hendricks Energy Research Fellowship to stu@y batteries there was a brief
period in early January 2012 when we considered adding a glove box to this system, but those
plans were quickly postponed asesult of a lab fire.

On Monday January 62012, a HEPA filter fan motan the ceiling of our LAMP lab
cleanroomfailed, causing an electrical fire and ensuing smoke and water damage to all of our
equipment inside, as shown kigure 6. With damage&xceeding $2.5 million and loss of all
three atomic layer deposition systems, the probe statied for electrical characterization, the
ellipsometerthe xray photoelectron spectrometand a few other tools, research came to an

abrupthalt. We had nolwice but to rebuild the lab from the ground up.



We spent the next two years developing a

new lab arrangement in &rger workspace in the -
Institute for Research in Electronics and Appliec
Physics (IREAP).We first researched and ordere
new replacement equipment after comparing devigg
specifications offered by different manufacturers
The subsecent lead time forequipmentdelivery
was spent installing gas delivery linesapping out
electrical needs for installation of new outlets
building an exhaust systerand a water cooling
infrastructure,and drawing potential floor plans. rigure 6: LAMP lab on the evening of the fire.

Design and asserybof this lab/system has been an invaluable and unique learning experience
that was well worth the cost in research time. The equipment featuréd istate of the art
integrated characterization and procesgaulity (Figure 7) will be discussed in etail in the

next section.

UMD ALD Nanostructures Laboratory (ANSLab)

UHV Al evap

s
%} u  Ley
evaporation e [\

%
- Load Lock 7 N s ==

- Inert ambient r Oﬂ £} Il ma @)
i | <,
Y glove box oy ¥

Fiji F200 ALD

Battery assembly/disassembly
Electrochemical testing

=

ALD (thermal, plasma)

ALD (thermal, plasma, ozone)

. Surface analysis

o i Kratos Ultra DLD

Mono-XPS, mapping/imaging (3-154)
SEM, scanning Auger (100-200nm)
Depth profiling (Ar, coronene)

UPS, ISS

Figure 7: Final floor plan for new ALD Nanostructures Laboratory (ANSLab) and picture of the new lab setup.
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2.2 Integrated System: Equipment and Capabilities

Working from left to right across the schematic in Figure 7, the first piece of equipment
is the newer of the two Ultratech FIJI F200 atomic layer depos{@#dD) systems and is
knovn as .frhisusiysgein dias been outfitted with a variety of chemistriegDAITiO-,
TiN, MnOy, Pt, Cu, Sn@Q etc)and i s the | ab ssaoplegbck allengfari t h a
high throughputfi L u ioffersdhe most versatility in terms of procégges including thermal
(T<500 °C), plasm&nhanced (remote inductively coupled 300W RF plasma generator), and
ozonebased atomic layer depositioand the platinum ALD referenced in this work was
performed in this reactoiThis ALD tool is directly couple with a custom annex to aglove
Ar-filled MBraun Labmaster glovebox. This annex allows for both external sample loading and
direct transfer from the glovebofan important capability for posfrowth characterization
without air exposure) The glovebox s cust omi zed with multiple 8
for direct integration with other vacuum systems attachments. The first of these attachments is a
chamber equipped with an effusion cell for thermal evaporation of lithium rfaetdla quart
crystal monitor for tracking deposition rateproviding a cleaner, thin film alternative to the
lithium ribbon used in most battery experimensloadlock chambemounted on the side
conflat port connects the glovebox to the rest of the system and holds a asstmsel for
sample storagand transfer This is coupled to theeplacement rotaryeedthrough chamber,
featuringKurt J. Lesker Compadys r adi al telescopic transfer r
transfer hub for the entire integrated system. Clos&wirom top to bottom, the remaining
attachments include a lodack chamber, the refurbished Ultratech FIJI F200, and a new Kratos
surface analysis system. The ldadk chamber is equipped with an aluminum effusion cell for

thermal evaporation and a gtmcrystal monitor for tracking deposition rate. The original FIJI
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F200 has been dedicated to atomic layer depositiecohiaining thin films(Li2O, LiOH,
LioCOg, LisPQy, and others)Both of these ALD systems are equipped with viewports fsitin
ellipsometry and downstream mass spectroscopy samphiap are extremely powerful tools
for process development andsitu growth characterization.

The final component of the integrated system is its crowning jewelkth®s AXIS
Ultra DLD surface analysiplatform. This spectrometer awitfitted for a variety ofpowerful
techniques, including -ray and ultraviolet photoelectron spectroscopy (XPS/UB&ay
imaging and mappingscanning Auger microscopy (SAM), and scanning electron microscopy
(SEM). Addtional components that are extremely useful include afiCAronenéHe" ion
source for depth profilingnd ion scattering spectroscopy (IS&)monochromated Ag/Al XPS
source, an@ charge neutralization system tdraracterizing insulating materialsll of the XPS

measurements discussed in this work were collected with this system.

2.3 Lithium -Oxygen Test Cells

Unlike conventional battery chemistries, lithium oxygen test cells require unique designs
that allow for oxygen access to the cathode. Due to a pgyi@stablished infrastructure for
handling coin cells, we initially adoptespecialized coin cells withsaainless steel megositive
case for oxygen access, as showlrigure 8. The size and nature of our electrodes resulted in
cells that were frequrtly shorted, and the cases also caused irreversible damage to the electrode
materials after crimping. These cells also required an externally sealed co(fguee 9)
filled with O, as the cell itself could not be sealed. All of these difficulties encouraged

consideration of alternative options.
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We then adopted a much more versatile and-nok

Positive case

S
destructive cell degh based on thosased by many of @i o |
iierpna(-::atlaarnode
Spacer

the leading LiO: research grouf8??, as shown in G5
Spring

Figure 10. This design is composed of two stainless steel

Figure 8: Specialized LiO; coin cell

current collectors separated bypalychlorotiflurorethylene(PCTFE annulus. Thignaterialhas

Negative case

much lower gas permeability and higher hardness than virgin polytetrafluoroethylene (PTFE),
ensuring an uncontaminated system

even during extended cycling studie

o

201 Virgin PTFE O-rings ensure

gastight sealing at the annulus

_ S 7 o s
current collector interface. The N Whenopened ~  Sideview I
\ / N 1 - pi——:1 q_

bottom current collector ha¢
concentric inset for the lithium
metal anode and wetted separato

respectively. The top curren| o Arbin station

collector has a gas inlet and outle. _ _ _
Figure 9: 1% generation sealed @ chamber with electrical feedthrough for
Li-O- coin cell tesina.

ports with baHlvalves for leakproof

(] (]

s
_,:,..-
—
—
—

Li Anode Teflon O-rings

Figure 10: Schematic of cell design used by many of the leading lithium oxygen research greuphich allows for non-destructive
testing and characterization of battery components.
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sealing after filling the cell with £or cycling or purging with Ar for reloading in the glovebo
Electrical contact isnade internally with the top current collector by a mounted 316SS spring, as
shown in Figure 10After assembly of cell components, the cell is clamped externally by two
pol ypropylene discs and six 2 3o socket head
This cel is extremely useful for studying 1®> batteries and a great match for our
integrated system because of the ability to-destructively disassemble tdeviceat any point
during electrochemical testing for characterization of cell components. If diethee cell can
then be reclosed following the measurement for further electrochemistry. It can also be
functionalized for other purposes easily. Two of the modifications we have experimented with
include insitu sampling of the headspace for mass spexipys(performed in this dissertation
as a failure diagnosficand addition of an IRransparent spingjlass window in the bottom

current collector fom-situ andin-operandovibrational spectroscopy.

2.4 Atomic Layer Deposition (ALD)

Introduced as atomiyer epitaxy (ALE) in 1977 by Suntola and Antsmsia methdéf’!
of epitaxially growing thin film compounds, this technique evolved as precursors were
developed for a variety of metals and metal oxides, ultimately adopting the name of atomic layer
depositon (ALD) as applications progresseédl.D is agasphase depositiotechniquein which
sequential pulses of vaporized precursors driveligeifed surface reactions. As a result of this
mechanism, ALD offers Angstrotevel thickness control, tunable filmomposition as a
function of process parameters, and remarkable conformality, particularly on high aspect ratio
nanostructure¥2%l These strengths in concert with a shift toward processing of complex

nanoscaledevice architectures has driven the emergence of ALD in a variety of research
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applications and is fueling development of commercial systems for batch ard-nall
processing?®!

These processes are generally performed under vacuum to keep the reactants and
products mobile while maintaining a cleahamberenvironment, thoug some success with
atmospheric pressure atomic layer deposition has been demori$ttatedke chemical apor
deposition processes which generally require higher temperatures, the window for ALD
processes is more modest (<3508&)While ALD can be used to coat a variety of substrate
materials, the commn usedprecursor chemistries generally grow most effectively on oxide
surfaces with hydroxyl termination&.schematic of the idealized ALprocess flow is shown in
Figure 11 Initially, a substrate is loaded into the vacuum chamber and is heated to the respective
process temperature. The process is initiated by a pulse of reactant A, which is typically an

organometallic material containirtige metal atom of the ultimately desired metal or metal oxide

Purge

Initial surface

Reactant A exposure

1 " -
T mTHE mETE ME

(o} (o} (o}

Monolayer Growth -

Purge Reactant B exposure

Figure 11: Schematic of an atomic layer deposition process starting with a pristine substrate and showing the process sequencefir ¢
limited growth of each monolayer of the compound.
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film (designated as MLin Figure 11). This precursor is chemisorbed on the surface where it
reacts with the surface terminati@g.-OH), producing nofreactive byproducté.g. CH) that
arepumped away with inert gas flow during the subsequent purgelstap.ideal process, the
precursor dose is saturated to the extent that the surface has a complete monolayer of reactant A
chemisorbed to the surface after this pulse step. Followingrthetirge step, Reactant B, which

is conventionally an oxidan(H20, O, plasma, @), is pulsedand chemisorbed to the surface,

again producing byproducts that are pumped away in the subsequent purge. Ideally after this
second purge, a single, complaet®nolayer of the desired compound x®{) will coat the

surface. Thigycle processs further repeated, as needed, to achieve the démethickness.

2.5 Electrochemical Testing

Electrochemical characterization is the keystone of investigating perforrofecergy
storage systems:or all of the testing performed in this work, two systemese used: a Biologic
VSP and an Arbin BT2000 battery test station, as showsigare 12 All cyclic voltammetry
and chronopotentiometry measurements performed in this project uséliotbgic and the
Arbin was generally used for long term cycling stsdid two electrode configuration was used

for all measurements unless otherwise noted.

b)

Figure 12: The electrochemical workstations used for -0, research. a) TheBioLogic VSP potentiostat/galvanostat b) TheArbin
BT2000 battery test station.
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Chapter 3: Vertically Aligned Carbon Nanotubes on Ni Foam 2 A Cathode
Discovery Platform for Li -O. Battery Research

3.1 Cathode Design Considerations

With an infrastructurén place for LiO. research, the next step was to select or develop a
cathode platform to start exploring the intricacies ofCki battery performance and the
enhancements that could be achieved with atomic layer deposition. Despite widespread use as
the kasis of porous cathodes for-Op cells, issues with the stability of carbon andkitewn role
in electrolytedecomposition brought into questiarhether it wasan appropriatehoice as the
principal cathode material. Indeed, carbon exhibits many matgngakrties that are favorable
for an @ cathode scaffoldncluding good electronic conductivity,high surface areai is
lightweight, showssome activity toward the oxygen reduction reaction (G##8), andexists in
a wide variety of architectures and morpholog@ther appealing factofsr commercialization
include its low cost, worldwide abundance, and processing flexibility. Thus, if the stability and
electrolye interaction of a carbon system was a manageable concern, it would be the ideal
system for our studies. Fortunately, recent studies indicated that carbon maketiatse
hydrophobicwith a low intrinsic density of functional groups-@ COOH, GOH) ard defecs
demonstrate healthy stabiliy:>*® Thus, the candidate list was further noaved to graphene,
carbon nanotubes, and othef sased carbon systemsthout requiringthe use of a binder such
as PVDF, which has been shown to participate in parasitic side rea€tibns

Thecarbonscaffold-current collector interface is another important consideration in these
electrodes due tthe fact that LiO», the expected reduction product in these batteries, is a wide
bandgap insulator ibulk formE%33 This hasmajor implications regarding the charge transfer

resistance and associated interfacial voltage @hapher contributing to the overpotential in
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these batteriesif the quality of the electrical contact is podrhis suggests efforts toward
integration otthe current collectowith the active material will improve device performance.

Based on the operating mechanism ofCibatteries, which involves the three phase
reaction of Lf, O, and e on the cathode scaffold in an aprotic environment, therealace
important structural considerations that must be taken into account for optimal design
performance of the positive electrode scaffoBecause 2O is insoluble in nonaqueous
electrolytes, it will accumulate according to the depth of discharge.eflner energy
performance enhancement of cathode materials is linked to maximizing the surface area and
accommodating a substantial amount efiwithout blocking the cathode pore orifices, which
could ultimately reduce arompletelycompromise transpodf Li* and oxyger®* Maximizing
energy density is thuslearly connectedio efficient design ofthe cathode pore structures
suggested by modeling of dyabre systems featuring one pore system dedicated to product
storage (mesoporetorag¢ and a second pore system (macropeeeding for preserving

active species transpait 3]

3.2 Cathode Development

With the previouslymentioneddesign considerations in mind, we selected a nickel foam

(MTI Corporation see Figure 13 current collector as a chemical vapdeposition (CVD)

25 pm

Figure 13: 5/806 nickel foam disc as a growth substrat e cdnter), an@"
TEM image of nickel foam surface morphology (right).
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growth substrate for carbonith the intent of growing carbon nanotubes or graphene on this
substrateDi scs wi t h a (bddechaneur st celb geometiydedopunched out of
nickel foam bath sonicated in acetone for 20 minutes, and baked in a vacuum oven at 120C for 8
hours. The foam discs were then loaded into u i g iUkratechd=kiI=200 ALD system for a
5nm thermal AdOs deposition process at 18D. The purpose of this layer was to asta CVD
catalyst (Fe) diffusion barrier to prevent alloying with the Ni foam during thegqneth
ripening process. After ALD, a 7.5 angstrom €¥D catalyst layer was deposited in AdA
International Inc. ATC 1800¥puttering system. The sputtering process effectively penetrated
the macroporous structure of the foam. With the CVD catalyst layer in place, the samples were
weighed with a microbalance @rthen loaded into aAtomate Corplow pressure chemical
vapor deposition system for the acetyldrased carbon growth procesdn outline of this
process flow and a schematic of the resulting cathode strueftee extensive process
optimizationare shown irFigure 14.

Optimization of this process yielded a new 3D electrode architecfuttensely packed
mesoscale arrayof vertically aligned carbon nanotub€d¥ACNT) grown directly on nickel
foam. This seltsupporting, hierarchically porous system features a bifmder integrated

current collector electrode, without requiring delamination of the CNT from the growth

1) Substrate ==§  2)Interlayer ==§ 3)Growth Catalyst == 4) CVD Growth

S5nm ALD Al,O; 7.5 nm Sputtered Fe

Pristine Ni Foam VACNT on Ni Foam

“/ A

25nm ALD TiN 7.5nm Electrodeposited Fe

Figure 14: Process flow for chemical vapor deposition of vertically aligned carbon nanotubes on nickel foam.
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substrateMyriad reports of VACNT syntheses by CVD on metal substrates such as stainless
steelf®49 and gold!4?l have been published in recent years; however, to the best of our
knowledge there is no successful growth of VACNT by CVD directly on a Ni substrate. The
challenge in greving directly on Ni is due to accelerated diffusion rates of the CVD catalysts
into the Ni substrate as compared to Si and insulating substrates. To overcome a similar problem,
recently, Teblum et al. grew carpets of VACNTSs by introducing a conformaklaitvely thin
(5nm) AbOs underlayer on a planar copper substrate and suggested the use of these VACNT for
Li-ion battery anodeé?® This had beemccomplished previously for a different application but
required a thicker interlayer to achieve regular grdffttHowever,in both cases, these of 2D
metallic substrates inherently limits the areamalized mass loading of the VACNT, requiring
growth of dense carpets of long VACNT in order to approach practical loading of indlyidua
aligned nanotubes on the mesoscale. Additionally, the pressure associated with assembling these
planar electrodes in practical devices can significantly changem#soscale morphology,
tortuosity, and porosity of the VACNT carpet, which has not been addressed in previous
reportslé43]

The nickel foam current collector is a robust, macroporous structural scaffeldl@80
pores per inch, 95% porous) that minimizes deformation of théffieestanding electrode when
closed in the test cell, maintaining less tortuous pathways for the active species. The open three
dimensional structure of the foam promotes formation of VACNT domains, providing increased
CNT sidewall exposure as compared & 2D substrate, and results in a hierarchical pore
structure with uniform electrolyte and charge carrier accessibility into the VACNT carpet.
Additionally, the growth of the VACNTSs directly onto the Ni foam avoids the adverse impact of

polymeric bindersand the associated parasitic side reactidhs While this electrode was
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specifically designed for LD, research, wdelieve this structure is applicable to a variety of
electrochemical systems, and &sbtits performance and degradation mechanisms in two
different systermas scaffold for reduction ofoxygenandsulfurin rechargeable LD, and LS
batteries.Characterization of the pristine structure in addition to electrochemical performance

testing will be discussed in the next section.

3.3 Characterization of Pristine Structure

Scanning electron microscop$EM) images of the hierarchical cathode structure of
VACNTSs on the nickel foam are shown kiigure 15. Distinct directional domains of VACNTSs
are visible, offering a large amount of sidewall and top surface area access for the

electrochemically active sped. This structure is highly porous and features a hierarchical

. 30 pm
e [ 3 Y .

Figure 15: SEM images oivertically aligned carbon nanotubes grown on nickel foam. These images illustrate the desired dual por
hierarchical structure with mesoporous voidspace between the VACNT and macropores preserved by the underlying Ni foam.
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architecture. The nickel foam itself is macroporous, with an open structure of interconnected
branches and voidpace on the order of ~100um. The mesoscale array of micrometric domains
of VACNT obtained is believed to be a product of sweface morphology of the underlying
nickel foam(see Figure 13)and separated by distances of ~10um. Adsorption isotherm indicates
mesoporosity according tensity functional theoryDFT) modeling of pore sizes which is in
good agreement with the SEM, and a BET surface area of <8pQGmmich matches the
geometry of the CNTs (IO walls). The VACNT length is tunable by modifying the growth
time, and the growth condition¥dble 2). VACNT 3D carpets with length of ~10um were used

for the cathodes in the 10, cathode experiments. No bare Ni was observed in the SEM,
suggesting a dense, uniform coating of the Ni foam with the VACNhs. growth of the
VACNT was achieved throughout the entiretiyNi foam by two different methods of catalyst
application, sputtering and electrodeposition, which allow 3D loading of the VACNT on the
interconnected current collector. Transmission electron microscopy and electron diffraction
confirmed that the growtls indeed CNTSs, as shown Figure 16, and that theyhave multiple

walls (~10 walls)

Table II: Growth parameters for low pressure chemical vapor deposition (LPCVD) reactor during successful VACNT growth process
on nickel foam, as confirmed by SEM characterization. All growth substates were nickel foam with 5nm AIO; underlayer and 7.5A Fe,

Growth
Temp

Ripening Temp
(€)

Growth
Pressure
(torr)

Precursor Flow
Rate (sccm)

Ar Flow
Rate
(sccm)

H2 Flow Rate
(during growth)

Post Growth
Reduction?
(H2 gas)

Comment (length/form?)

600

550
(15 min to 550

2

200

100

0

200 sccm H2 10
mins

Short patches of VACNT growth

600 20 min to 550, 12 300 100 0 200 sccm H2 10 2 um long clusters of VACNT
5 min to 600 mins

670 670 12 200 120 0 None Continuousdomains of VACNT
(16 min ramp) (~6.5um long)

700

700
(10 min ramp)

12

200

120

0

None

Larger discrete very dense domains o
VACNT (10pm)

750

750
(16 min ramp)

12

250

120

60

200 sccm Ar, no
H2, 5 min @750

Conformal VACNT with good sidewall
exposure, 20um long

750

750
(16 min ramp)

12

200

120

0

None

Extremely dense continuous fields of
VACNT (&um)

XPS of the aggrown 3D cathode showed that the VACNTs were extremely clean

(minimal amorphous carbon), conductive, and conformal on the nickel foam substrate. The
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Figure 16: TEM and electron diffraction of the growth showing that the vertically aligned carbon structures are in fact,
nanotubes with ~10 walls (left).

growtho mechani sm.

survey spectrumHigure 17) demonstrates the only elements present to be carbon and a small
amount of oxygen. Qantification of the higkresolution C 1gshown inFigure 18) and O 1s

(not shown)peaks indicated the composition to be 99.2% C and 0.8% O. Most of the oxygen is
believed to be chemisorbed species acquired during transfer from the CVD system to the XPS.
Notably, no signal from either the Ni substrate or theOAlinterlayer could be observed,

demonstrating the complete conformality of the VACNT growth process. Further, no signal from

t he i ron CcCVvD

supported by STEM imagd&igure 16. The

C 1s high resolution spectrum (Figuld) |

was typical of highly crystalline pristine _

CNTs. The spectrum was wdit with three

Counts (a.u.)

components. The first is an asymmetri
narrow peak centered at 284.6 @hich is

typical of sg hybridized carbon as is found ir

catal yst
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showi ng

Ni2p Fe2p
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Fe
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catalyst
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D H stFigure 17: XPS Survey spectrum of the pristine cathode
to Sﬁ hybrldlzed carbons associated Wlthstructure showing the only elements present are carbon and a

2!
1250

T
1000

T
750

T
500

Binding Energy (eV)

small amount of oxygen.

T
250

1
0

23

wa-g r covbtshedr v madsc fisthengi gsens,t |



disordered tube regions and small amounts « ] ¢4 sp" carbon (CNT)

2848

amorphous carbon. Presumably there is a ve 1

small peak associated wibxidized carbons in this

nts (a.u.)

region, but at a maximum of 0.8% of the total are g |

sp’ carbon

it is unresolvable. The broad peak centered . | 265

n—n* shakeup
289.8

289.8 eV is assdcieateec ] SN N

. . . . 204 202 200 288 286 éé;_‘ 282
transition found in highly conductive Sgarbon Binding Energy (eV)
Figure 18: High-res C 1s spectrum of the agrown cathode.

structures. These peak location®g an excellent
agreement with the literatdte, highlighting the fact that the CNTs are conductively coupled to
the Ni foam even through an ultrathin insulating interlayer. If they were not, more significant
charging and peak shifting might be expected.

Characterization of the pristine electrode strongly suggests that this structure is an
exciting and novel prospective cathode scaffold due to itsghral hierarchy, integrated current

collector, and high mass loading and surface area’dfidpidized cabon. In the next section,

performance results from electrochemical testing will be presented and discussed.

3.4 Electrochemical Testing

Electrochemical performance of the architecture as-@.leahode was tested in three
different electrolytesolvent systemsO(1M LiClOs in dimethyl sulfoxide (DMSO), diglyme
(dimethyl ether), and glyme (dimethoxyethane (DME)). These were some of the f@st Li
measurements we performed and at this time therenwatear solvent choice, so we wanted to
gauge performance metrics in a few of the different solvents commonly used in literature as a
basis for future experimentbigure 19ashows the cathodic peaks generated during sweeping

voltammetry, indicating highreonset voltages for ORR (or discharge) in DMSO and DME. This
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result is mirrored in the galvanosgtiaFigue di sch

19b, showing superior performangsustained discharge voltage) DMSO and DME as
compared tohe diglymebased electrolyteThis discharge corresponds to a high capacity of
2,000mAhg?!. We also tested ratperformance with chronoamperometryigure 199 in a
DMSO-based electrolyte at three different voltages for comparison with a similar cathode
structure featuring delaminated VACNT pressed onto a stainless steel mesh current é8llector.

Our electrode architecture exhibited sigrafntly higherischarge currents at the same potentials

A) 0.05 B) 2.85
: : : 2.80- : H H :
0.004. ... S \L : DMSO
-0.064. . . 2.70 4
< g
E 3 2.65
= .0.10- > 260 : : . ;
2.55 Diglyme ..
-0.15
Diglyme B0 N
-0.20 T | | | T 244+~ T T T T T T
2.0 2.2 2.4 2.6 2.8 3.0 3.2 0 10 20 30 40 50 60 70 80 90 100
E e (V) Time (hours)
C) 9 D) 3.2
Y 2wv : 31
3.0
5 294
2
2 -
> = Alz03
2.6
-1000 T T T | 25 T T T T T
0 20 40 60 80 100 0 20 40 60 80
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Figure 19: Electrochemical performance of the VACNTFNI electrode architecture as a LiO, cathode with 0.1M LiClO, in
DMSO, DME, and Diglyme-based electrolytes. A) Cyclic voltammetry plot of the cathodic peak (indicative of ORR behavior)

showi ng the most favorable onset potenti al for ORR i n DMSO. B) Ga

superior discharge behavior in the DMSGbased electrolyte. C) Chronoamperometry measurements at different voltages in
0.1M LiCIO,4 in DMSO. D) Gal vanostatic discharge @20egA cell current of
interlayers.
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vs. Li/Li* (100 mAg? vs. 50 mAg? at 2.7V, and 300mAg vs. 110 mAg? at 2.6V for our

cathode and the tieminated VACNT electrode, respectivéis.

The observed differences in the discharge currents can be attributed to the hierarchically
porous structure of our 3D cathode and the presence of an integrated current collector, providing
improved electrical contact for the individual CNTs and a more homogenous current distribution
over the entire conformally coated nickel foam scaffold. Despitefsignt carbon mass loading
(~1.75 mg cr1f), we believe that not all of the carbon in our structure is electrochemically active.
Carbon diffusion into AIO3 thin films in the temperature range of the VACNT CVD growth
process has been obserf@dind may explain the observed electronic conductivity of tRAINi
203-VACNT ALD interlayer, which is ordinarily a standard dielectric. Additionally a significant
fraction of the VACNT is most likely inaccessible because the nanotubes arevalidd. Boh
of these factors suggest the energy density of the active carbon in the structure is significantly
higher.

In order to evaluate a possible voltage drop caused by the #3 iterlayer between
the Ni and VACNT, we grew a cathode with the same stractwt changed the interlayer to
conductive 25nm TiN layer deposited by ALD*! The galvanostatic discharge profile
comparisonbetweenthe 3D cathode with AlOs interlayer and the 3D cathode with TiN
interlayer is pesented irFigure 19d. A similar initial ORR potential wasbserved, independent
of the conductivity of the interlayer, suggesting the thinQAllayer doesnot impede the
electrical connectiobetween the Ni and VACNTIhe more stable discharge voltadatpau of
the cathodes with the 4Dz interlayer as compared to a TiN interlayer, as showfignre 19d
was unexpected, but could be related to the relative stability of the interlayers in the presence of

oxygen radicals which induce oxidation of the Téayer during a long discharge prodé3sand
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Figure 20: Galvanostatic cycle profile comparison of VACNTNi foam electrode architecture operated in LiO2 cells with two

different electrolytes. The DMSO shows slightly better performance, reaching the ?2discharge without failure and maintaining a

consistently higher discharge voltage (~2.75V for DMSO vs. 2.659r TEGDME)
would result in an increased int&cial resistance, leading to declined performance and discharge
potental. Due to inferior performancdnown difficulties in reproducibility with TiN growth
layer$>®, and demonstration of no negativiéeet of the Al203 interlayer on the ORR potential,
we decided to use ALD ADs as the growth interlayer.

The cathode performance over extended galvanostatic cyeéisgalso testesh DMSO

and tetraglyme (tetraethylene glycol dimethyl ether (TEGDMEijure 20 shows the cycle
profile performance comparispwith DMSO exhibiting slightly betterdhavior, as indicated by

the consistently higher discharge voltage and

cyclability exceeding the TEGDME celh 4.5 T 1st
comparison of select cycle profiles from tf < 0] /
DMSO cell cycling is shown ifrigure 21. g
3 35
Aside from the first cycle which show: %g, =
W30

slightly enhanced hlarging behavior, the

2 4 6 8 10 T 12
Cycle Time (hr)

OER/ORR profiles are stable. These rest 2.5
0

are extremely competitive for a pure carbc..
Figure 21: Comparison of select cycle profiles from the DMSO
cell in Figure 20.
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system without a catalysind the cycle stability is attributed to thé bgbridized carboh-2°!

3.5 Characterization of Cycled Cathodes

Characterization of the electrodes after cycling yielded significant insights regarding the
performance strengths and limitations of the electrode architecture. SEM andnidging of
the cathodes was performed tardcterize the morphology of the reduction produsigure 22
shows images of the cathode after a sigglanostatialischarge@20uA cell current to 2Vin
Figure 22a, it is clear thenderlying structure athe VACNT forest is maintainediowever, the
CNTs are not exposed and the mesopores appear to be heavilyedatitht the discharge
products. These images emphasize the strength of hierarchical porosity and indicate that the
reaction was not limited by a deficiency of active species throughodidtigarge reaction, even

to extreme depths of dischargéhe reduction products appear to have a spherical morphology,

o -

{ Figure 22: SEM (a,b) and TEM (c,d) imag'es of a cathode galvanostatica@scharged to 2V vs. Li/Lif
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which is consistent with previous literature opQ@4.[1819.28:34.46]

XPS analysis of the discharged cathode was completsitlinia direct transfer from the
glovebox through a UHV system as presented in Figure S4. The cathode was never exposed to
air or any measurable source of moisture. The survey spectrum (Figuréc8)addhe presence
of C, O, Li, and ClI, as well as trace amounts of N, Si, and S. Again, there was no indication of Ni
(or Al from the ALD interlayer), indicating that the ALD could be preventing dissolution of the
current collector into the electrolytené that the nanotube coating is still both dense and

conformal. The high resolution spectra were calibrated relative to the primary carbon peak at

0 1s
i O KLL
C1s
Li,O(?)

1 Cl2p / 520.2

Li1s WAL e

T T T T T T T T 1 T T T T T T T T T T T T 1
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7 1 sp?/sp® carbon
] Li1s LiClO,/Li,0, C1s 284.8

55.3 1

- oxy. |
moieties//
2866 !

i carboxylates
288.9

60 ' 58 ' 56 ' 54 ' 52 ' 202 200 288 286 284 282
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Figure 23: XPS spectra of discharged cathode including survey scan (a) and high resolution scans of (b)O 1s,(c) Li 1s, ar@i(c
1s peaks.
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284.8 eV (a blend of the positions ofsmd sp carbons). The identity of the majority of the
surface film is a combination of lithium salt from evaporated electrolyte asf@: ldas the
primary discharge product with possibly some LiIOH and Li20, as confirmed by both peak
positions and atomic quantificah. The only other discharge products identified include a small
amount of oxidation of the VACNTSs themselves, as well as some carboxylates likely generated
from atmospheric hydrocarbon contamination before cell cloJure.absence of a significant
guantty of carbonates is a decent indicator of stability with respect to the cathecteolyte
interfacell

SEM imaing of the cathodes after the first chaf§egure 24) show thata significant
amount of the discharge produ@se evolved Despite the sjjht collapse of the tube forest
domains, the cathode structuregenerallypreserved after a single charge cydhlaaging of
cathodes after extended cycling and performance decline begins to shed light on degradation in
these structures. As shownhigure 25, delamination of the VACNT from the Ni foam current
collector surface appears to be a common failure mechafusmaystems operated both in
TEGDME and DMSGbased electrolyteI.hese sections of the cathode can no longer participate

in OER/ORR, thus resulting in a significant loss of capacity and increases in cell overpotential

Figure 24: SEM images of VACNTNi cathode after F' charge. The VACNT tube forests are slightly collapsed but remain intact
and a significant amount of the reduction products have been evolved.
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due to amplified current density ing intact portions of the structui®ecause this mechanism is

observed in cathodes cycled in two different electrolyte systems, it is less likely to be retated to

Figure 25: VACNT cathode after extended cycling showing delamination of the VACNT fronthe current collector. This
mechanism is suspected to be the cause of the observed performance decline in capacity and discharge voltage. Imabasea
of the cathode cycled in DMSO with e and f showing a similar degradation mode for a cathode cycled iEGDME -based

specific electrolyte chemistry stability problem, but elucidating #pecific cause of this

mechanism will be discusseabre in the next section.
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Figure 26: Schematic showing the interfaces in the VACNNi cathode architectureas a roadmap for identifying potential
failure mechanisms.

3.6 Degradation Mechanism

Due the nature of the failure, our investigation of the degradation mechanism began by
considering thenterfaces presenth the structure, as shown Figure 26. As shown inthe
schematic, there are three main interfaces that could be the cause of faHateddNiAI>Os-Fe,
and FeC). Atomic layer deposition of AD3 on a native metal oxidis expected tdorm a very
stable interface that would be inherently resistant tdaton or decompositigrand as such, this
conformal layer/interface was not expected to be the cause of delamiigatteM of the grown
VACNT (Figure 16) shows that the Fe layer is incorporated in to the base of the carbon as a
result of the growth mecha&sm, meaning that the only other effective interfaemainingis
carbonrAl20s. Both XPS and EDS characterization of residual surface after delamination of the
VACNT (seethe dark, textured subsurface kigures 26¢ and 26findicate that this surface is
purely carbon, with no signal from the underlying Ni foam. Thus, rather than failure at the C
Al2O3 interface, these observations suggest that the break point is somemlileeecarbon
growth itself. After some searching in the literature, we discoverkgjieal mechanism had

already been discovered and put to use for a different p@pdBENT release and transfer.
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Experts in chemical vapor deposition

=

of carbon had discovered thatakly
oxidative environments could be usec

for delamination of VACNT from the

Electrochemical Stability
SP3C SP2C

growth substrate for applications
requiring transfeftl 52 This
. . . Figure 27: Schematic outlining the mechanism for degradation of the CNT
mechanism IS pOSSIb|e due {Obase that eventually leads to complete fracture and delamination dhe
tubes from the current collector. The higher concentration of defects and

i i . . sp® hybridized carbon at the interface are more susceptible to oxidation by
difference in chemical stability of the Li-0.intermediates and products.

CNT root from the rest of the nanotube. Compared with-emttallized graphite layerns the
main tube bodythe root contains a higher density of amorphous carbon stuatio carbon, and
carbon in contact with metallic catalyst particles (high electtemsity), all of which are more
susceptible to oxidatior(Figure 27).5%%% Thus, throughout LD, battery operation, the
presence ohighly oxidative intermediates and products gradually weakens the carbon nanotube
roots until mechanical stress from the peroxide formation and evolution of trapped €hough
to completely delaminate the tubes from the surface of the current collector

This type of failure presents a new mechanism for degradation of mesosdae Li
positive electrode architectures. Despite the enhanced power capabilities and robust structure
offered by an integrated current collector, susceptibility of the carbon ly@ivihe interface to
the presence of aggressively oxidative species strongly discourages the application of these
structures to this specific advanced battery technology. In an effort to confirm the mechanism,
we also tested the electrode architectura asaffold for the reduction of sulfur in another next
generation battery technology, the-%.i battery. The LIS cathodes were synthesized via

impregnation of LiSs solution made in DME into the VACNT cathode with a sulfur loading of
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Figure 28: Galvanostatic cycling performance of VACNFNiI Li-S cell cycled at two
different rates (250mAg's and 375mAg's)

rates(250mAgls and 375mAg
19) without exhibiting a similar degradation mechanism, suggesting that contact between the
CNT and integrated current collector is sensitive to intermediates and products associated with
oxygen reduction and evolution, but sebbward sulfur reductiohe gradual loss of capacity
while cycling at high rates can be associated with loss of sulfur to insoluble, inactive short chain
polysulfides!45¢1 SEM imaging of the cathode after cycling shows that the VACNT are well

preserved under a thin solid electrol

interfacial layer(SEI).

While Li-S batteries are not the foc
of this dissertation, the excellent performan
of this ekctrode architecture as a -8i
cathode reveals the utility of mesoscal

hierarchical architectures with an integrat

current collector for a variety of energyFigure 29: SEM of VACNT-Ni cathode after 150 cycles as a t$
cathode. The VACNT are still in contact with the nickel foam

under a thin solid electrolyte interface layer.
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storage applicationst is also clear thatlectrode design for LD, battery applications regyes

even more stringent considerationsd¢bemical/electrochemical stability.

3.7 Conclusions

In summary, we successfully conceived, develpped tested a novel 3D, hierarchically
porous, freestandingLi-O> electrode architecture. The electrode performed well as a high
capacity Li-O. cathodescaffold for oxygen reduction and the integrated current collector
yielded significant enhancements in rate performance as compared to previously published
structuresn which VACNT were delaminated from the growth substrate. Long term cycling
studies revealed a new failure mechanism associated with oxidation of the tube base, resulting in
delamination of the CNT from the Ni foam and correspontbsges in capacitgndincreases in
overpotential. This work contributes new understanding regarding the growth of VACNT
directly on metal (and specifically Ni) substrates with the use of a thin ALD interlayer, and
reveals important implications regarding the use of mesosaaiéemtures for next generation

battery applications.

Chapter 4: Realization of Rechargeable Li -O, Cathodes with Catalysts
Deposited via Atomic Layer Deposition

4.1 Introduction

Having developed a lab scale infrastructure feOkiresearch and learned thasics of
Li-O> battery chemistry and its associated components with the VAGISE&d electrode
architecture, the next project was to incorporate catalysis as a mode of realizing a stable,
rechargeable LO. battery. While considerable research efforts hagen dedicated to the
exploration of OER/ORR catalysts for-O, batterie§22:345762 the promise of atomic layer

deposition as a mode abnformally functionalizing complex architecturesvith catalystsof
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different chemistries and morphologissjust beginning to be realizedihis is confirmed by
literature searchrevealinga handfulof works using ALDdeposited heterogenous catalysts for
general OER/ORR studi€¥®” and only two specifically dedicated to-Op batteried®®¢°!

Based on our previous success with carbon nanotubes as a cathode material and new
insight regarding the cause of degradation of the VACNT structuraplé-walled carbon
nanotube sponge (MWCNT) was the seleaathodesubstrate for thse catalyst studieMade
avail abl e by a col | abor agroupoin MateriglshSciedbge.andL i a n g
Engineering (MSE), theunique propertief this sponge materiainclude high electronic
conductivity, large surface area with mesoporosity, good chemical stability, and low intrinsic
defect density which has been shown to greatly improve stability of chdssd cathodés!
Threedimensional networks of carbon nanotubes exhibit considerable promise as mesoporous
O electrode¥® as a result of an open structure with high surface area that is conducive to
reduction product storage and diffusion of active species, particularly at significant depths of
discharge. This MWCNT spoeghas the added advantages of a freestanding structure, further
improving cell stability by avoiding the use of a birlféand offering extensive versatility as a
scalable substrate platform for both practical and fundamemt@&k ktudies.The sponge is
fabricated in bulk samples with a ferrocdresed spragatalyst chemical vapor deposition
process described elsewhEré.

With a new cathode platform and a variety of ALD precursor chemistries, we began
fabricating cathode architectures functionalized with different catalyst chemistries. For substrate
surface chemistries that are chemically inert with respect to the pretigesmt chemistry, such
as the sphybridized carbon in the MWCNTS, deposition will only be nucleated at defect sites,

resulting in island growth as described by the Vokwaber growth mechanisi?! Thus, ALD
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offers tremendous control for fabricating highly dispersed, heterogenous catalyst nanostructures
with excellent control over mass loading and morpholMyg. used these strengths of atomic
layer deposition to functionalize sponge cathodes with a variety of chemistries (Ry, RRuO
MnO, Ru+Pt, ZnO, and Tig).

Due to tle high capacity of O batteries conventional cycle durations are significantly
longer than almost any other electrochemical energy storage plafioranquick diagnostic for
gauging OER/ORR activity was criticed preserve resources (cells, channahg] time) for the
most promising chemistries Cyclic voltammetrys the most vesatile electroanalytical method
in this regardBy sweeping the potential of the working electrode (positive electrode-@» Li
cell) vs. a reference (the Li metal anpdéso the counter electrode this case) in a triangular
waveform between upper and lower potdntimits, the measured current reflects potential
windows for electrochemical activity. The obtained voltammogram displays the current
(response signal) vs. mottial (excitation signal)The potential scan rate is an extremely useful
input for discerning kinetics of different electrochemical processes, but is generally kept constant

at 050mV st in this work since we 020

are interested in gauging OER/ORF 2187
0.10 <

activity of similar structures. A 0.05-

0.00 4
composite voltammogram of the ..

2 Bare Sponge
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sponges with different catalysts is= i RuO,
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Figure 30: CV of MWCNT sponges loaded with ALD catalysts to probe
OER/ORR activity.

(thermodynamic values)and the
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magnitude of the current which can begbly correlated to the activity of the catalysalue is

highly dependent on the mass loading and surface area of the cafdlgstathodic peak, which

is manifested duringpotential sweeps below and away from the thermodynamic reaction
potential (L=2.96V) corresponds to the discharge reaction (ORR) and the catalysts performed
accordingly (ORRxset: P/Ru>Ru>Ru@>Pristine SpongePt>MnO). The anodic peak, which is
indicative of the OER reaction during charge, is manifested during potential sweepsaatiove
away from U, and the catalysts performed accordingly (&R Ru<Pt/RuRuO<PiPristine
Sponge<MnO). Based on the promising OER/ORR behavior of tHeBed electrocatalysts, we
proceeded witla further investigation of this system.

Ru-basedcatalyst systems deposited via wet chemical methods have been investigated in
recent works for 1402 batteried”® 75 Unfortunately, the reported cells were tested over a large
parameter space (e.g. carbon mass loading, different carbon tyga®sure/volume, catalyst
loading amount and amphology, electrolyte, etc.), making a performance comparison of the
different reported Ridbased catalysts extremely difficult. Furthermore, the cycling conditions are
not always adequately reported, trasmplicatingany effective comparison of cetlurrent or
true cycle duratio® By studying comparable systems using the same electrochemical test
platform with clearly outlined process parameters, we are able to draw an effective assessment
between cathode substrates selectively functibe@diwith Ru or Ru@nanoparticle catalysts via
atomic layer deposition, as outlined in the next section.

4.2 Synthesis and Characterization of Pristine Ru-based Cathodes

Synthesis of the sponge/catalyst composites was performed with an ALD process
previouslydeveloped by our grolfiy"® for depositionof Ru or RuQ depending on the oxygen
dose in the deposition process. ALD presents a distinct advantage over the wet chemical methods
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used for Ru/Ru@ decoration in previous works because surface reactions will be more
energetically favorable on defectesitin the sphybridized carbo®®®% Because these defect

sites and the oxygenated functional groups associated with them are active sites for superoxide
radical attacks to form carbondtésthe ALD growth simultaneously augments cathode stability

by selectively passivating defects in the MWCNT substrate while decorating the sponge with the
Ru-based catalyst for enhanced ORR/OER activity. Chemicalldimgnthe catalyst to the
substrate during atomic layer deposition may also improve-tiermg durability as compared to

other Ru/Ru@ decoration methods which have shown tendencies toward catalyst particle
aggregation during cycling!! Additionally, the excellent thickness control granted by ALD

allows for decoration of the cathode substrate while preserving the mesoporous structure of the
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Figure 31: SEM (a) and TEM(c) of the pristine MWCNT sponge cathode shown in (bJEM images of the sponge after 300 cycles o
Ru (d) and RuG; (e) ALD.
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sponge.
SEM and TEM images of the pristine sponge, as showiigare 31a/c, confirm the
mesoporous structure and show that the individual carbon nanotubes (CNTs) have an average
diameter of ~30nm with @0 walls. The macroscale stability and freestanding nature of the
sponge is demonstrated in Figure 31b, as a cathode isdtelddn tweezers near a Udsnefor
size comparison. The intesrtly low defect density on the surface of the CNTSs results in growth
characteristic of ALD nucleation, as shown in Figure 31d/e, in which MWCNTs are decorated
with discrete nanoparticles ofthenium or ruthenium oxide after 300 cycles of the respective
ALD growth process, while the open netwarfkthe sponge is preserved. The dieffiting nature
of the ALD process enables controlled nucleation of the catalyst particles on the CNT with
morphobgy/size loosely dictated by the number of process cycles.
XPS characterization of the pristine MWCNT before and after thecgtlé Ru and
RuQ; ALD processes are shownkilgure 32 The sharp C 1s peak of the pristine sponge, shown
in Figure 323 is characteristic of the $ybridized carbon in CNTs and shows signs of very
mild oxidation and/or adsorbed oxygen with some amorphous carbon, consistent with the low

density of surface defects that enable nucleation growth of ALD catalfter ALD, XPS

Ry 3d j=3/2 Ru 3d j=5/2 Ru 3d j=32 Ru 3d j=6/2

JC1s/Ru3d 4C1s/Ru3d C1s/Ru3d
MWCNT Sponge sp’C 1] MWCNT Sponge Ru MWCNT Sponge R R
' +300 cyc ALD RuQ, ' -+ 300 cyc ALD Ru .
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Figure 32: High resolution XPS spectra of the C 1s/ Ru 3d region of the a) pristine, b) RuO2 functionalized, and c¢) Ru functionalize

MWCNT foam. Red open circles indicate raw data, and blueines show the fitted envelope. The spectra are normalized to the same

arbitrary intensity. The spectrum in (a) is typical of high quality carbon nanotubes. The spectra in (b) and (c) are dominadeby

signal from the Ru 3d orbital, as its photoelectron cros section is over 15 times larger than that of the C 1s. (b) supports the
deposition of nearly pure RuO2, while (c) shows the depufsition of
sat. o0 peak refers to a lstaereffeatcommanly obbeavaitconsluctve retmeniumgpxides'f a
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indicates the presence of metallic Ru and a thin native oxidized surface layer consistent with
RuG in Figure 2b. The spectrum in Figure 2c for the RAQD process is consistent with bulk
RuQ,. TEM characterization of these growth processdiates that the mesoscale morphology
of the cathode is preserved, maintaining access for transport of active species while
functionalizing the sponge with controlled catalyst chemistries, enabling a direct performance
comparison.

4.3 Electrochemical Chara cterization

The cyclicvoltammetry (CV) response of the bare sponge and the decorated MWCNT
cathodes are presentedHigure 33. For the pristine MWCNT the first cycle is plotted since
after this cycle the onset of OER was shifted to significantly higher potential, possibtg due
oxidation of the cathode surfalé!®2°761The CV responses of the decorated cathodes were
stable for allof the 10 recorded cycles, and the fourth cycle of each measurement is plotted in
Figure 33a As obtained, the onset potentials for ORR are higoerttie catalystoaded

cathodes, igggesting enhanced activity which agrees well with the report on catalytdstfer
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Figure 33: A) Cyclic voltammetry of bare MWCNT sponge (1st cycle shown) and sponges loaded with 300cyc ALD Ru and 300c
ALD RuO, (fourth CV cycles shown). The scan rate is 0.5mVsB) Comparison of first galvanostatic charge/discharge profile witha
20pA total cell current for sponges loaded with catalyst. Despite little difference in ORR behavior, Ru exhibits significantly lex

charge voltagefor full capacity recovery.
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ORR® In particular, the Rulecorated cathode demonstrates superior ORR activity, shifting the
onset potential for oxygen rediart from ~2.8V to >2.85V. The more prominent improvement

in activity is observed during the oxygen evolution reaction, with significant increases in current
obtained at much lower onset potential as compared to the pristine MWCNT, approaching the
theoreti@al value for the OER of kD> (3.1V vs. Li/Li*) at low scan ratesThe Ru decorated
cathode demonstrated higher reversibility than the Rbrecovering the charge gained during

the cathodic scan at lower potentials in the anodic scan. Despite the enhanced OER activity
exhibited by both catalyst systemBigure 33b shows the significant decrease in charge
overpotential (~0.3V lower compared RuQ) after the first discharge exhibited by the
MWCNT/Ru cathode.

We tested thegalvanostaticcycling stability of ourMWCNT@ALD-Ru cathode with
round trip cycle duration of 180 minutes (90 per discharge) and a current der2dgnoAg. ™.
As indicaed by thestablecycle profile overlay irFigure 34C, the cathode was able to deliver
the discharge capacity for 300 cycles under these conditions (RBgd)eThe stability of this
voltage profile and the extremely long cycle life is even more remarkahkdering our cell is
a full Li-O cell, with a Li metal anode, whereassimilar cathode stability studyseda more
stable electrodmaterial as the counter electrode (Li Soufé®).

While the previous experiment confirmed the stability of our cathodes under high current
densities andelatively short roundrip durations, a recent investigation suggested that the
absolute exposure time of the Qb discharge product to DMSO is crucial factor in the
evaluation of the chemical stability of the deposited peroxides on the surface of G W
The implication is that while many works perform cycling studies with a short individual cycle

time to probe the performance of their system, cycling studiés nger individual cycle
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durations are necessary to gauge the chemical stability of the cell components during extended
operation. To test this, we also cycled owQuaicell for longer cycle durationgsee 34a/bjo

address the chemical instability diet system under extended exposure of the solvent and
cathode to LLO> and Q. The rounekrip cycle duration was 64 hours (32 hour discharge) and

full recovery of the capacity was obtained at voltages below 4V for more than 20 consecutive

cycles. To our knowledge, this is one of the longest individual cycle durations used in a study of
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Figure 34: Galvanostdic cycle performance of MWCNT @Ru cathode. A)Overlay of select cycle profiles under capacity and voltage
limited conditions (2,130 MAh g'camon With @ current of 70mA gcamon). Profile shows stable cycling until failure during the 2%
discharge due to voltage limitation. B) Reclosing the cathode in a new cell resulteith recovery of the cycle profile after the 28
charge, as shown o the right, for up to 40 cycles C) Cycle profile overlay for cathode cycled at higher current density. D)
Discharge capacity for cathode cycled in C is maintained for over 300 cycles.
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a reversible {0 cathode.
This extended duration cycling stability was teggetanostatically with currents of 70
150 mAg carmon With fixed discharge capacities of 2,2200 mAhgtcamon (>2mAh/cnt and
580-1,000mAhgeiecirodd Which is a significant fraction (~25%) of the total cathode capacity at
these rates. The pristine MUINT cathode demonstrated limited stability, unable to cycle with a
total cell current of 20A with 0.1M LiTFSI/DMSO reproducibly for more than 10 cycles before
irreversibly exceeding the cycling voltage window4(®V). However, under similar conditions
(specifically: 2,130 mAhGcarbon, 588 MAhG electrode, 2 MANCNPelectrodeCapacityat a rate of 70
mAglamo) the Rudecorated cathode demonstrated a healthy cycle profile for more than 24
cycles until the voltage of the discharge exceeded the 2Vrltwé without reaching the
capacity limit. Mass spectroscopy is frequently used as a mode of tracking formation and
evolution of LpCOs as a
result of parasitic side
reactions in LiO2

celld!>1984  \which have

been shown to evolve GO
(g) during charge. Prior to

failure, the cell showed no

Partial Pressure (torr)

early signs ofperformance

degradation, SO we 00 _b =

T
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collected a mass spectrum Time (s)

Figure 35: Mass spectroscopy headspacampling of MWCNT/Ru cell after 25"

discharge (premature cell failure requiring anode replacement). The primary
of the cell headspace aﬁ:ercomponent is Q and there are barely detectable levels of CQOwhich in previous

works has been used to indicate LCO;the presence on the céibde as a result of

h | l parasitic side reactiond!® The lack of a clear reason for failure encouraged us to
the pro Onged CYCIING, aS replace the anode and resume testina.
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shown inFigure 35, in an attempt to probe the c&uof cell failure. Remarkably, oxygen was

still the dominant gaseous species in the cell and negligible amounts x00rG®0O were
detected. The cell was then reopened inside the glove box and only the anode was replaced.
Surprisingly, after reclosing theell and continuing the galvanostatic cycling program, the
cathode showed full recovery of the voltage profile and continued cycling with the same healthy
voltage profile observed before cell failure, as showrkrigure 34b The consistency of the
voltage profile before and after anode replacement strongly suggests similar surface
chemistry/electrochemistry. Similar behavior was also demonstrated with the previously
discussed cathode cycled to a lower capacity at higher currents from BdgldeAfter closing

the previously cycled cathode in a new cell without air exposure, the voltage profile showed
recovery and the cathode recoveregtling under the same conditions of Figid4a These
results, when taken together, strongly suggest that in our cellsriting factor for cell lifetime

is the anode/electrolyte interface and not the cathode.

4.4 Stable Non-Li2Oz Interfacial Layer

After another prolonged cycling period to more than 40 total cycles without additional
signs of failure, we reopened the cell legt over extended durations inside the glove box and
loaded it via high vacuum transfer directly to the XPS usugntegrated system. Semi-gitu
XPS characterization of iair cathodes directly from realistic cells, and in particular direct
comparisos of discharged and charged cathodes, is uncommon in the literature but is important
for understanding the chemistry of surface layers developed during operation. We identify a thin
solid electrolyte interphase formed during the first discharge/charge, ayblch appears to be
subsequently very stable in terms of chemistry and morphology upon charging, as well as after

extensive cycling in a limited capacity window.
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We first made a comparative XP
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Figure 35: Survey scans of the first discharge and charge of a Rt
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and lithium from the CathOde’ though a[hat the C 1s peaks have the same intensity, highlighting the
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atomic ratios calculated usng photoelectron cross sections.

significant quantity of oxygen
present after charge when compared to the pristine cathode. Theebsadikion spectra in
Figure 36 help ducidate the chemical identity of both the discharge products and the residual

surface film. The discharged C 1s/ Ru 3d spectr@a)( demonstrates the nemymplete
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Figure 36: A systematic comparison of the high resolution C 1s/ Ru 3d (a,b), O 1s (c,d), and Li 1s (e,f) XPS peak regionthiofirst

discharge and charge of a Ru functionalized cathode. All spectra are normalized thet same arbitrary peak intensity to highlight
changes in peak shape and location, though the absolute quantities change significantly (Fig 35 inset). Peak locations fan@ (b)

can be found in the text. Some peaks in (b) shift slightly relative to (apossibly due to small amounts of differential charging.
Explicit peak fitting was not attempted for (c), (d), (e), and (f), though locations of possible species are highlighted, hwibcations
based on either measured standards (LiTFSI, LD,) or literature values (all others)©>117.18]
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suppression of the Ru signal at 280eV, which implies that the cathode has been cogered in
thick layer of discharge products. The primary intensity of the discharged O 1s (531 eV) and the
Li 1s (54.6 eV) spectra (Figu@bc and36e) match extremely well with the locations expected
for Li2O, as conpared to both literature vald®s and our own measurements of a,@i
commercial powder standardhown inFigure 37. This confirms that the dominant discharge
product is L¥O.. However, the C 1s spectrum confirms the formation of a variety-of C
containing side products. The primary ked 284.8 eV contains signal from the nanotubes, but
is dominated by nesp’ carbon and hydrocarbons as is clear from the symmetry of the peak,
which points to the presence of a polyrike material interspersed with the>Oo. The C 1s

also demonstratdke formation of small amount of lithium carboxylates (HCi@r CHzCOsLi)

and carbonates (}COs) upon first discharge, which are possibly due to the reaction of residual
amorphous carbon and hydrocarbons on thtase of the pristine CNT$? This process would

be expected to be sdifmiting, and indeed the amounts of these products change only slightly
with further cycling. Continued growth of this type of-Qp cathode/electiyte interlaer, as

observed in a recent wdt¥, could be attributed to cell operation outside of the voltage stability

a) ] Li202 Powder Standard: Li 1s b) Li202 Powder Standard: O 1s
Calib: C 1s @284.8eV \ Calib: C 1s @284.8eV

56.64 eV

531.1eV
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Figure 37: High resolution XPS spectra of the (a) Li 1s and (b) O 1s of commercially available,O, powder. The spectra are
calibrated by placing the C 1s hydrocarbon peak at 284.8 eV.
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window of the cathode/electrolyte, leading to parasitic side reactions and decomposition
products. While these cyclingpnditions will initially yield higher capacity, long term cycling
stability is compromised by continuous growth and evolution of the SEI layer. We demonstrate
that achieving long duration cycling and a stable cathode/electrolyte interface depends on
selection of an appropriate cycle capacity and potential limitations.

After the first harge, the intensities of the O 1s (FigG6&l) and the Li 1s (Figura@ef)
peaks near the locations associated wit®©4iare strongly suppressed, indicating the expected
charge process. The small amount of remaining Li appears to be associated with
carborate/carboxylate species, which cannot be decomposed within the typical charging
potential of our cathode, as well as residual LITFSI salt. The O 1s spectrum reveals a wide peak
spread over binding energies associated with a variety of possible dabenmoieties, but the
broadness of these features precludes reliable peak fitting. We anticipate most of the residual

oxygen to be bound within the polymeric
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i i . Figure 38: High resolution C 1s / Ru 3d spectrum of a Ru

partlal recovery of the Ru S|gnal, whichfunctionalized cathode after the 48 charge cycle (see Figure 34).
The charge spectrum from a different cathode after a singleharge

Figure 36b) is almost identical. The Ru peaks can no longer be

demonstrates that either the catalystearly resolved into metalic and oxide components, but the
primary Ru 3d j=5/2 intensity centered at 280eV suggests the
catalyst is still at least partially metallic.
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particles are partially uncovered by the charging reaction or the thickness of any products
covering them is thinned. However, the Ru signal is still drienaifjt suppressed relative to the
assynthesized cathode, suggesting the continuing presence of a thHiyp8Hyer. Considering
that the fractionalRu photoelectron intensity in Rige 36b is reduced by a factdR of
approximately 80 relative toifure32c and t hat the inelastic me
photoelectrons in Li, O and C rich materials (using_lOs as a model material) is approximately
3.1nme1 a rough calculation would predict an average overlayer thickhed= &) n & 1 3
nm 88l

This observation is supported by TEM images of MWCNT/Ru cathodes in various stages
of cell cycling as presented Figure 39 andFigure 40. A thin SEI layer (typically 5815 nm in
thickness) with the underlying Ru catalyst still attached to the MWCNT is observed after the 1st
discharge (Figure 40), the 1st charge, and even after 40 cycles (Figure 39). Despite this, the low
overpotential obseed in the charging process (and in all subsequent charging cycles) implies

that the Ru particle surface is still available to partake in electrochemical reactions.

Figure 39: TEM image of theMWCNT -Ru cathode afterthe 1% charge (left) and the40th charge cycle(right) showing thesurface
film remainina on the cathodewith underlvina and intact Ru catalvst.
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Conjugation of the XPS and TEM datj

ALD Ru

strongly suggest that the surface film ;
gy suds * Catalyst

permiable or porous, allowing the diffusion «
dissolved species to reach the cathode surf
during operation while still suppressing tt Pl

CNT and Ru XPS signals during |nterfacial Layer

20 nm

characterization. The nanoparticles o0bQd

Figure 40: TEM image of MWCNT-Ru cathode after T
tends to form in the proximity of the Ru discharge showing interfacial layerand the presence of ~1.5nm
spherically shaped deposited particles, mainly on the Ru
surface. It seems likely that these particles are primarily
H H composed of L}O, based on the XPS analysis because the only
partlcles (FIgUfGlO). The other features of the significant difference between the spectra for chayed and
discharged cathodes can be attributed to the presence of,0s.
imi ough those deposited species disappear upon charging of the
charged Cls SpeCtrum are very similar to th%ﬁthode (Figure 39b) the amorphous SEI stays on its surface
without noticeable change in morphology (e.g. or compositionsa

of the discharged with the exception of goundbyXPS)
moderate increase in epekype groups. Examination of the S 2p and F 1s peak redtamsré

41) reveals a negligible amount of decomposition of the TFSI anion.

In order to confirm the stability of this surface film, we also examined the cathode from

a) Single Charge: F 1s b) Single Charge: S 2p
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Figure 41: High resolution F 1s and S 2p spectra from a Ru functionalized MWCNT cathode after a single dischargearge cycle.
The F 1s shows a small amount of formed LiF, possibly from TFSI decomposition. This amount of LiF was consistent across
essentially all samples tested. The S 2p shows a peak at a slightly lower binding energy than the main TFSI peak, which dvoul
nominally be associated with a more reduced sulfur species. This feature is again consistently observed and does not greaw 40t
cycles. The S intensity at ~163 eV was a feature observed on all samples loaded into the XPS during a particular time,hasdbeen
identified as sliaht contamination from an unrelated outaassina S loaded sample stored in the same vacuum chamber.
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Figure34(ab). The highres C 1s spectrumf this cathode after 40 cycles is shown in Figui8e 3

It is apparent that the ratio of intensities of the Ru 3d (j=5/2) peak to the main C 1s peak is
essentially identical to that observed in a cathode after only a single complete cycle3&yure

This implies that the thickness and morphology of the surface layer is essentially unchanged
from the first cycle. If the film was progressively growing through the consumption of the
electrolyte or the CNT support, one might expect the complete suppressenRu signal or a
dramatic increase in side products. In fact, the remaining components of the C 1s spectrum are
strikingly similar to those after a single cycle, still showing a dominant hydrocarop&ak at

284.8 eV and a series of small peaks assed with oxygen bonding, including carboxylates at
288.6 eV and carbonates at 290 eV. The amount of carbonate (approx. 4% of all C 1s signal) has
increased somewhat relative to the single cycle cathode (approx. 1% of all C 1s signal), but this
increases far below what is typically observed in systems where the electrolyte or cathode is

unstable due to either the chemical natoi the carbon or the cycling conditidfg®!

4.5 Conclusions

Starting with a versatileself-standing and robust mulivalled carbon nanotube sponge
substrate, we investigated the catalytic enhancements in OER/ORR activity generated by ALD
decoration with nanoparticles of Ru and Ru@irectly evaluating the two chemistries with the
same eletrochemical LiO- test platform. Initial electrochemical characterization revealed that
ruthenium metal ALD vyielded the more active electrocatalyst, reducing OER/ORR
overpotentials and significantly improving cyclability, even at high capacities. Cstligges of
the MWCNT/Ru system showed excellent stability over long discharge/charge durations and cell
failure was found to be related to other cell componentsitin XPS characterization, and

HRTEM images indicate that these composite cathodes exbrbyiaition of a stable SEI on the

51



cathode, primarily occurring during the first few cycles and without significant evolution after
long term cycling. This work also emphasizes the generally unexploited promise of ALD for

selective passivation and catalysisiext generation battery electrodes.

Chapter 5: Dimethyl Sulfoxide as a Stable Electrolyte Solvent for Li -O»
Research

5.1 Introduction

Both experimental and theoretical works surveying various solvent candidatesQer Li
electrolytes have struggled to firmh appropriate solvent for the study and development of
rechargeable LD, batteries. Carbonateased electrolytes used in early@i works were later
found to be unstable against ORR reaction intermediates and fecarddanate species instead
of the lithium peroxides opxides expected for healthy ORR3*8%0pglyether solvents were
reported to degrade in the presence gfl® and reduced oxygen either by aatidatior®Y, or
electreoxidation!®'% One of the other widely used electrolyte solvents foiOkibattery
research is dimethyl sulfoxide (DMSO); however, due to multiple contradicting reports regarding
its chemical stability on the surface ofQp cathodes, there was a strong need to carefully assess
its stability, despite our previous success with-lfased cathodes in DMSKased electrolyte,
before continuing to use it in our-0> R&D.

Extensive research has focused on the stability of DMSO as a medium for oxygen
electrochemistry. Laoire et al. examined DMSO foiQzibatteries, suggesting it as eomising
solvent for stabilization of reduced oxygen species during &#RR/arious groups then
demonstrated cells operating with DM®@sed electrolytes, leading to improvements in cycle
life®® and the stability of the cathd8& however, recent publications suggested a mechanism

for chenical or anodic oxidation of DMSO in LD, operating cells under certain conditions that
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can cause detectable solvent decompositiofi. Furthermore, two separate reports suggested
either spontaneous chemical degradation eDiinto carbonate when in contact with DMSO
(monitored by XPS¥, or complete decomposition of20- to LiIOH conjugated with extensive
oxidation of DMSO to dimethyl sulfone (DMSQietected by FTIRY!, and concluded that
DMSO is not an appropriate solvent for studyingQ4 batteries with long discharge durations
due to its chemical instability on the surface ofQz2 bringing into question the relevancy of
earlier reports involving more practical systems. We will furthereskithe conditions presented

in these two reports and present contradicting results under robust conditions for monitoring
Li»-O> degradation or DMSO oxidation.

Indeed, concerns regarding DMSO stability in the presence of superoxide ions goes back
to reprts published by Sawyer and cowork&¥], suggesting possible oxidation of DMSO to
DMSO; in a solution containing tetraethylammonium perchlorate (TEAP) salt. However, this
oxidation was not suggested to involve hydrogen abstraction from DMSO or a direct
nucleophilic attack by © on the sulfur atom of the S=0O bond, but rather involved aralinit
hydrogenabstraction from the alkylammonium ion and was tested in relatively high water
content (>500ppm HO), which can also serve as a possible source of protons. The nucleophilic
attack suggested by Sawyer and coworkers therefore occurs by hyosopmis and not ©.
Anodic oxidation of DMSO to DMS@was also found possible by Krtil et using Li salts in
DMSO, but with an extremely high concentration of water (~0.04M) compared to properly
dehydrated 102 systems. This work was recently validated in more controlled environment by
Calvo and coworkel¥!, reporting appearance of DM$@ potentials above 4.2 Vs\Li* via

processes also hypothesized to involve in consumption of trace water from the electrolyte.
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All of the above work used FTIR for characteripati and the peak of the symmetric SO
st r edSO)hat 1142 crit was considered a marker for the presence of DMJ0e limit of
detection (LOD) of the FTIR system for the presence of DMBChe solvent has not been
reported in these works, making iffatult to quantitatively evaluate the extent of the reported
oxidation. This calibration is critical to determine if the observed peaks indicate continuous
oxidation of the solvent or only a minor parasitic reaction that may stop (i.e. after ppmd4ével H
is fully consumed), having no significant effect on cell performance and cyclability.
Furthermore, the observed peaks in the 11485cm' range are not exclusively indicative of
DMSO;, as shown in recent works done withdperando Raman spectrosc8flyand surface
enhanced Ram&f” (SERS), which attribute the peak at ~1140%damthe formation of LiQon
the surface of the cathode rather than the oxidation of DMSO to DMig{®ed, these Raman
experiments did not suggest DMSO oxidation; however, the exposure time of DMS&D30 Li
and superoxide ions in these reports was relatively ERort.

In order to deconvolute the question of DMSO stability on th®4d surface in operating
Li-O. battery, our collaboratorsdemonstrate a computational exploration of the chemical
stability of the LpO./DMSO interface using density functional theory (DFT), and propose a
novel reaction pathway supported by calculated aabvatnergies. Furthermore, we carefully
address the previously reported conditions for chemical decomposition of DMSO by using a
specialized UHV integrated system for sample preparation and transfer to XPS without exposure
to air or moisture for analysid &i>O; aged in DMSO. FTIR and Raman spectra were collected
for each chemical species in our report and previous reports, in addition to the limit of detection
(LOD) of our FTIR and Raman systems for the detection of DM8@ also investigate DMSO

stability against oxidation during ORR or anodic oxidation under operatin@. Libattery
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conditions. The A0, aged in DMSO showed no definitive chemical changes with time, and
DMSO; could not be detected with FTIR, even after 7 months. Furthermore, mesopamsus co
shell CNT@Pt cathodes synthesized via atomic layer deposition enabled us to demonstrate the
stability of DMSO during cycling for over 4 months of cell operation, with a reupdcycle
duration of 80 hours and with more than 45 cycles before disasagmible cell for
spectroscopic characterization.

Through a collaborative effort with our colleagues Dr. Kevin Leung and Dr. Nitin Kumar
at Sandia National Labs in Albuquerque, NM; find that DMSO is highly stable on the surface

of Li2O, both theoretidéy and experimentallyas will be discussed in subsequent sections

5.2 Experimental Methods
DMSQ as a Marker of DMSO Oxidation

Previous reports used FTIR for detection of;3@etching, suggesting this stretching
indicates the oxidation of DMSO. It has become accepted to usaK@®source for superoxide
in DMSO, and to chemically monitor the degree of oxidation of the solvent, as indicated by the
appearance of stretchinggleat 1142cm using Raman or FTIR. However, as presented in
Figure 42, the Raman spectrum of pristinezlBows a strong peak at 1142¢twhich can be
attributed to O=0 stretching), strongly implying that Ki® not a suitable source of superoxide
in a ©lution where DMSQis to be measured at any concentration. This observation agrees well
with FTIR reports of pristne K@and t he | i t e-s=At4Tomd® it seanes like f &
the only appropriate way to use K@ order to test oxidation of DMSO to DMS0y stretching
spectroscopy is to use'fO2i n  w h i &dis shifteceto 1418 crh*®Y The decomposition of
KOz under the laser also manifested additional peaks suggesting thatHhge&k previously

reported by others as Li®f could be attributed to decomposition of K@ KOH and no
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KO, powder aged in air (60s)
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Figure 42: Raman spectrum of pristine KGQ powder (left) showing strong peak at 1142cthwhich can be attributed to the O=0
stretch. KO2 powder aged in air shows evolution of multiple peaks.

necessarily to D> decomposition to LIOH. We first calibed the FTIR to determine the limit
of detection (LOD) for DMS@in DMSO. Figure 43 shows that the SOpeak will manifest
itself even at concentration below 500ppm, implying that FTIR will sense the presencgaif SO

very low concentrations (LOD<7mM)Figure 43 alsoshows the same calibration process
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Figure 43: FTIR and Raman speata for limit of detection of mol% DMSO , in DMSO. The measured limit of detection is ~0.05 mol% for
FTIR and 1% for Raman as indicated by the onset of the symmetric SGtretch at 1142cnt.
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performed with Raman, showing that tf
Vs, s02

LOD of Raman is higher at about 1€

(140mM), suggesting that Ramawgan

confirm or rule out extensive oxidation c

DMSO to DMSQ.

To test possible oxidation of DMSC(

in an operating =02 cell, we discharged &

200 ' 460 : B(I]O : B(I)O ' '10l00 ' 12l00 ' 14l00 ' 1600
MWCNT cathode to 3000mAhQg at Wavenumber (cm™)

Figure 44: Raman spectrum of electrolyte after 14days of rest
100mAg1 let it rest for 14 days inside the within a discharged cell. No signal at 1142 cthsuggests oxidation
)

of DMSO is below detection limits or not present
glove box, and opened the cell inside the glove box to collect a sample of the electrolyte for
Raman testing. As presented kigure 44, there is no signal for symmetric $@tretch
(1142cmb) in the electrolyte despite aexpected molar concentration >2% according to
degradatin suggested in previous repdft.We tested the solubility of DMSGn DMSO to

confirm that this proposed decomposition product should be detected in solution, if present, and

found a aturation limit of 20 mol% of DMS&in DMSO.

Long Term Stability of DMSO Against Oxidation in an Operational Li -O, Cell
In a practical LiO- cell the stability needs to be tested on a very long term, as pointed out
by ShaeHorn and coworkerg®! However, the majority of the cathodes used HOkireports are
either carbon cathodes which demonstrate high gravimetric capacity but limited cy&le life
(=15 or fewer high capacity cycles due to chemical and electrochemical instability of the
carbon), or porous cathodes made of gold or TiC that undergoes discharge processesbf rela
short time&2192 (less than 2 hours for the reports on the porous gold electrodes by Bruce et al.).

Additionally, the anodic instability of DMSO at potential highearth44.3\?1%4ys, Li in the
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Figure 45: SEM (left) and TEM (right) images of ALD-Pt coated carbon nanotube sponge used as a cathode for extensive cycli
to probe DMSO stability over lona cvcles (80 hrs round trip)

preseice of Q and HO (even trace amount¥) was reported to manifest DMSOn the

electrolyte upon cycling, making it difficult to isolate whether detected oxidation took place on
LioO-./DMSO interface upon prolonged exposure or by anodic oxidation of DMSO at high
potentials. In order to fabricate-O> cathode that will enable both long discharge and extended

cycle life, we synthesized core

0.15
i shell CNT@Pt cathode by atomic
0.10 Bare MWCNT @ y
0.057 PL@MWCNT layer deposition of Pton self
0.00 -
-0.05 4 standing CNT. The structure of the
< -0.10 : .
E CNT@Pt cathode is presnted in
= -0.15
-0.20 TEM and SEM images irfrigure
-0.25 4
45,
-0.30 -
-0.35 +——1F—4—o7b—4—"7T—"—"7—"—"T"—"""7"1 This cathode enabled us to
22 24 26 28 30 32 34 36 38
Eye Vs. LilLi* (V) test the long term stability of

Figure 46: Cyclic voltammetry of pristine sponge cathode (L cycle shown) . i .
compared to CNT@Pt cathode (fourth cycle shown).As obtained, the onset DMSQO, toward oxidation, inan
potentials for ORR are higher for the catalystloaded cathodes,suggesting

enhanced activity which agrees well with the ngort on catalytic trends for i i i
ORR.® The more prominent improvement in activity is observed during the ~ OpPerating Li-O2 cell. The CyC||C
oxygen evolution reaction, with significant increases in current obtained at

much lower onset potential as compared to the pristine MWCNT.
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voltammetry (CV) response of the bare sponge and the Pt decorated MWCNT cathodes are
presented inFigure 46. The Pt shell enabled pronounced catalytic activity for OER, hence
significant amount of the discharge capacity could be recovered upon chardiages/below

the reported value for anodic oxidation of DM8 Long tem cycling stability of this
system was tested via galvanostatic cycling with currents of 50'm#g with fixed discharge
capacities of 2,000 mAhgaron This translates to a 40 hour discharge followed by a 4V veltage
limited charge step for more thatb cycles. To our knowledge, this is one of the longest
individual cycle durations reported in a study of a rechargeabl®: laathode. After this
duration of cycling the cell was purged with Ar and disassembled inside the glove box, and a
sample of elecblyte was taken for Raman and tested for presence of BMBMMSO
oxidation had taken place on the @b surface as previously suggested, the expected
concentration of DMS&should exceed 35 mol% after 4 months of operation. Yet, as presented
in Figure 47, no DMSQ was detected even after these extremely long cycle times, strongly
suggestig that the degree of oxidation of DMSO was below 1 mol% and had a negligible effect

on battery cycling performance. For a

20 mol% DMSO, in DMSO
comparison, a Raman spectrum of 20 mo CNT@Pt Electrolyte

DMSO; in DMSO is also presented. |
addition to the standard marker (11429m Vs, 502

three othepeaks which are characteristic ¢

DMSO, were also observed (465, 495, ai w

763 cmt) in this comparison, but are abse

T T T T T T Y T ¥ T ¥ T v
from theCNT@ Ptelectrolyte[1°3] 0 200 400 600 800 1000 1200 1400
Wavenumber (cm'1)
The lowest potential for ORR in this Figure 47: Raman spectrum of electrolyte sample fronCNT@Pt
s h

owing no detect abhls®. Shoenveth 20 o f DMSO2
mol% DMSO2 in DMSO for comparison
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cell was above 2.65V, higher than the potential reported to decompose DMSO on a microporous
carbon cathod®l, and the CNT@Pt is hypothesized to possess a significantly lower
concentration of acidic functional group as compared taaparous carbon; hence, it is less
likely to induce formation of the hydroperoxy ion that can oxidize DMSO through nucleophilic

attack on sulfur in DMS@&?94.%!

Li»O, Decomposition
We have also examined the surface chemiefrLi>O. in contact with DMSO using
XPS, which should detect solid decomposition products even from minetinsétig surface
reactions. A previous report showed the development of carbonates at the-DN2EQ2
interface after 2 days, although no ré@actmechanism was suggested. We soaked commercial
Li202 powder in DMSO for over 2 months inside a glove box before removing a sample of

powder, drying it under vacuum, and transferring it without atmospheric exposuvar to

Figure 48: Figure 4. XPS spectra of ageceived Li202 powder (a,c,e) and Li202 powder immersed in DMSO for over 2 months a
room temperature (b,d,f). (&) and (b) compare the C 1s region with peak fitting, and (c) and (d) compare the O 1s region wikbak
fitting. (e) and (f) show a wide energy region (0600eV) which contains the O 1s, C 1s, S 2p, and Li 1s peaks. The numbers next to
each peak reflects the calculated atomic percent composition of each sample. The insets show high resolution data from tBp S
regions. The y-scales of all graphs are normalized to approximately the same size to highlight differences in peak shape, except for
the insets in (e) and (f) which have the samescale to highlight changes in quantity.
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