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Abstract

The demand for clean energy in portable applications is driving the development of high
specific energy batteries, which will enable automobiles powered by electricity derived from re-
newable energy sources such as solar and wind. Lithium—air batteries are a promising avenue for
advancing the energy storage capabilities beyond that of current lithium-ion technology. These
batteries face a number of challenges which prevent their practical implementation in devices. This
thesis explores possible mitigations for two of these challenges: (1) the high charging overpotential
and (2) the volatility and poor oxygen conduction of liquid electrolytes in Li—air batteries.

In the first part, Vulcan carbon-based electrodes were developed where chemically-synthe-
sized lithium peroxide was included during the electrode preparation process. Variants of these
electrodes which further included noble metal catalyst nanoparticles (Au, Pt, and Ru) were also
prepared, and Pt and Ru were both demonstrated to begin oxidizing Li2O2 500 mV lower than
required for carbon-only or Au-containing electrodes. Using a differential electrochemical mass
spectrometer (DEMS) designed and built over the course of this thesis, we showed that Ru-con-
taining electrodes produce oxygen throughout the oxidation of Li2O2, while Pt generated both car-
bon dioxide and oxygen, indicative of electrolyte decomposition. These results served as a foun-
dation for future efforts to develop solid catalysts for the oxidation of Li2Oz in Li-air batteries.

In the second part, Li—O2 devices using a solid electrolyte based on poly(ethylene oxide)
(PEO) were developed. The discharge performance at room temperature and 60 °C was character-
ized, with dramatically higher discharge capacity and rate capability achievable at the elevated
temperature. DEMS was used to show that the gases evolved during charging in argon were sen-
sitive to the temperature of charging, with additional carbon dioxide observed at and above 50 °C.
Finally, the autoxidation of PEO at 60 °C in Li—O2 environments was studied, where NMR and
DEMS measurements showed that the rate of PEO autoxidation increases with increasing applied
potential, and that this reaction has a significant impact after only one charging cycle, identifying
another condition that must be met for stable and practical Li—air batteries.
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Introduction
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1.1 Motivation

Climate change, including the increase of the global surface temperature (Figure 1-1), is a
significant concern for society’s future,! and the effects of climate change (including sea-level rise
and dramatic changes to local climates) are expected to have a large impact on the global economy
over the next century.? Climate change has been linked to the growing concentration of carbon
dioxide and other greenhouse gases in the global atmosphere (Figure 1-2), although a very small?
and shrinking®® number of climate scientists remain unconvinced. The continued widespread com-
bustion of fossil fuels is a significant source of the greenhouse gases,! which motivates the devel-
opment and widespread implementation of non-fossil fuel energy sources, such as wind, solar,
biomass, geothermal, and, more controversially, nuclear energy. These technologies are now a sig-
nificant source of electrical energy (Figure 1-3), and in 2014 accounted for 32.6% of the total
electricity produced in the U.S.% In the past 15 years, energy production from wind and solar tech-
nologies has dramatically increased; energy derived from solar and wind have increased 5.5 and
29 times respectively, between 2000 and 2015.

However, of these technologies, only biomass (largely in the form of ethanol additives) has
been widely adopted in the transportation sector, which continues to source 95% of its energy from
fossil fuels.® This is largely due to the transient, low-density, and often stationary nature of other
renewable energy sources and the enormous safety concerns associated with the concept of nuclear
powered cars. Therefore, it is desirable to electrify the transport system, which would link the large
amount of energy consumed on transportation with the gradual increase in electrical energy gen-
eration from clean sources.

While some forms of transportation can be electrified (such as buses and regional trains) by

directly connecting vehicles to the electrical grid, this is not feasible for automobiles, which must
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Figure 1-3. Estimated US Energy Use in 2013: 97.4 Quads (quadrillion BTU). Energy sources
are listed on the left and energy consuming sectors are listed near the right in pink. Colored bars
indicate the use of each source in a particular sector, and the width of these bars is proportional
to consumption. Data is based on DOE/EIA-0035(2014-03), March, 2014.” Reproduced from

Ref. 8.

be capable of travelling individually and independently from the grid. Thus, technologies are
needed that store electrical energy with sufficient density for automotive applications. Conceptu-
ally, this can be achieved either through the electrochemical production of fuels (e.g. hydrogen via
electrolysis of water) or using on-board electrochemical devices to store energy taken from the
grid (e.g. lithium-ion batteries). While both of these pathways are potentially viable options that
are being extensively investigated,”!'! in this thesis we choose to focus on new battery technolo-

gies.
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Three classes of vehicles are currently being developed that rely on on-board batteries for
some or all of their energy storage: hybrid electric vehicles (HEV), plug-in hybrid electric vehicles
(PHEYV), and electric vehicles (EV). As shown in Figure 1-4, current lithium-ion (Li-ion) batteries
are capable of meeting the performance targets of HEVs, although efforts are ongoing to develop
electrochemical capacitors that are capable of meeting this need.!*'®* PHEVs and EVs are both
currently available, but are strictly limited by the performance and cost of Li-ion batteries. The

EVs currently available from Tesla Motors are undeniably impressive, but the high cost and limited
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availability of their vehicles makes them niche luxury items, and the battery in the Tesla Model S
is estimated to make up 30% of the vehicle’s curb weight.!”

As shown in Figure 1-4, industry targets for EV battery performance!? require batteries with
at least double the specific energy of Li-ion batteries. This presents a significant materials chal-
lenge, as the lithium intercalation compounds used in the positive electrode of Li-ion batteries have
a limited capacity for lithium ions,'® which in turn limits the specific energy of devices using these
compounds.!® High voltage lithium intercalation compounds are being investigated in an effort to
increase the energy stored per unit lithium,'®2%2! but new electrolyte materials need to be found
that are stable with these materials.?? An alternative to finding higher voltage intercalation materi-
als is to use conversion reactions, in which lithium ions are reacted with other species in the battery
to spontaneously form new compounds while discharging. Two such systems have been of great
interest recently are lithium—sulfur and lithium—air (Li-air) batteries.”> However, because oxygen
is significantly lighter than sulfur (16 g/mol O vs. 32 g/mol S), Li—air batteries have a higher the-
oretical specific energy and are the focus of this thesis.

Figure 1-5 shows a comparison of the theoretical energy density between traditional Li-ion
batteries (using a LiCoO2 positive electrode) and Li-air batteries.'® If combined with a lithium
metal anode, Li—air batteries are theoretically capable of achieving 3-4x enhancement in specific
energy over current Li-ion batteries, while matching their volumetric energy density. Even when
compared to lithium metal-based Li-ion batteries, Li—air batteries may achieve twice the specific
energy density. It should be noted that development of practical devices using lithium metal or
other high capacity negative electrodes (such as silicon) is required for the high performance of

Li—air batteries; carbon-based Li—air batteries have only minimal theoretical improvements over

24



Li-ion. Developing rechargeable lithium batteries with high capacity anodes is the subject of in-
tense research by a number of groups,?*~% but is not the focus of this thesis. Other work has shown
similar results; a detailed engineering analysis of Li—air and advanced Li-ion devices by Gallagher
et al. show that open Li—air batteries may be able to achieve ~1.5x higher specific energy than
advanced Li-ion batteries, while more than doubling the volumetric energy density of current Li-

ion batteries.?’
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(Li20z2) as the positive electrode with carbon (Cs) or Li as the negative electrode. An additional
two times excess lithium is assumed for the lithium negative electrode. Reproduced with permis-
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1.2 Principles of Operation for Lithium—Air Batteries

Li—air batteries (and closely related Li—O:z batteries, which use purified oxygen rather than
air) operate by reacting lithium with gaseous oxygen electrochemically, allowing work to be per-
formed as electrons are transferred from the lithium negative electrode to the oxygen positive elec-
trode (Figure 1-6). Although this reaction can be performed in aqueous as well as nonaqueous
environments, nonaqueous Li—air batteries have received greater attention owing to their higher
achievable specific energy density.?’ In general, the desired discharge product is lithium peroxide,

which is produced by the overall reaction:?®

2Li(s) + 0,(g) < Li,0,(s) where E° = 2.96 V vs.Li (1-1)

®

©5
= <)
J
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9

Negative Electrode Electrolyte Positive Electrode

Figure 1-6. A schematic of the theoretical discharge behavior of a nonaqueous Li-air or Li—O2
battery. Lithium ions are generated at the negative electrode and react with oxygen at the positive

electrode to produce solid lithium oxides, such as lithium peroxide or lithium oxide.
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Reaction 1-1 proceeds electrochemically, where lithium ions are generated at the interface
between the electrolyte and negative electrode and diffuse through the electrolyte, while electrons
are transported through an external circuit. In the positive electrode, lithium ions, electrons, and
oxygen react to spontaneously produce solid Li2O2, which is deposited throughout the electrode

(Figure 1-6). The reaction in the positive electrode is believed to obey the following reaction

scheme:!°
Li+ +e + 02 b4 LIOZ (1'2)
LiO, + Li* + e~ - Li,0, (1-3a)
2Li0, - Li,0, + 0, (1-3b)

Although LiO2 is reactive and unstable, numerous reports have identified its presence in
discharging electrodes through direct and indirect methods.!*?° Reactions 1-3a and 1-3b are less
well understood, and conditions in which one or the other dominates is the subject of active inves-
tigation.>'** We also note that although lithium oxide (Li20) would theoretically achieve higher
specific energy than Li2O2, in practice it is not observed as a discharge product,’ and when added
to electrodes has been shown to be very difficult to oxidize.>>¢ For this reason, Li202 is generally
considered the desired discharge product of Li-air batteries, and all the analyses of Li—air perfor-
mance above assume Li2Oz as the discharge product.

In contrast with Li-ion devices, in which the amount of lithium intercalation compounds
control the capacity, the porosity of the positive electrode controls the maximum theoretical ca-
pacity of Li—air batteries, because Li202 is spontaneously formed in the electrode void space during
discharge. As the cell is discharged, Li2O2 has been observed to gradually accumulate, and in some

situations this continues until all void space in the electrode is filled (Figure 1-7).%” The mechanism
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controlling the shape and distribution of discharge product is of particular concern owing to the

insulating nature of Li202, and remains a subject of active research.’®>
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Figure 1-7. Evolution of Li2Ox discharge product morphology in a carbon nanofiber electrode.
Insets show the corresponding discharge voltage profile. Reproduced with permission from

Mitchell and Gallant et al.’’

1.3 Challenges for Lithium—Air Batteries

In spite of the promising theoretical performance of Li—air batteries, a host of challenges
have been identified that currently prevent their practical implementation.'® Li—air and Li-O2 bat-
teries exhibit poor recharge reaction kinetics, and often charge near 4.0 V vs. Li (V1i),***! more
than 1 V higher than the reversible potential of 2.96 VLii listed in reaction 1-1. Many catalyst ma-
terials have been proposed to improve on this charging potential,?®#>#6 some of which are explored
in Chapter 2. Additionally, discharge rate capability of Li—air and Li—O2 batteries is below that of

Li-ion;*”*® at very low rates, cells can be discharged to very high depths of discharge, but at higher
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rate are only able to access a fraction of capacity. This behavior is linked to the distribution of
discharge product within the positive electrode:*%*° low rates allow large, space-filling particles to
form, while higher rates usually restrict the discharge product to form a thin coating on the elec-
trode surface, and efforts to understand the controlling factors of these two behaviors,*®3 as well
as their impact on subsequent charging,* is ongoing. The cycle life of Li-O2 and Li—air batteries

is also quite poor, with devices that are deeply discharged often only lasting a handful of cycles.**°

Some researchers use limited capacity discharge,*!42!

which enhances the cycle life but ulti-
mately results in the same capacity fade after tens of cycles.’! This behavior is attributed to reac-
tions between the discharge products or intermediates (Li2O2, LiO2, and O2™") and the electrode
and electrolyte;* several teams of researchers have investigated a large number of electrolyte
and electrode material systems in an effort to find a stable combination.’® The only apparently
successful pairing yet demonstrated used a DMSO-based electrolyte with a nanoporous gold elec-
trode,>* and recent results from our group have shown that Li202 and DMSO react over the course
of hours.>> Chapter 5 continues this trend and explores the interaction between oxygen and a solid-
polymer electrolyte at charging potentials, and Chapter 3 describes the development of equipment
that can analyze the gas consumption and production of Li—Oz cells to directly confirm the reversi-
ble operation of such devices.

Additional problems arise when considering true Li—air devices, which are open to air, as
opposed to the closed Li—O2 devices that are frequently used in laboratory research. Li2O2 is un-
stable in air, readily reacting with COz to form Li2CO3 and with water to form LiOH, both of which
require much higher potentials to oxidize.**® Practical devices will need to develop an air scrub-

bing system that removes COz and water, or selectively allows the passage of only oxygen.?’ Ad-

ditionally, electrolyte evaporation is a concern; most of the solvents used in Li—O2 batteries are
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volatile,’*%

and will escape the cell over time. This is both detrimental to the cell operation (elec-
trical conductivity will eventually be lost) and to the environment where these toxic solvents would
be contaminating.’®*®> In Chapters 4 and 5 we investigate using a solid, non-volatile polymer
electrolyte as a possible solution to this problem and direction for future investigations.

1.4 Thesis Scope

This thesis investigates several faces of oxidation within Li—O2 batteries. In Chapter 2, we
investigate the charging behavior of Li—O2 cells where chemically-synthesized Li202 has been
included in the positive electrode, with and without the presence of various noble metal catalysts.
The use of Li2O2-preloaded electrodes controls for variations that may occur during discharge with
the different catalysts, and allows their activity in electrochemically oxidizing Li2Oz to be studied.
We use X-ray diffraction and scanning electron microscopy to confirm the oxidation and removal
of Li202, and show that both Pt and Ru allow the oxidation of Li202 to occur at much lower po-
tentials than for Au or Vulcan carbon alone.

Chapter 3 describes the design and construction of a differential electrochemical mass spec-
trometer (DEMS) in our lab. DEMS allows for the quantitative measurement of the consumption
and production of gas through all stages of Li—O2 cell operation. We explore the design of the
DEMS system and the decisions made in the process of development. Finally, we demonstrate the
capabilities of the DEMS on several Li—O2 systems, showing results that agree with work pub-
lished by other groups for carbon electrodes in liquid electrolytes, and confirming that oxygen is
the dominant product of Li2O2 oxidation in the presence of Ru, while both oxygen and carbon
dioxide are produced in the presence of Pt.

In chapter 4, we develop a solid-polymer-based Li—O2 cell based on poly(ethylene oxide)

(PEO). Using solid, non-volatile PEO as the electrolyte solvent allows us to develop a cell that
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would not be susceptible to solvent evaporation, and allows us to engineer a three-phase electrode
with high oxygen transport. We investigate the performance of these cells at room temperature,
and consider the various possible causes of their poor performance. We subsequently investigate
the discharge performance at 60 °C, finding that carbon loading controls discharge capacity and
ultimately approaching the device performance targets. Finally, we use DEMS to investigate the
gas evolution during charging under argon at a range of temperatures from 30 to 60 °C, observing
a marked increase in the production of unwanted gases at 50 °C and higher.

Finally, Chapter 5 continues the investigation of the behavior of PEO electrolytes under
charging conditions, showing that PEO autoxidation is a major reaction in PEO-based Li-O2 cells
at 60 °C in oxygen over 100 hour time periods. We use DEMS and nuclear magnetic resonance
spectroscopy to determine that the rate of this autoxidation reaction increases with increasing cell
potential, and propose a mechanism for this reaction that explains the accelerated rate of oxidation
without an observed increase in current. Finally, we demonstrate that this reaction affects the per-
formance of the cells developed in Chapter 4, and use pressure-tracking experiments on the DEMS
to show that PEO autoxidation is observed after a single charging cycle. These observations can
be used to guide the development of new polymer and liquid electrolytes for Li—air batteries and

provide additional constraints that must be met for stable, practical Li—air devices.
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Chapter 2

Evidence of Catalyzed Oxidation of Lithium
Peroxide for Rechargeable Lithium—Air
Battery Applications”

*Adapted and reproduced with permission of the PCCP Owners Society from:

Harding, J. R.; Lu, Y.-C.; Tsukada, Y.; Shao-Horn, Y. Evidence of catalyzed oxidation of Li2O2
for rechargeable Li—air battery applications. Phys. Chem. Chem. Phys. 2012, 14, 10540-10546
DOI: 10.1039/C2CP41761H.

Copyright © 2012 the PCCP Owners Society
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2.1 Introduction

As described in Chapter 1, there are a number of challenges that currently limit the practical
uses of Li—air batteries, which include low rate capability (typically 0.1 to 1 mA/cm?),%%? low
round-trip efficiency (53—64%,% 70%5%), poor cycle life (10-100 cycles),* % and electrolyte re-
activity towards oxygen reduction reaction (ORR) intermediate species.>%” In this chapter, we
focus on the challenge of the low round-trip efficiency of Li—Oz cells, which has been attributed

28,43,47,63 and more

to the slow oxygen evolution reaction (OER) kinetics in organic electrolytes,
recently to the morphology of the Li202 produced during discharge!®*%2686° and the buildup of
stable byproducts that are more difficult to oxidize.*"""%7? The discharge voltages of Li-O2 cells

are typically in the range of 2.7-2.8 VLi for carbon-based electrodes,?837:40:42:47.73,74

slightly below
the thermodynamic equilibrium potential (~2.96 Vi), which is in good agreement with earlier
findings that carbon is a reasonably active catalyst for oxygen reduction in organic electrolytes.”
In contrast, the charge voltages of Li—O2 cells with carbon-based electrodes are typically much
higher than the thermodynamic voltages; early work with carbonate based electrolytes showed an
average voltage plateau of ~4.7 VLi on carbon,’® versus ~4.2 VLi on MnOx/C% and ~4.0 Vi on X~
MnO2,%° a-MnO2 nanowires,** and C0304% (70 mA/gearbon 0r 0.1 MA/cmelectrode?), With additional
work showing that catalysts such as MnO2%* and PtAu’ can reduce the charging voltages of Li—
O2 batteries. However, these studies employed carbonate-based electrolytes in Li—O2 cell testing,
which can produce significant amounts of carbonates and alkyl-carbonates in addition to Li2Oz,
due to the reactivity between superoxide (an ORR immediate species) and carbonate sol-
vents.*>677677 More recent work has investigated the catalysis of Li-O2 charging in electrolytes
based on 1,2-dimethoxyethane (DME) and its oligomers, and observed a reduction in the charging

44,78,79

potential of deeply discharged Li-O2 cells, especially when carbon-free electrodes are

34



used.>*8%81 This is in contrast with work by McCloskey et al.,*? which showed that catalysts such
as Pt, Au and MnO: do not appear to influence the charging voltages of Li—O2 cells with DME.
However, these authors examined Li—O: cells with exceptionally small capacities (less than 1 mon-
olayer of Li202, ~130 mAh/gvuican)” Which can be compared to most other studies (in the range
from ~1000 to ~10000 mAh/gearbon>*7-7282),

In this chapter, we reexamine the effect of catalysts on the oxidation kinetics of Li2O2-loaded
electrodes in a DME-based electrolyte, which does not react as readily with ORR intermediate

1.,%7 and leads to Li2O2 formation in

products such as superoxide ions, as shown by Aurbach et a
Li—O2 cells.>”*7# The use of Li202-loaded electrodes eliminates concerns that observed changes
in charging voltage may be due to changes in discharge product morphology. We show that Li2O2
can be completely oxidized upon charging using X-ray diffraction (XRD) and scanning electron
microscopy (SEM), where much higher overpotentials are needed for electrodes based on Vulcan
carbon and Au/C than those of Pt/C and Ru/C.

After publication of the work presented in this chapter, additional investigations into Li2O2-
loaded electrodes were performed in our lab, but are not included in this thesis. Yao et al.*
investigated a variety of transition metal and perovskite materials as more cost-effective catalysts

for Li2O2 oxidation, and very recently proposed a mechanism to explain the relative activity of

various metals and metal oxides as promoters of the electrochemical oxidation of Li202.34

* In McCloskey et al.,*> most results are given on an absolute scale of current and capacity,
which makes comparison between their results and other published results challenging. In the
supplemental information of that paper, the authors give an approximate value of the carbon
loading present in their carbonate free electrodes, reporting that the active cathode material
ranged from 3-6 mg in each electrode. The authors define active material as both the carbon and
catalyst included in the electrode mass.

Assuming a mass of 3 mg of carbon was added to each electrode on average, and observing that
each cell was allowed to discharge to 0.4 mAh in DME gives a result of only 130 mAh/gcarbon.
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Additional work investigating Li2O2-loaded electrodes with various promoters using differential
electrochemical mass spectrometry (DEMS) is presented in Chapter 3.

2.2 Experimental

2.2.1 Electrode Preparation

All electrodes consisted of a carbon structure with lithiated Nafion® (Li-Nafion; LITHIon™
dispersion, Ion Power, USA) as a binder deposited on aluminum foil. The carbon structure con-
sisted of pure Vulcan XC72 carbon (VC), 40 wt% Au on VC (Au/C), 40 wt% Pt on VC (Pt/C), or
40 wt% Ru on VC (Ru/C), all of which were purchased from Premetek (USA). 90% phase-pure
Li202 powder (with 10% LiOH, see Section 2.2.2 below; Sigma-Aldrich, USA) was ball-milled in
a PULVERISETTE 6 (Fritsch, Germany) at 500 rpm without solvent under dry argon for 5 hours.
After ball milling, XRD indicated 4% LiOH in crystalline Li2O2 (Figure 2-1). L1202 electrodes had
a ~1:1 mass ratio of Li2O2 and carbon (0.99, 1.08, 0.99, and 1.01 gri202/gcarbon for VC+Li202,
Au/C+Li1202, Pt/C+L1202, and Ru/C+Li20z, respectively). Assuming complete oxidation, Li202
has a capacity of 1168 mAh/g. Therefore, the expected capacity of each set of electrodes was 1160,
1260, 1160, and 1180 mAh/gcarbon for VC+Li202, Aw/C+Li202, Pt/C+Li202, and Ru/C+Li202, re-
spectively.

Catalyst/VC and Li2O2 were mixed under argon. Li-Nafion and anhydrous isopropanol were
added to the mixture, which was sonicated with a probe ultrasonicator in a dry glovebox
(MBRAUN, USA, H20 <0.1 ppm, O2 < 1%) until a homogenous slurry was obtained. This slurry
was deposited onto aluminum foil in air, and then quickly dried under vacuum. After the isopro-
panol evaporated, 15 mm diameter electrodes were punched from the electrode sheet in the dry
glovebox. These electrodes were then dried in a Biichi B-585 glass vacuum oven (BUCHI, Swit-

zerland) for at least 8 hours at 70 °C, without exposure to air. Following drying, the electrodes
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were transferred into an argon glovebox (MBRAUN, USA, H20 <0.1 ppm, O2 < 0.1 ppm) without
exposure to air and stored there until used. Electrodes were weighed individually on a XS205
analytical balance (Mettler-Toledo, USA) before use. For each catalyst, electrodes were prepared
with L1202 (denoted by “+Li202”, e.g. Au/C+Li202) and without Li202, which was used to generate
background current.
2.2.2 Confirmation of Li;O; Purity

The manufacturer reported 90% phase purity of the Li202 used in this work. XRD was per-
formed on the Li202 powder both as purchased and after the ball milling treatment (Figure 2-1).
The as purchased powder shows a ~10% phase impurity of LiOH, although the small size of the
LiOH peaks and their close proximity to major Li2O2 peaks increases the uncertainty of this cal-

culation. Post ball milling, only the (200) LiOH peak is detected, and its area is consistent with a
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Figure 2-1. XRD spectra of Li2O2 powder as-purchased and after ball-milling. Grey vertical

lines denote Li20Oz2 lattice planes, and green stars denote LiOH lattice planes.

37



4% LiOH phase impurity. However, we are not aware of a reasonable pathway for the conversion
of LiOH into Li2O2 while dry ball milling under argon. We propose that the LiOH was present on
the surface of the as purchased Li2O2 powder, where ball-milling most effectively reduced LiOH
crystal size, thereby reducing its peaks below the XRD detection limit.

For the purposes of estimating the expected cell capacity, this contamination is neglected,;
the number of Li atoms present changes by only 0.3% by including a 10% LiOH impurity. Addi-
tionally, the thermodynamic equilibrium potential for LiOH is 3.3 Vi, below the operating poten-
tial of all cells presented here. We therefore assume that LiOH is also oxidized during charging,
which is consistent with the agreement between the observed and expected capacities.

2.2.3 Electrochemical Testing

All electrochemical testing was performed using TJ-AK cells (Tomcell Japan Co, Japan),’
which were prepared in the argon glovebox and held approximately 1 mL of head space. Metallic
Li (Chemetall, Germany, ~0.14 mm thickness, 18 mm diameter) was used as an anode with two
Celgard 2500 separators (Celgard, USA, 21 mm diameter). The electrolyte consisted of 87.5 uL
of 0.1 M LiClO4 in DME (Novolyte, USA; manufacturer reported H2O < 20 ppm).

Each electrode type was charged potentiostatically at several voltages using either a So-
lartron 1470 (Solartron Analytical, UK) or a Bio-logic VMP3 (Bio-logic, France). For each catalyst
and at each voltage, electrodes with and without Li202 were charged to allow the estimation of net
current by subtracting background current due to reactions not involving Li2O2. Each test began
with a 6 h rest at open circuit voltage (OCV), followed by 30 min at 2.9 Vvi before switching to
the desired test potential. Testing was not time-limited, and when possible cells were allowed to
charge until the normalized current was less than twice that of the corresponding background elec-

trode. Integrating the net current with respect to time gave the capacity of the electrode associated

38



with Li202 oxidation (Figure 2-2). The activity for Li2O2 oxidation was compared by net carbon-
mass-normalized current for Li2O2 oxidation, which was calculated by subtracting the carbon-
mass-normalized current of a Li2O2-free electrode from the carbon-mass-normalized current of a
corresponding Li2O2-containing electrode. As the carbon:Li202 mass ratio was kept nearly equal
to 1, currents normalized to carbon are equivalent to those normalized to Li2O2. Measurements at
each condition were repeated several times, from which an average and a standard deviation of

carbon-mass-normalized currents of Li2O2 oxidation were obtained.
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Figure 2-2. Example background subtraction and capacity integration for an Au/C+Li20z2 cell
charged at 4.3 V. (a) Carbon normalized active and background current vs. time, (b) Background
subtracted net current vs. time, (c) Net current vs. capacity on a linear scale, and (d) Net current

vs. capacity on a log scale as presented in the remainder of the chapter.

Each catalyst was also tested galvanostatically. Each cell was rested at OCV for 6 h before
current was applied. The currents were selected on a carbon-normalized basis, and ranged from 5—
500 mA/gcarbon. Each test was terminated when the cut-off voltage was reached.

A Li-O2 cell consisting of a lithium metal anode (15 mm in diameter and ~0.45 mm thick-

ness) and a Li-Nafion-bonded air electrode (12.7 mm in diameter) of Pt/C was discharged and
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charged at 100 mAh/gcarbon. A detailed description for the preparation and testing of this cell can
be found in the experimental section of Lu et al.*’
2.2.4 Materials characterization

XRD spectra were collected using a X’PERT Pro (PANalytical, Netherlands) with a Cu an-
ode (Cu Kq). Samples were held under Kapton®, placed on a zero-background holder, and were
prepared in the argon glovebox. XRD was performed on each batch of electrodes in the as-prepared

state, after ~50% charging, and in the fully charged state. A continuous scan rate of 1°/min from

20° to 64° 20 was used for all samples.
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Figure 2-3. XRD spectra of pristine electrodes containing Li2O2 and various catalyst nanoparti-

cles.
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2.3 Results and Discussion
2.3.1 Electrode microstructure

Figure 2-3 shows the XRD of pristine Li2O2-containing electrodes for each catalyst. XRD
analysis of these electrodes shows crystalline Li202 with space group P63/mmc. No crystalline
form of LiOH, Li20, or Li2CO3 was observed. SEM imaging reveals that VC or catalyzed VC
(Au/C, Pt/C and Ruw/C) particles (~50 nm)47 are uniformly mixed with Li202 particles (~350 nm
in Figure 2-4), as shown in Figure 2-5. It should be noted that metal catalyst nanoparticles are not

visible in these images as they are generally 2 to 10 nm in diameter (Figure 2-6).
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Figure 2-4. (a) SEM of ball-milled Li2Oz. (b) Particle size distribution of particles present in (a).
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Figure 2-5. SEM images of pristine electrodes containing Li202: (a) VC+L120z, (b)
Au/C+Li202, (¢) Pt/C+Li202, (d) Rw/C+Li202. Large smooth particles are Li2O2 and small parti-
cles are Vulcan carbon. The nanoparticles of Au, Pt and Ru are too small to be visible in these

images.

Figure 2-6. TEM of VC supported catalyst. (a) Au on XC72 Vulcan carbon (Au/C), (b) Pt on

XC72 Vulcan carbon (Pt/C), (c) Ru on XC72 Vulcan carbon (Ru/C).
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2.3.2 Li20; Oxidation on Vulcan Carbon

Vulcan carbon was found to become active in catalyzing the oxidation of Li2O2 at 4.0 VLi
and higher. The net oxidation current obtained from VC+Li202 was found to significantly increase
with increasing applied potentials, as shown in Figure 2-7. A maximum current of 20 mA/gcarbon
was reached at 4.0 VLi while 1000 mA/gcarbon Was obtained at 4.4 VLi. Some current waves were
noted (e.g. currents at 4.3 VLi), where the physical origin is not understood and requires further
investigation. The total capacities associated with net Li202 oxidation currents were found to be
very comparable for all applied potentials (~900—1100 mAh/gcarbon), Which translated to 80—95%
of the expected capacity based on the amount of Li2Oz2 in the pristine electrode. It is interesting to
note that an average current of ~100 mA/gcarbon for Li2O2 oxidation corresponds to voltages be-
tween 4.1 and 4.2 Vi, which is consistent with reported charging voltage of Li—Oz cells with car-

bon electrodes.?”
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Figure 2-7. Net current density vs. capacity for VC+Li202 cells charged potentiostatically at se-
lect voltages. The expected capacity was estimated from the amount of Li202 used in the pristine

electrodes.
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Figure 2-8. XRD data from an as-prepared VC+Li20: electrode (0% charged), a ~50% charged
electrode (4.3 Vi, 515 mAh/gearbon), and a ~100% charged electrode (4.3 Vii, ~1050 mAh/gcarbon)

showing a reduction then elimination of crystalline Li2O2 in the electrode. Grey vertical lines

mark the Li202 peaks.

XRD and SEM analyses show that Li>O2 could be removed completely upon charging, which
confirms that the measured oxidation currents in Figure 2-7 are associated with oxidation of L120x.
Figure 2-8 shows the XRD spectra of as-prepared, 50% and 100% charged VC+Li202 electrodes
tested at 4.3 Vi, where the peak intensities of Li2O2 were found to linearly decrease with increas-
ing charged capacity (Figure 2-9) and Li2O2 peaks were no longer visible at ~100% charged ca-
pacity. SEM imaging of these electrodes further supports that Li202 was largely removed upon
charging, as shown in Figure 2-10. In comparison to the as-prepared electrode (Figure 2-10a), the
number of Li2Oz particles was visibly reduced in the 50% charged electrode (Figure 2-10b). L1202
particles were not visible in the 100% charged electrodes (Figure 2-10c), where holes left behind

by the removal of Li2Ozparticles were clearly identified.
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Figure 2-9. Percent reduction of the (101)Lizo2 diffraction peak area vs. percent observed capac-

ity for VC+Li202, Auw/C+Li202, Pt/C+Li202, and Ru/C+Li202. The dashed black line marks the

ideal 1:1 relationship between increasing charging and peak area reduction.

0%*Charged{b)”
A

50% Charged] c) ~ . 100% Charged
p, ~ ’ s -

Figure 2-10. SEM images of VC+Li20z electrodes at select states of charge. (a) As-prepared
(0% charged), (b) a ~50% charged electrode (4.3 VLi, 515 mAh/gcarbon), (c) and a ~100% charged

electrode (4.3 Vi, ~1050 mAh/gcarbon).
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2.3.3 Li2O; Oxidation with Catalyzed Vulcan Carbon
2.3.3.1 Charging of Au/C and Li20:2

Au/C was found to be no more active in catalyzing the oxidation of Li2O2 than VC. The net
oxidation current densities obtained from Au/C+Li20: electrodes at select applied potentials are
shown in Figure 2-11a. The capacities obtained from charging Au/C+Li20: cells were consistent
with the expected capacity based on Li202 mass in the pristine electrodes, which indicates nearly
complete oxidation of Li2O2 at all applied potentials. This was further confirmed by XRD analyses
of charged Au/C+Li20: electrodes (Figure 2-12), which showed the absence of Li2O2 peaks for a
~100% charged electrode. Interestingly, the oxidation current densities were fairly constant as a
function of time at low voltages similar to that found for VC+Li202 while larger current densities
were noted to decay with time at higher voltages, where the underlying cause is not understood at
this time.
2.3.3.2 Charging of Pt/C and LizO..

Pt/C was shown to significantly promote the kinetics of Li2O2 oxidation as well as electrolyte
oxidation relative to VC. The net oxidation current densities obtained from Pt/C+Li202 electrodes
at select applied potentials are shown in Figure 2-11b. The applied potentials were limited to 3.9
Vi and lower due to pronounced electrolyte oxidation at 4.0 Vi and higher. At 3.9 Vi, the oxida-
tion current densities reached 1000 mA/gcarbon, Which is 2 orders of magnitude higher than that
catalyzed by VC alone at 4.0 VLi. Although decreasing applied voltages reduces the oxidation cur-
rents, Pt/C remained reasonably active (providing 100 mA/gcarbon) at 3.6 VLi and became inactive
below 3.5 Vii. This is consistent with a Pt/C-based Li-O: cell cycled at 100 mAh/gcarbon, Which
completed charging at less than 4.0 Vvi (Figure 2-13). High catalytic activity of Pt/C toward L1202

oxidation was further confirmed by XRD analysis of charged electrodes, where Li2O2 could be
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oxidized and removed largely at 3.7 VLi (800 mAh/gcarbon), as evidenced by the absence of Li20O2

peaks in a fully oxidized electrode (Figure 2-12). The capacities associated with Li2O2 oxidation
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Figure 2-11. Potentiostatic charging profiles of (a) Aw/C+Li202, (b) PtC+Li202, and

(¢) Ru/C+Li20: electrodes at select voltages.
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Figure 2-12. XRD spectra of pristine and ~100% charged electrodes of Au and Li202, Pt/C and
Ru/C. All Li2O2 peaks are absent in the 100% charged electrodes. Pt/C+Li20z electrode charged
at 3.7 V (~800 mAh/gcarbon capacity). Ru/C+Li20: electrode charged at 3.8 V (~1200 mAh/gcarbon

capacity). Aw/C+Li202 electrode charged at 4.3 V (~1300 mAh/gcarbon capacity).

catalyzed by Pt/C were slightly lower than the estimated capacity based on the Li202 amount in
the pristine electrode (1150 mAh/gcarbon). Capacities of ~900 mAh/gcarbon Were reached at 3.6 Vi
and higher, which corresponds to ~75% of the expected capacity. Beyond this capacity, the rise in
the oxidation current densities at 3.7 VLi and higher was attributed to electrolyte oxidation cata-

lyzed by Pt/C, which could lead to oxidation capacities well past the expected capacity based on
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Li202 amount in the pristine electrode. This is in agreement with recent findings of McCloskey et
al.,** which have shown that electrolyte decomposition could start at ~3.6 VLi in the presence of

Pt with a DME-based electrolyte.
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Figure 2-13. Discharge and charge profiles of Pt/C in a Li-Oz2 cell at 100 mA/gcarbon.

2.3.3.3 Charging of Ru/C and Li2O:.

Ru/C was shown to exhibit high activities toward Li2O2 oxidation similar to Pt/C, as shown
in Figure 2-11c. The oxidation current densities promoted by Ru/C reached 1000 mA/gcarbon at 3.9
Vi, and Ru/C remained reasonably active (providing 100 mA/gcarbon) at 3.6 Vii. High catalytic
activity of Ru/C toward Li202 oxidation was further confirmed by XRD analysis of charged elec-
trodes, where Li2O2 could be oxidized and largely removed at 3.8 Vii (~1200 mAh/gcarbon)
(Figure 2-12) as evidenced by the absence of Li20z in a fully oxidized electrode (Figure 2-14).

The capacities associated with Li2O2 oxidation catalyzed by Ru/C were comparable to the
expected capacity based on the Li202 amount in the pristine electrode (1180 mAh/gcarbon). Like VC
and Au/C, no additional oxidation was observed at the end of charging below 3.9 VLi, which indi-

cates that Ru/C did not significantly catalyze electrolyte decomposition.
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Ru/C+Li50, 100% Charged

Figure 2-14. SEM of a fully charged Ru/C+Li1202 electrode. No Li202 is visible, and holes in the

carbon structure indicate where Li202 was originally located.

Pt/C and Ru/C were found to have comparable activities, which were significantly greater
than that of VC and Au/C. The average currents of Li202 oxidation during the first 20% of the
capacity (Figure 2-15) are shown as a function of applied potential in Figure 2-16, which can be
used to compare the activities of Vulcan carbon and catalyzed Vulcan carbon. Interestingly, the
oxidation currents from Pt/C and Ru/C are more than two orders of magnitude higher than VC and
Au/C, indicative of markedly enhanced activity for Li2O2 oxidation. This result indicates Pt and
Ru are active catalysts for Li2O2 oxidation; the lack of activity enhancement by Au discounts any
contribution of electrical conductivity to the observed results. Additionally, a linear trend was ob-
served between the logarithm of Li202 oxidation current and applied potential, where the Tafel
slope was found to be ~250 mV/decade. As one-step, one-electron reactions give a Tafel slope of
60 mV/decade, the origin of such a high Tafel slope is not understood, and will be investigated in

future studies.
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Figure 2-15. Example integration process for calculating cell activity for an example
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Figure 2-16. Activity vs. potential for all VC, Au/C, Pt/C, and Ru/C electrodes. Activity is cal-

culated from the average current measured during the first 20% of discharge.
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2.3.4 Initiation of Li»O; Oxidation on Vulcan Carbon and Catalyzed Vulcan Carbon
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Figure 2-17. Net mass-normalized current vs. time for potentiostatic charging of VC+Li202 elec-
trodes, on a log-log scale. Solid, lines are measured data. Dashed are fitted using a least squares

best fit to Equation 2-1.

The oxidation currents of Li2O2 with VC and Auw/C were found to first fall slowly and then
rise sharply upon initial charging (<50 mAh/gcarbon) in Figure 2-7 and Figure 2-11a. It should be
noted that the initiation takes a very long time (~10* s at 4.1 Vi) for Vulcan carbon and Au/C. This
initiation was fit to a simple numerical formula relating net current density (i) to time (t), contain-
ing four adjustable parameters (Equation 2-1): a, b, c, and £y, as shown in Figure 2-17.

i= % + c(t = tp)3 (2-1)
The values of the constants and quality of fit for fitted oxidation currents of Vulcan carbon in
Figure 2-17 are available in Table 2-1. The first part of the formula relates current to the inverse
of time plus a constant, which dominates at low times. The second portion of the equation relates
current to the cube of time minus an offset, which describes the initial rise of the primary Li202

peak. The cubic form of the equation suggests 3D nucleation with a constant rate of site formation
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for Li202 oxidation.®> To account for the large time delay (t,) observed for Vulcan carbon and
Au/C, it is hypothesized that the surfaces of Li2Oz2 particles might have different chemical compo-
sitions from bulk, which have more sluggish oxidation kinetics than Li2O2. For example, the sur-
faces of L1202 particles might be covered by XRD-amorphous LiOH. This hypothesis is supported
by the fact that the time delay was found to scale exponentially with potential. A linear regression
between potential and the logarithm of the delay in initiation for Li202 oxidation on Vulcan carbon
was found with a goodness of fit of 99.8% (Figure 2-18).

Support for the slower kinetics for L1202 particle surfaces than bulk also came from gal-
vanostatic testing, where the 100 mA/gecarbon charging voltage was found to drop from ~4.4 Vii
initially to ~3.9 Vi after ~80 mAh/g (Figure 2-19). At moderate currents, such as 500 mA/gcarbon,

which was regularly exceeded during potentiostatic testing, cells were observed to auto-terminate

Table 2-1. Fitting parameters and goodness of fit for Equation 2-1 on the cells shown in Fig-
ure 2-17. The fit was calculated using the logarithm of current to prevent overweighting of high-
current behaviors. Sampling points were evenly distributed between the decay and rise portions

of the current profile, and distributed logarithmically with time in each region.

Potential a b c to R?
(VL)
4.4 7.4x10* 130 1.7x107 660 99.0%
4.3 4.1x104 180 1.7x107 2100 99.5%
4.2 1.5x10* 210 1.2x1071° 5300 96.7%
4.1 1.4x10* 420 1.3x10712 16000 99.7%
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immediately after the initial voltage spike. This was observed repeatedly and consistently at the
same location, and severely limited the usefulness of these galvanostatic tests. These phenomena
have not been observed with the charging of Li-O2 cells in literature,*”*>7® and can be attributed
to different surface compositions between the commercial, chemically prepared Li2O2 used in this

study and electrochemically formed Li2O2 during Li-O2 cell discharge.
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Figure 2-18. Fitted time delay vs. charged cell potential for the four cells presented in Table 2-1.
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Figure 2-20. Net current vs time on a log-log scale for (a) Au/C+Li202, (b) Pt/C+Li202, and (c)

Rw/C+Li202

Unlike oxidation of Li2O: catalyzed by VC or Au/C, large current densities of Li2O2 oxida-
tion catalyzed by Pt/C and Ru/C were noted for all applied potentials in the early stages of oxida-

tion, where the current reached a maximum shortly after the onset of charging and then dropped
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steadily (Figure 2-20). The initiation time for Li2O2 oxidation was much shorter for Pt/C and Ru/C
than Vulcan carbon and Au/C, which might be explained by higher catalytic activities for oxidation
of L1202 particle surface species such as LiOH than Vulcan carbon and Au/C.
2.4 Conclusions

The round-trip efficiency of rechargeable Li-air batteries is limited largely by the large over-
potential upon charging, which can be attributed to slow oxidation kinetics of Li202 formed on
discharge. In order to develop strategies into lowering the charging potentials of Li-air batteries,
we have performed a systematic study to examine the effect of catalysts on the electrochemical
oxidation kinetics of Li2O2. We have found that Vulcan carbon and Au nanoparticles supported on
VC have comparable activities and only become active for Li2O2 oxidation at voltages greater than
4.0 Vi, while Pt and Ru nanoparticles supported on VC become active at voltages greater than 3.5
VLi and significantly reduce the overpotential required to oxidize Li2O2. As Pt appears to catalyze
electrolyte decomposition more than Ru, we therefore conclude that Ru is a promising catalyst to
reduce the round-trip efficiency of rechargeable Li-air batteries.
2.5 Acknowledgements

This work was supported by the Assistant Secretary for Energy Efficiency and Renewable
Energy, Office of FreedomCAR and Vehicle Technologies of the DOE (DE-AC03-76SF00098
with LBNL) and the Ford-MIT Alliance. This work made use of the MRSEC Shared Experimental

Facilities at MIT, supported by the National Science Foundation under award no. DMR-0819762.

56



Chapter 3

Design, Construction, and Demonstration of
a Differential Electrochemical Mass
Spectrometer for Nonaqueous Lithium—Air
Batteries
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3.1 Introduction

The chemistry of Li—air and Li—O: batteries remains a significant challenge to the develop-
ment of practical devices using these chemistries, as discussed in Chapter 1. In particular, reactions
between discharge products or their intermediates with the electrolyte and electrode material have
received a great deal of attention in the past several years,>> with a number of undesirable side

41,52,72,76, 86,87 R eactions between oxygen and the elec-

reactions identified for a variety of systems.
trolyte at the high potentials required to charge such batteries are also a concern (see Chapter
5),8788 as are any possible reactions with catalysts included to reduce the charging potential (see
Chapter 2).*24346348 Added to these challenges is the difficulty of detecting and identifying the
products of these unwanted reactions; many of these products are amorphous (preventing the use

)37:38:45,72.9091

of diffraction techniques and lack elements heavier than oxygen (increasing the com-

plexity of X-ray spectroscopy techniques, although not eliminating their use*®*4"%2), Ra-

30,33,55,83,93 d35,41,80,94—98

man and Fourier transform infrare spectroscopy have found wide use in char-
acterizing these products, but these techniques cannot easily be used to quantify discharge prod-
ucts. For these reasons, differential electrochemical mass spectrometry (DEMS) has become pop-
ular as a tool for quantitatively determining the consumption and production of various gases dur-
ing the operation of Li—Oz batteries.>%>1:80:99-102 [ gpite of the importance of this technique, DEMS
systems are not commercially available at the time of publication, and neither the Electrochemical
Energy Lab nor the Hammond Lab have previously had access to a DEMS instrument. For these
reasons, we set out the build and demonstrate a DEMS system in our lab. This chapter summarizes
these efforts and shows the results of initial experiments using this tool on a number of relevant

systems currently in use in our lab. Further results from this instrument are presented in Chapters

4 and 5.
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DEMS was first developed in the 1980s!% and became more widely popularized during the
1990s,194-197 primarily in the context of characterizing the gases evolved in fuel cells and electro-
lyzers. The recent popularity of metal-air batteries, and in particular Li—O: batteries, has further
driven the development of new types of DEMS systems suitable for characterizing those systems.*
As a result of the gradual evolution of the DEMS technique, a number of systems with different
capabilities and principles of operation all exist using the name “DEMS.” In an effort to reduce
the confusion between these different systems, we have defined three major classifications of
DEMS systems (which themselves include variations): direct vacuum DEMS, flow-through
DEMS, and discrete DEMS. We provide a brief, albeit incomplete, summary of the history and
capability of each of these classes of systems in the following paragraphs.

Direct vacuum DEMS operate by using a frit or other constriction to prevent the flow of
electrolyte into a vacuum chamber directly attached to the electrochemical device. Early systems,
such as the one developed by Wolter and Heitbaum,!? used a hydrophobic frit to prevent the flow
of aqueous electrolyte into the vacuum system, in which a mass spectrometer (MS) was continu-
ously probing for the presence of gases. This system was further improved by Koper and col-
leagues,'® who developed a system where a small porous Teflon tip can be placed in close prox-
imity (10-20 pm) to a single crystal electrode. These systems have a very good response time, but
require well-established gas-evolving electrochemical reactions for calibration and an electrolyte
that is nearly impermeable to the fit of choice. Gasteiger and colleagues developed a variation on
this system for Li-air systems,’’ where the frit is replaced by a calibrated capillary leak placed in
the head space of a sealed cell, which they describe as an on-line electrochemical mass spectrom-

eter. Calibration of the capillary leak to the gases of interest allows for quantitative use of this

59



system, and the design allows continuous reading of the composition of the gas within a cell (rather
than the rate of gas production) which motivates the use of “on-line” rather than “differential”.

Flow-through DEMS systems instead rely on the quantification of gases with a stream of gas
flowing through a cell. Once the gas flow rate is established, then the concentration of species
within that gas can be used to infer the rate of gas production. Savinell and colleagues used this
technique to characterize the production of gases in direct methanol fuel cells,'®''! and Novék et
al. constructed a system using a similar system to characterize the head gas of nonaqueous lithium-
ion batteries,!!? using very large electrodes with a small head space, and work by Bruce and col-
leagues has applied this technique to Li—Oz2 systems. While this technique dramatically simplifies
quantification and maintains high response time, measuring the consumption of gas remains diffi-
cult, requiring the consumed gas to be included in the feed gas at low levels. This technique is also
limited by the ability to flow gas sufficiently slowly that the gases of interest reach the detection
limit of the MS.

Discrete DEMS systems are the most recent variant of the DEMS design that have been
widely popularized for metal-air battery research. Air cells are connected to a system of valves and
isolated for arbitrary periods of time. When a measurement is taken, a fixed volume sample of gas
is removed from the cell and replaced with fresh fill gas (of known composition). This sample is
then dosed into a vacuum chamber where an MS is used to characterize its composition. This
technique is used by several research groups for metal-air battery research, with McCloskey and
colleagues building a system capable of testing 16 cells simultaneously,’® and the scientists at Liox
Power and other companies having developed similar systems.!!? Using the discrete DEMS design
allows for trivial detection of gas consumption (such as during discharge of Li—O2 batteries) via

pressure tracking. Detection of slowly produced gases can be performed by simply reducing the
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rate that measurements are taken? and a properly designed vacuum system can eliminate the frac-
tionation effects that occur when capillary leaks are used. This system can also allow for the effi-
cient use of resources, as one MS can be used to analyze many different cells in turn, provided that
software is developed capable of managing the different cells. Because this is a sealed system, the
cell volume and volumes within the rest of the DEMS system must be known precisely for the
most accurate results.

As stated above, a number of research groups investigating Li—O2 batteries have used DEMS
analyses in the past several years. McCloskey and colleagues have been very prolific in their use
of DEMS,3439:42,50.5271.83 investigating the consumption and generation of oxygen and carbon di-
oxide in many different electrolytes in an effort to understand the mechanisms of Li202 formation
and oxidation and the side reactions observed in Li-air batteries. The scientists at Liox Power have
also published a number of studies using DEMS analysis with amide-based electrolytes,’*!%0:113-
116 although their results are not calibrated to allow quantification of gas production. Gasteiger and
colleagues have used DEMS to investigate oxygen production when charging Li2O2-preloaded

electrodes,33:36:%°

and recently in investigations into the use of solvating additives in Li—Oz batter-
ies,3® while Bruce and coworkers have also used DEMS extensively in their efforts to develop a
combination of electrode and electrolyte that can be stably cycled without reactions in the electrode
or electrolyte 30-3470.7680.117 Einally recent work by Adams ef al. used DEMS while characterizing
the enhanced stability of a newly developed solvent for Li—O2 applications.!

3.2 Design and Construction of DEMS System

After considering the different types of DEMS systems described above, we chose to con-

struct a discrete DEMS system, based on the design published by McCloskey et al.’*>*? Discrete
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DEMS systems are well suited for use in nonaqueous metal—air battery research, as the long cy-
cling time of Li—air batteries prizes the ability to test multiple cells simultaneously over the higher
time resolution of other techniques. Furthermore, unlike lithiuxﬁ—ion batteries, fuel cells, or elec-
trolyzers, metal—air batteries must both consume and produce gas during normal operation, so the

ability to accurately and easily measure gas consumption without use of the MS is beneficial.

Air Cell Air Cell

Figure 3-1. Schematic of the valves, pressure gauges, transducers, and MS for the DEMS. Blue
indicates UHV, green indicates rough vacuum, and red indicates valves and gauges mounted on
the valve panel. Bow-tie shapes indicate valves, and black lines indicate tubing or piping. Arcs
indicate tubes that cross but are not connected, while intersections indicate connections. The sec-
tion of tubing labelled sample loop holds the gas that is dosed into the vacuum region for analy-

sis. Inset picture shows the valve panel and vacuum regions of the constructed DEMS.
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3.2.2 Vacuum System & Mass Spectrometer

The vacuum system and MS comprised the majority of the expenses for the DEMS system,
as the vacuum pumps and MS each represent a significant fixed cost. The vacuum system was
comprised of two separate regions, noted as the rough vacuum and ultra-high vacuum (UHV) re-
gions in Figure 3-1 (in green and blue respectively).
3.2.2.1 UHY Region and MS

The MS is a residual gas analyzer (RGA), which requires UHV conditions (<1x10™ mbar)
to operate. We chose to use the same RGA as McCloskey et al. used, an SRS RGA200 (Stanford
Research Systems, USA), with the capability to scan up to 200 amu compounds. The RGA200 has
a max operating pressure of 1.3x107* mbar and a max linear response pressure of 1.3x10™> mbar.
Vacuum was maintained in the UHV region by an Agilent TPS Compact Turbo pump system with
TV8IM Turbo pump and IDP-3 dry scroll backing pump. This Turbo pump system is rated to a
base pressure of 1x107~° mbar. UHV pressure is measured with an Agilent FRG-700 Inverted Mag-
netron Pirani (Full Range) gauge’, which is capable of measuring pressures from 5x107° mbar up
to atmospheric pressures, with 30% accuracy in the UHV region. This gauge is primarily used for
diagnostics purposes, and is not used in analyzing the DEMS results. All connections in the UHV
region are made with ConFlat fittings with a copper gasket.
3.2.2.2 Rough Vacuum Region

The rough vacuum region consists primarily of a 5-way cross with NW25 (1 in) fittings. This
region is pumped by an Edwards nXDS15i dry scroll pump, with a maximum pumping speed of
15 m*/h and a rated ultimate pressure of 7x107> mbar. The large pump was chosen to ensure that
the rough vacuum region is rapidly evacuated after gas is introduced, allowing for fast turnaround

between DEMS measurements. A pneumatically operated valve (LDS Vacuum Products, Inc.

63



PAIV-1002-NWB) separates the 5-way cross from the dry scroll pump, allowing sample gas to be
held in the rough vacuum region when an MS measurement is taken. An MKS 925 MicroPirani
vacuum transducer (MKS Instruments, Inc., 1.3x107> mbar to atmosphere, £10% accuracy) is at-
tached to the 5-way cross, and communicates with the control computer via USB. Like the UHV
pressure gauge, this gauge is used for diagnostics purposes only. One of the arms of the 5-way
cross is blanked off (for future use). The remaining two arms connect to the rest of the DEMS
system (described below) and to the UHV system via a variable leak valve (Agilent Model 951-
5106). The variable leak valve is manually adjusted so that the maximum pressure in the sample
cross when taking a reading (approx. 2 mbar) corresponds with the maximum operating pressure
of the RGA (approx. 1.3x107° mbar).
3.2.3 Valve Panel and Gas Handling System

The remainder of the DEMS system is dedicated to sampling known volumes of gas from
the connected cells and delivering that gas to the vacuum system for analysis (gas handling sys-
tem). The valve panel contains a number of different components including valves, pressure trans-
ducers, temperature recorders, and connections to the air cells. We consider each of these in the
discussion below. The red region in Figure 3-1 shows the arrangement of valves and pressure
gauges used in the gas handling system.
3.2.3.1 Valves and Tubing

All valves shown in the red region Figure 3-1 are pneumatically operated, and can be con-
trolled (along with the valve described above in the rough vacuum region) via computer. The 6-
port valve is a switching valve designed for gas chromatography applications (VICI model
A2C6UWE), with 1/16 in Valco® fittings and a 0.75 mm bore. Each port is connected to one of its

two neighbors at all times, and these connections can be switched via the pneumatic actuator. All

64



other valves mounted on the valve panel are Swagelok® ball valves with pneumatic actuators. The
Inlet Shutoff Valve and Purge Valve are both single on-off ball valves with 1/16 in fittings. The
Outlet Shutoff valve is a Y4 in on-off ball valve with VCR fittings. The Gas Selector valve is a 3-
way, 2-position ball valve with 1/16 in fittings, and the Bypass and Cell Valves are double on-off
ball valves with 1/16 in fittings. Double valves were used so that a single actuator controls both
valves, which reduced the number of actuators needed on the panel.

Stainless steel tubing (1/16 in outer diameter, type 316 stainless steel) is used to connect all
the valves and fittings together. The sample loop (noted on Figure 3-1) was provided by VICI, and
had an estimated internal volume of 250 pl, although this estimate is not calibrated. Fittings in-
serted into the 6-port valve were ordered precut and electropolished from Upchurch Scientific.
Flexible stainless steel tubing is used to connect the argon and oxygen gases.
3.2.3.2 Pneumatic Valve Control

A pneumatic valve manifold (Numatics G3) was installed to control the valves listed above.
Each valve actuator is connected to the manifold with plastic tubing, and entire manifold is con-
nected to a tank of industrial grade nitrogen. The manifold interfaces with the computer over Ether-
net, using the MODBUS TCP/IP protocol to probe and set the valve positions.
3.2.3.3 Atmospheric Pressure Transducers

The pressure transducers used on the DEMS panel were all Omega PX409-USBH pressure
transducers with an operating range from 0-30 psia, an accuracy of £0.08%, temperature compen-
sation of £0.5%, and set to take 5 samples per second. Each gauge connects independently to the
computer via USB. Initially, each pressure gauge was connected to the rest of the tubing via a
simple tee fitting; it was later found that doing so led to a reservoir of gas at the gauge that could

only be flushed by pulling vacuum and refilling, and would otherwise slowly diffuse into the main
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gas flow path. An alternative tube arrangement was devised using bored-through Swagelok fittings
that allow a smaller diameter tube to be inserted into a larger one. The arrangement of tubes is
shown in Figure 3-2, and was implemented on the pressure gauges connected to each cell. The
inlet pressure gauge was not modified, as it can be safely evacuated whenever the supply gas is
changed.

Pressure
Transducer

Gas Inlet

Angle View

Gas Outlet

Figure 3-2. Cross-sectional view of the tube arrangement used to flush gas through each pres-
sure gauge. Blue indicates gas flowing into the transducer, green indicates gas leaving trans-
ducer. The red region highlights the small dead volume from this arrangement. Image is to scale.

Inset depicts an external view of the gauge and fittings.

3.2.3.4 Temperature Recording
After this system was initially constructed and undergoing validation, oscillations were ob-
served in the pressure as read by all of the gauges, even when the system was flushed with argon

and not expected to produce gas. Initial temperature measurements showed that these oscillations
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corresponded to temperature changes of <0.2 °C. Thermistors (Omega TH-10-44007, 5000 Q2 at
25 °C) were placed at each of the pressure gauges and attached to any cells when operating, and
an ADC designed for temperature measurements (temperature measurement unit, Omega OM-
USB-TEMP) was connected to the system, allowing temperature data to be collected in addition
to pressure data at each pressure gauge and cell. In addition, efforts were made to stabilize the
temperature on the DEMS panel (a polycarbonate enclosure with door was designed and installed
around the panel) and at the cell (either by enclosure in a temperature chamber or a simple card-
board box with paper packing). The combination of stabilizing and recording the temperature al-
lowed for improved temperature corrections (Figure 3-3), but large temperature swings (> 0.5 °C)

were still found to cause slight deviations in the temperature corrected data.
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Figure 3-3. (a) Total moles of gas, (b) rate of change in moles of gas, and (c) Temperature vs.
time with and without temperature correction. The cell used did not have electrolyte or elec-
trodes. Temperature shown in (c) is the effective total temperature for the gas in the cell and at
the gauge. The initial fall in total moles is attributed to temperature equilibrations inside the cell,

while the long-term decline is attributed to a slight leak of 1.0 nmol/min (4.1x1077 std cm?/s).
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3.2.3.5 Cell Connection System

Next, we turn to the system for connecting cells to the valve panel. To maximize the available
options for future tests, it was desired to have long, flexible tubes connecting between the valve
panel and cell. Furthermore, these tubes needed to be insulating, as the cells needed to maintain
electrical isolation from the pressure gauges and other electronics, while also having low internal
volume and low permeability to water and air. Minimizing the volume increases the sensitivity of
pressure measurements and reduces the dead volume of the exhaust (which can impact the gas
analysis). Commonly available materials did not meet these requirements; stainless steel is neither
flexible nor insulating, while most polymers suffer from relatively high gas permeability, espe-
cially when considering long tubes with small diameter. PEEKSil™ tubing was found to be the
optimal solution; a central tube of fused silica (commonly used for gas chromatography applica-
tions with low permeability) is coated with PEEK to reach the desired outer diameter. This results
in flexible, nonconductive tubing that has low gas permeability and fits into normal 1/16 in
Swagelok fittings. PEEKSil tubing with 1/16 in outer diameter, 530 um inner diameter, and 50 cm
length was ordered from SGE Analytical Science. 2-3 segments were connected together with
Swagelok unions to reach the desired length of tubing connecting the cell to the valve panel.

In addition to the tubing, several mechanisms for attaching cells to the DEMS were consid-
ered. It was required that the fittings must be reliable and repeatable, maintain a good seal, and
have minimal volume. Directly connecting and disconnecting Swagelok fittings to and from the
cell was rejected as unreliable; an improperly tightened fitting could result in a leak or even dam-
age the fitting. Use of a single-ferrule fittings (as used by McCloskey et al.3*) was also rejected as

unreliable, as these fittings are difficult to tighten consistently in a leak-proof manner. Initial ex-
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periments used miniature quick-connect fittings (Swagelok SS-QM2 type) to make this connec-
tion. However, these fittings have a large number of seals and internal parts, which were suscepti-
ble to attack by the electrolyte solvents and cross contamination. Because of this, the quick-connect
fittings were replaced with VCO fittings (Swagelok SS-4-VCO fittings), which rely on a single O-
ring compressed between a stainless steel body and gland to seal. These fittings are both repeatable
and reliable; once tightened, the fitting is rated have a rated leak rate of less than 4x107° std cm?/s,
suitable for high vacuum. The fittings cannot be easily overtightened, which allows users to be
confident that their fittings are properly tightened, and the O-ring material can be trivially changed
between each use; PTFE O-rings are preferred, and they are replaced each time a connection is
remade. The one disadvantage to using VCO fittings is their relatively large internal volume. Off-
the-shelf VCO fittings from Swagelok are relatively large, and the smallest ones are designed for
% in tubing. Each VCO fitting is estimated to be 0.25 ml in the current system, and it is suggested
that custom machined and welded parts be used in the future to reduce the volume of these con-
nections.
3.2.4 Air Cells for DEMS

Finally, we consider the design of the cell used for DEMS experiments. Although the appro-
priate VCO fittings can be attached to virtually any cell design, doing so may not result in the best
results for this system. A new cell was designed with significant modification from the Li—O> air
cells used in the Electrochemical Energy Lab. In additional to the requirements of any battery
(electrical isolation between the electrodes), the requirements for the cell were as follows:

e The contents of the cell must remain isolated from air at all times.
o The cell should have a repeatable and reliable seal system.

e The internal cell volume should be as low as possible.
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The design previously published by our group®® uses two PTFE O-rings on either side of a
PTFE spacer to seal the cell, and uses four screws to hold the top and bottom plates together. This
design results in a much higher than necessary volume (DEMS volume measurements using the
procedure described below estimate the cell volume to be ~6 ml excluding fittings). Furthermore,
the use of two O-rings and a deformable PTFE spacer increase the number of possible leak loca-

tions, and the use of only four screws increases the likelihood of skewing between the top and

VvCO
Fitting

Outlet Valve

Figure 3-4. Cross-sectional (top) and angle (bottom) views of the cell designed for DEMS ex-
periments. Grey indicates stainless steel, blue indicates insulating plastics, and cross-hatching in-
dicates a region that has been sectioned. The black handles are used to open and close the valves
which isolate the cell. Drawings are to scale (top: 2:3, bottom left: 1:2). Light green shading indi-
cates the region that is connected to the DEMS. A picture of the cell as constructed is shown in

the bottom right.
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bottom plates, which also increases the chance of leaks. We designed a new cell that attempts to
address all these issues (Figure 3-4).

The seal for the new cell design was changed to use a single O-ring for sealing, which is in
contact with both the top and bottom of the cell. The top of the cell was changed to have an inset
groove rather than a post for spring alignment, and the base of the cell has a single well to contain
both electrodes. A removable PTFE ring can be installed to line the walls of this well, protecting
the cell from shorting. Six screws are used, which help balance the force across the cell while
tightening and prevent skewing. Finally, two valves are attached to the inlet and outlets of the cell,
which are kept closed when connecting the cell to the DEMS system. To further reduce the volume,
the tubes are directly brazed onto the cell body and VCO fittings rather than using standard
Swagelok fittings. The volume of this cell, as measured by the DEMS system, is approx. 2.60 ml
including the VCO fittings.

3.2.5 Computer Control Software

In addition to having the hardware the hardware in place, software was required to control
the valves and coordinate the disparate data sources. Although the pressure transducers, tempera-
ture measurement unit, and MS each came with their own software, these applications were not
designed to interface with each other or to allow programmatic control over when and how data
should be recorded. We developed a LabVIEW application to control and read from all of the
different devices necessary to operate the DEMS. LabVIEW was selected because the pressure
transducers from Omega, the temperature measurement unit, and the MS each provided LabVIEW
drivers for interfacing with these units.

The overall design of the software written is explained in Appendix B, but the software can

be roughly considered as having two distinct components: a logging functionality, and a valve
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control functionality. The logging program collects data from one or more of the devices at a user
specified frequency (averaging is used when the sample frequency is lower than the device update
frequency) and writes this data to a file. This functionality is primarily necessary for pressure
tracking experiments, where pressure and temperature data is recorded and analyzed continuously,
but is also useful when conducting instrument diagnostics. The valve control program allows the
user to schedule pre-programed and custom-written sequences of valve actions, and is critical for
performing volume and DEMS measurements. In addition to simple valve control, the valve con-
trol program is capable of collecting data from the various instruments at specific times during the
operation of a valve sequence. This allows MS data to be recorded only when gas is being sampled
to the MS, rather than requiring extraction of that data from a stream of continuously recorded
data.
3.2.6 Measurement Procedure

A detailed discussion of how measurements and calibrations are performed is available in
Appendix A. These techniques are briefly described here to aid in understanding the results below.
3.2.6.1 Volume Calibration

Accurate measurement of the cell volume requires accurate knowledge of the volume of
various components of the DEMS system. Volumes are calibrated by attaching a variety of known-
volume sample loops (supplied by VICI and Upchurch Scientific) to the valve panel at various
locations. With each sample loop, a variety of measurements are performed, in which different
regions of the valve panel are evacuated, and then gas is expanded from the remaining regions to
fill the evacuated portions. The pressure of the gas is recorded before and after the expansion, and
the ratio of the final to initial pressure (which is between 0 and 1) is recorded. Each measurement

is repeated several times for each sample loop. The data for all sample loops and measurements
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are compiled together and used to find the volumes of each of the different sections of tubing in
the valve panel that best fit the data.
3.2.6.2 Volume Measurement

The principle for measuring the volume of a cell is the same as that used for calibration.
Various portions of the valve panel tubing is evacuated and gas from the remaining regions (in-
cluding the cell of interest) is expanded, and the ratio of final to initial pressure is recorded. The
cell itself is never evacuated. Ea(;h cell can have three different measurements taken, and several
repetitions of these measurements are recommended. These measurements are combined with the
data from the calibration process to find a single cell volume that best fits all the measurements
together.
3.2.6.3 Pressure Tracking

Pressure tracking experiments are the most conceptually simple experiments that can be per-
formed with the DEMS. After measuring the cell volume, the cell is filled with the desired atmos-
phere (usually oxygen or argon) and isolated from the rest of the DEMS system. The pressure,
temperature at the pressure gauge, and temperature at the cell are logged, and then the total moles
of gas in the cell is calculated (using the measured volume, pressure, and temperature for the two
regions) with the ideal gas law. If desired, the derivative of the calculated total moles of gas in the
cell can be taken to derivate a rate of gas consumption or production. The process used for this
calculation is described in Appendix A.
3.2.6.4 Leak Detection and Correction

Leaks are a significant concern for all DEMS experiments, but can be particularly deceptive
during pressure tracking experiments, where there is no confirmation of the composition of the

cell gas; every effort should be made to eliminate leaks before performing a test. However, very
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slow leaks can be difficult to detect until long into or after an experiment has been completed, and
it is desirable to be able to use this data regardless. On-line leak detection requires tracking the
pressure of the cell for several hours where no production or consumption of gas is expected, and
fitting an expected leak rate to this data. Once a leak rate is determined, an adjustment can be
applied to the entire body of pressure data to correct for it. Refer to Appendix A for details regard-
ing this calculation. Particular care must be taken when attempting to determine the leak rate of a
cell; unexpected side reactions (such as between oxygen gas and the electrolyte) can lead to loss
in cell pressure that may appear similar to a leak. Additional phenomena, such as electrolyte evap-
oration, temperature stabilization, and gas dissolution into the electrolyte can also cause transient
changes in pressure for several hours after a cell is first connected to the DEMS. Figure 3-5 shows

the results of leak correcting the same data presented in Figure 3-3.
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Figure 3-5. (a) Change in moles of gas and (b) gas production rate vs. time for the same data as
presented in Figure 3-3. The leak rate fitted based on the last 8 hours of resting was 1.3
nmol/min/atm. Because the pressure is essentially uniform throughout this test, this resulted in a

consistent shift of 1.0 nmol/min to the gas production rate.
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3.2.6.5 DEMS Measurements

The primary objective during each DEMS measurement is to remove a known volume of gas
from the cell and dose that into the vacuum system for analysis by the MS. The procedure currently
used is somewhat more complicated than this simple description: MS readings are taken for the
base vacuum of the UHV chamber, the composition of the fill gas, and the cell gas. The baseline
UHYV reading can be used to verify that the vacuum was in good condition when the measurement
was taken, and partially mitigate species that are persistent in UHV chambers (H2 and CO are
generally present in UHV at higher levels than other gases). The fill gas composition is used to
determine the composition of the gas entering the cell. A detailed discussion of the measurement
and analysis processes is included in Appendix A. Briefly, during a DEMS measurement, the base
vacuum condition is first measured. The tubing is then evacuated and filled with new fill gas (usu-
ally argon). A portion of this gas is dosed into the MS for analysis. Finally, the exhaust portion of
the tubing is evacuated, and the valve isolating the cell is opened. This causes gas from the cell to
flood into the exhaust tubing, and fresh fill gas simultaneously flows into the cell to replace it. A
portion of the cell exhaust gas is dosed into the MS. In addition to MS data, the pressure and
temperature of the cell (and its gauge) is recorded both before the valve isolating the cell is opened
and after it is closed. This is used to determine the total change in moles of gas between one reading
and the next, and can be used to confirm that the MS is detecting all the gases being generated.
Finally, the time of each DEMS measurement is recorded (based on the opening of the cell valve),
so that the time elapsed between each measurement can be determined during the analysis phase.

The raw readings collected from the measurements above are analyzed to produce the rate
of production of each gas in the cell. The technique for this analysis is described in detail in Ap-

pendix A, but is summarized here. The raw base vacuum reading is subtracted from both the fill
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gas and cell gas readings. The raw readings from the MS indicate intensity of signal for particular
mass-to-charge (m/z) ratios, and processed via linear transformation into an absolute partial pres-
sure of each gas in the UHV chamber. These partial pressures are summed together to produce a
total pressure in the UHV chamber, and the fraction of each gas out of the total is determined. The
composition of gas in the UHV chamber is then assumed to represent the composition of the gas
sampled from the cell and fill gases, and is combined with the pressure and temperature data to
determine the total number of moles of each gas in the cell before the sample was taken. The
amount of fill gas added to the cell is then determined based on the known volume of the removed
gas and known pressure of the cell after the measurement. This is used to estimate the composition
of the cell gas after the measurement was taken. Finally, the measured cell gas composition is
subtracted from the previous reading’s post-measurement composition, and divided by the elapsed
time to produce the number of moles of each analyzed gas produced since the last reading (in
addition to the total moles of gas produced, using only pressure data). It should be noted that the
production of any individual gas is only sensitive to changes in pressure based on its fraction of
the total gas. In most experiments using DEMS measurements, a single inert gas (such as argon)
makes up >99% of the cell gas composition at any given time, and so any discrepancy between the
pressure and MS readings appears as the production or consumption of this inert gas. Such dis-
crepancies usually indicate an error in the calibration or the production of a gas that is not being
detected by the MS.

Two further adjustments are made reflecting the non-homogenous distribution of gas within
the cell and connecting tubes. First, the volume of the tubes (including the pressure gauge) between
the inlet and the cell is assumed to contain fill gas at all times. Second, the gas analyzed by the MS

is assumed to be the gas in the cell at the time of the previous measurement (i.e. measurements are
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shifted back by one). Both of these corrections are made because the gas within the cell is expected
to diffuse very slowly through the 1-1.5 m of tubing between the cell and the valve panel. Shifting
the measurements is experimentally validated by observations in the cell response upon sudden

changes (such as the onset of charging or changing the sample rate), as can be seen in Figure 3-6.
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Figure 3-6. Cell gas fraction and production rate vs. time (a & b) without and (¢ & d) with shift-
ing the cell gas readings. The blue region indicates when samples were taken every 5 minutes,
white indicates 15 minutes/sample. Arrows indicate improvements in the data after shifting:
there is no longer a one reading lag when charging starts or the sample rate changes and there is

no dip in oxygen production once the sample rate slows.
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3.3 Demonstration of Capabilities

The DEMS system was used to perform preliminary investigations of several systems that
are currently under investigation in the Electrochemical Energy Lab. As discussed in the introduc-
tion, DEMS analysis has been used extensively by several groups doing research on Li-air batter-
ies, and it is important to compare the results obtained from these preliminary results with previ-
ously published systems. We investigated the following systems using diglyme-based electrolytes
(diethylene glycol dimethyl ether): Vulcan carbon (VC)-based electrodes cycled galvanostatically,
carbon nanotube (CNT)-based electrodes cycled galvanostatically, and Li2O2-pre loaded elec-
trodes charged potentiostatically. Diglyme was used in place of 1,2-dimethoxyethane (DME) due
to its significantly lower vapor pressure. VC electrodes were used because VC-based systems have
been widely used in the Li—air field as a standard air electrode material, while CNT-based elec-
trodes were used because they have been used in several studies from our group and are a promis-
ing platform for both Li—air research and as high capacity devicés, as they are both binder-free and
have extremely high surface area and porosity. We chose to investigate Li202-preloaded electrodes
in order to further validate the results of catalyzed oxidation of Li2O2 shown in Chapter 2. Addi-
tional investigations using polyethylene oxide-based electrolytes are discussed in Chapters 4 and 5.
3.3.1 Experimental Methods
3.3.1.1 Electrode Preparation

XC-72 Vulcan carbon (VC; Premetek, USA), Lithiated Nafion® (Li-Nafion; LITHIon™ dis-
persion, Ion Power, USA), and Celgard C480 (Celgard, USA) were obtained from their respective
suppliers. VC was dried at 70 °C overnight under vacuum before storage in an argon-filled glove-

box (<0.1 ppm Oz, 0.1 ppm H20, MBraun). VC, Li-Nafion, and isopropanol were horn sonicated
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outside the glovebox until a uniform slurry was formed (approx. 15 minutes). The slurry was de-
posited onto Celgard C480 using a #40 Mayer rod. The resulting film was allowed to dry in air,
then punched into 'z in diameter disks using a circular hole punch. Electrodes were collected and
dried together under vacuum at 70 °C overnight, and transferred into the argon glovebox for stor-
age until use.

CNT electrodes were synthesized using previously published thermal chemical vapor depo-
sition technique,*""1® then dried at 100 °C for >8 hours under vacuum, and finally transferred into
the argon glovebox for storage until use.

Li2O2 (Alfa Aesar, Purity > 90%) was ball-milled using the procedure described in Chapter
2, and stored in the glovebox before and after ball milling. Ru nanoparticles (Ru NPs, Sigma Al-
drich, purity > 98%) were dried overnight under vacuum at 100 °C and transferred to the glovebox
without exposure to air. 40 wt% Pt on VC (Pt/C) was purchased from Premetek and dried overnight
at 70 °C under vacuum before transfer to the argon glovebox. Li2O2-preloaded electrodes with Ru
NPs (Ru/C+Li202) were prepared following the procedure in Yao et al. :# RuNPs, VC, Li202, and
Li-Nafion were mixed in a 40:60:60:60 ratio with anhydrous isopropanol (Sigma Aldrich, Purity
= 99.5%) and horn sonicated in a dry glovebox (Ar with <1% 02, <0.1 ppm H20, MBraun) until
a slurry formed (30 W for 30 min with a 50% duty cycle), then cast onto aluminum foil with a #50
Mayer rod. The solvent was allowed to evaporate in the glovebox, then % in diameter electrodes
were punched. The electrodes were dried under vacuum at 70 °C for at least 12 hours before being
stored in the argon glovebox until used. Li2O2-preloaded electrodes with Pt NPs (Pt/C+Li202) were
prepared in the same manner, except that the Pt used was deposited on the VC by the manufacturer,

and extra caution was taken to minimize reactions between the Pt NPs and the solvent.
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3.3.1.2 Electrolyte Preparation

All cells used the same electrolyte. Diethylene glycol dimethyl ether (diglyme, Sigma-Al-
drich, anhydrous 99.5% purity) was dried over 3 A molecular sieves inside the argon glovebox.
When preparing the electrolyte, diglyme was pipetted into a scintillation vial, and sufficient LiClO4
(battery grade, dry, 99.99% trace metals basis, Aldrich) was added to achieve 0.1M LiClO4. This
solution was stirred in the glovebox for 12 hours before use, and stored capped in the argon glove-
box when not used for preparing a cell.
3.3.1.3 Cell Preparation

All cells were prepared using the DEMS cell described in Section 3.2.4. The cell was dried
at 70 °C in vacuum for several hours prior to use. A 15 mm diameter disk of Li foil (Chemetall,
Germany) was punched and placed in the bottom of the cell. All cells used two 18 mm diameter
disks of Celgard C480 as separators. For VC- and CNT-based cells, 200 pl of electrolyte was used
to wet both separators and the VC electrode, and a 400 mesh stainless steel grid added to provide
electrical conductivity. For Li2Oz-preloaded cells, 150 pul of electrolyte was used, and no electro-
lyte was added above the Al foil. A lightweight spring (Lee Spring, USA) was attached to the top
of the cell and provided electrical contact to the top electrode. The cell was sealed using a PTFE
O-ring (size ASS68A-212); this O-ring was not used more than twice prior to replacement. The six
screws used to close the cell were tightened in a crossing pattern until all screws were snug. The
cell valves were closed prior to removing the cell from the glovebox.

Cells were connected to the DEMS shortly after removal from the glovebox. Each of the two
VCO fittings were connected, using new PTFE O-rings (size AS568A-010) for each measurement,

and tightened fully. A pre-programmed procedure was used to purge the lines leading the cell with
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argon before the valves were opened. The exact procedure for each cell is described below. All
tests were performed using argon and oxygen as described (Airgas, 99.999% Ar, 99.999% O2).
3.3.2 Pressure Tracking during Discharge

We first consider the discharge performance of a VC-based electrode discharged in diglyme
under pure oxygen. After connection to the DEMS system, the gas in the cell was exchanged for
oxygen, and the cell volume was measured. After volume measurements, the cell was allowed to
rest at room temperature with pressure tracking for approximately 44 hours before discharging,
and an additional 13 hours after discharge. Leak estimation was performed using the last 3 hours
of the post-discharge pressure tracking, at which time all electrolyte evaporation, gas dissolution,

and thermal equilibration were assumed to be completed (Figure 3-7). Notably, the change in
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Figure 3-7. Total moles in cell vs. time for a VC-based cell in diglyme under oxygen. Blue indi-
cates the measured number of moles in the cell, while orange indicates the predicted loss of
moles due to the fitted leak rate. The leak rate constant was determined to be 0.8 nmol/min/atm,

resulting in a leak rate of 0.6 nmol/min. The loss of gas shown here corresponded to a loss of

~0.02 psi over three hours.
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moles appeared to be linear during this period, further confirming that no dynamic processes were
occurring. The cell volume was estimated at 2.82 + 0.02 ml.

This cell was discharged at 100 mA/gvc to 2 Vi (Figure 3-8). The discharge capacity was
only 580 mAh/gvc, which is significantly lower than the capacity of VC-based electrodes previ-
ously reported by our group.*’ However, the reduction in capacity is consistent with recent work
showing that the presence of water in the electrolyte of Li—O2 batteries can increase the discharge
capacity; the improvements in electrolyte storage and handling developed in our group in the past
several years may explain the reduction in capacity seen here. Figure 3-8b shows the leak-cor-
rected consumption of oxygen in comparison with the flow of electrons through the circuit, and

shows very good agreement with a 2 e™:02 process. Figure 3-8c shows the derivative of the lines
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Figure 3-8. (a) Cell potential, (b) total change in moles, and (c) molar production rate vs. time of
a VC-based cell discharge in diglyme. Blue indicates moles of gas, while red indicates moles of
electrons (scaled by % to reflect a 2 €:02 process). Note that the width of the red line in (b) has
been increased to make it visible. Gas consumption shown here is after the leak correction pro-
cess described in Figure 3-7. The curves in (c) are the derivative of the curves in (b) (using a

sample interval of 60 s and a smoothing window of 15, as described in Appendix A).
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shown in Figure 3-8b, which further show that the consumption of gas was consistent with a 2
¢ :02 process throughout the entire discharge, within accuracy of the measurement. The overall
ratio of electrons passed to gas consumed was 1.99 + 0.01 with leak correction (without leak cor-
rection, this ratio was 1.94 £ 0.01). This result is in good agreement with published results that
indicate gas consumption in DME and triglyme is very close to 2 e7:02.5%%

A similar test was performed using a CNT-based electrode. After connection to the DEMS,
the cell gas was immediately exchanged for Oz and the volume was measured (2.69 + 0.02 mL).
Note that the discrepancy in volume between this cell and the previous one is due to the use of a

different channel on the DEMS, as the head space at the two pressure gauges is slightly different.

After volume measurement, the cell was allowed to rest for approx. 20 hours before discharge. The
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Figure 3-9. (a) Cell potential, (b) total change in moles, and (c) molar production rate vs. time of
a CNT-based cell discharge in diglyme. Blue indicates moles of gas, while red indicates moles of
electrons (scaled by Y to reflect a 2 e:02 process). Note that the width of the red line in (b) has
been increased to make it visible. Gas consumption shown here is after leak correction (the leak
rate constant is 1.3 nmol/min/atm). The curves in (c) are the derivative of the curves in (b) (using

a sample interval of 60 s and a smoothing window of 31, as described in Appendix A).
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cell was discharged at 100 mA/gent for 10 hours, and allowed to rest for an additional 10 hours
after discharge. The leak rate was estimated using the final 5 hours of this process; the leak rate
constant was found to be 1.3 nmol/min/atm, which resulted in a leak rate of 0.9 nmol/min. Figure 3-
9 shows the summary of the performance of this cell. Discharge was capacity limited, and stayed
close to 2.6 Vvi throughout discharge. Additionally, Figure 3-9b and ¢ show that the leak corrected
gas consumption agreed very well with a 2 e:02 process at all times during the discharge. The
overall leak-corrected ratio of electrons passed to gas consumed is 2.00 + 0.01 (without leak cor-
rection, this value is 1.90 £+ 0.01).

3.3.3 DEMS Measurements during Charging of Discharged Electrodes

For both of the above cells, after the discharge and several hours of resting in oxygen, the
cell atmosphere was exchanged to argon and DEMS measurements were taken at intervals
throughout the charging process. These DEMS measurements examined the production of oxygen,
carbon dioxide, nitrogen and carbon monoxide, hydrogen, and water before, during, and after the
charging process.

After exchanging oxygen for argon, the VC-based cell was allowed to rest for approx. 28
hours before charging at 100 mA/gvc for approx. 10 hours, throughout which DEMS measure-
ments were taken on a 13.5 minute interval. Due to the incorrect arrangement of the pressure gauge
(see Section 3.2.3.3 above), a significant quantity of oxygen was observed to diffuse into the cell
during this period, and the cell gas was further exchanged with argon periodically during this 28-
hour rest period. Figure 3-10 shows a summary of the results of this experiment. Figure 3-10a
shows the estimated gas fraction of all gases (except Ar) in the cell; this data is most closely related
to the raw readings from the MS. Figure 3-10b shows the cell charging potential; the cell potential

rises from ~3.6 VLi to 4.4 VLi during the charging process, where it reaches a plateau until nearly
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completely recharged, after which the voltage rapidly rises to ~4.9 VLi, where anoxic oxidation of

glyme-based electrolytes is known to occur.®’ This continues until the end of the test. Figure 3-10c

shows the cumulative production of each gas, as well as the total production (based on pressure

measurements only), and one-half of the accumulated electrons. For this test, there is significant

disagreement between the total production of gas (as determined by the pressure gauge) and the
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production of each gas species (as determined by the MS). This discrepancy is primarily identified
as being due to incorrect volume calibration for MS measurements on this cell. Given that the
pressure tracking results during the discharge process (Figure 3-8) agreed very well with theory,
we believe that the pressure tracking data (i.e. total gas) in Figure 3-10 is accurate, and that with
proper calibration of the volumes before and after the cell (as discussed in section 3.2.6.5) the MS
and pressure tracking data would come into agreement (as is the case for the cells presented in the
remainder of this chapter and the next, which used a different channel on the DEMS).

Figure 3-10d shows the derivative of the data in Figure 3-10c (in reality, the opposite is true;
the rate of gas production is first calculated, and then integrated over time to produce the cumula-
tive production). It is clear here that at all times through the charge process, less gas is produced
than would be expected for a 2 e7:02 process. Furthermore, oxygen is produced in two waves, the
first corresponding to charging at low potentials and the second to the plateau at 4.4 VLi. Carbon
dioxide production does not increase until the voltage rises at the very end of charge, and quickly
falls back before bulk electrolyte oxidation and hydrogen production are observed at high voltages.
These results are in good agreement with published data on the charging behavior of glyme-based
Li—Oz cells in argon environments.>%7183:87

Finally, we note that the gas production rate in Figure 3-10d is neither a derivative nor a
proportion of the cell gas fraction in Figure 3-10, although it can sometimes appear to be one or
the other. A gas being produced at steady state will result in a steady state cell gas fraction as that
gas is replaced during measurements. However, a sudden stop in gas production will result in a
gradual decline in the cell gas fraction. Similarly, gases present at low levels may result in a highly

fluctuating gas production rate simply because signal-to-noise ratio is large, which results in the
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apparent production or consumption of gas between readings. It is for this reason that the cumula-
tive gas production is recommended to analyze low levels of production (such as N2/CO in Fig-
ure 3-10), but the rate of production may be more helpful when considering dominant products,
such as oxygen.

Next, we consider the DEMS results during charging of the CNT-based electrode in diglyme
previously shown in Figure 3-9. After the cell gas was exchanged to argon, DEMS measurements
were taken every 15 minutes, and the cell was allowed to rest for approx. 10 hours before charging
at 100 mA/genr for 15 hours (resulting in a 50% overcharge). This cell was tested using the cor-
rected pressure gauge arrangement, and so an order of magnitude less oxygen was produced during
the resting period; no additional argon purging was considered needed, as the DEMS measure-
ments acted to remove the oxygen. This oxygen is attributed to oxygen dissolved in the electrolyte
during discharge, which was expected to be released from the electrolyte after the cell atmosphere
was changed to argon. Figure 3- 11 shows a summary of the charging performance; the cell voltage
(Figure 3-11b) started from a low value of ~3.4 Vi and rose steadily before reaching a short plateau
around 4.25 Vi when 75% charged, after which the voltage rose near the end of charge and stabi-
lized at ~4.7 VLi throughout the overcharging period. The charge profile is qualitatively similar to
that of the VC electrode discussed above; the reduced voltages are attributed to the lower absolute
and BET-surface area-normalized current (the CNT electrode contains less carbon with a higher
BET surface area than that of VC). This profile is also somewhat distinct from the first charge of
the same CNT electrodes previously published by Gallant et al.*! The primary differences between
these experiments are the electrolyte solvent and the discharge rate (this experiment discharged at
100 mA/genr in diglyme, while Gallant et al. discharged at 250 mA/gent in DME); further exper-

iments are needed to determine the exact cause of the difference between these systems.
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Figure 3-11. (a) Cell gas fraction, (b) cell potential, (c) cumulative production, and (d) produc-
tion rate vs. accumulated cell charge for DEMS measurements taken during the CNT-based cell
charging. Graphs flow from right to left, with the right-most point equal to the right-most point
of Figure 3-9. Zero charge indicates the point of complete recharge; negative charge indicates

overcharging. The total gas production is not corrected for leaks.

Unlike in the VC electrode experiment, we observe very good agreement between the total
gas production (via pressure tracking) and the production of individual gases (via MS measure-
ments), as shown in Figure 3-11c. We attribute this to better estimation of the volumes before and
after the cell on this channel, which is the result of a larger number of experiments allowing more

precise determination of these values. Throughout the initial period of charge, the majority of gas

88



produced is O2, with trace amounts of other gases. Throughout this region, the production of oxy-
gen was less than expected for a 2 e :02 process, as depicted by the gray line. This is in agreement
with other results published using glyme-based electrolytes in Li—Oz cells.’%7!8387 A the O2 pro-
duction slowed, a wave of COz is produced near the point of 100% recharge, after which larger
amounts N2/CO are produced, and an excess of undetected gases are observed based on the total
gas data. We attribute the CO2 production to the oxidation of lithium carbonate/lithium alkyl car-
bonates formed during discharge,*® and the production of N2/CO and other gases to the result of
anoxic electrolyte decomposition, as seen in the VC electrode and published by other groups.?’
Figure 3-11d shows the gas production rate in the CNT electrode. This shows that, like in
the VC electrode, the O2 production rate is not constant through initial charging region, which was
highest at low voltages and gradually decayed. The second wave of Oz production is also less
pronounced, which is consistent with the reduced duration of the plateau at high 4.25 Vii. This is
consistent with the different stages of charge that were identified by McCloskey et al.3* for Li~O:
batteries charged in DME; later work from the same group suggests that Oz evolved later in charge
corresponds to Li202 deposited early during discharging,3* but that work does not specifically
identify the two waves of oxygen production seen here. The maximum rate of O2 production ob-
served (after approximately 100 mAh/gent charged) was 17.3 nmol/min, which corresponds to an
¢ :O2 ratio of 2.3. The total Oz production at the point of 100% charge was 8.35 umol, correspond-
ing to an overall e:Oz ratio of 2.83. This value is in general agreement with McCloskey ef al.,
who report values above and below this value for the same (apparent) system in different re-
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3.3.4 DEMS Measurements during Charging of Li,O:-Preloaded Electrodes

An additional set of experiments was performed where Ru/C+Li202 and Pt/C+Li20> elec-
trodes were charged potentiostatically while connected to the DEMS. The procedure for charging
was similar to that reported in Chapter 2: each cell was conneéted to the DEMS and the volume
was measured, after which the cell was allowed to rest for 12 hours (with DEMS measurements
taken every 15 minutes). Following the rest, the cell was held at 2.9 Vi for 30 minutes; this ensures
that the capacitive current from jumping to the experimental potential is constant between similar
electrodes. No gas evolution was detected during this period. After 30 minutes, the cell potential
was raised to 3.9 Vi and held constant until the end of the experiment, approx. 12 hours. DEMS
measurements were taken every 15 minutes throughout the experiment.

Figure 3-12 shows a summary of the results of this experiment using a Ru/C+Li20: elec-
trode. Figure 3-12b plots the mass-normalized current against the mass-normalized capacity of this
cell, using the same semi-log plot and axes limits as used in Chapter 2 (mass of Li202 and mass of
VC are equivalent, as they were included in a 1:1 ratio in both cases). Compared with Figure 2-11,
the charging profile is much lower in this experiment, with the maximum current (after initial
capacitance) only reaching 210 mAh/grLi202, versus more than 1000 mAh/gLi202. In addition, the
discharge profile is much flatter here, and is qualitatively similar to that of VC+Li202 charged at
4.2 Vi in Chapter 2, although the onset time was much faster (approx. 650 s here versus approx.
6000 s). We attribute this reduction in performance td the use of a diglyme-based electrolyte rather
than the DME-based one used in Chapter 2. We also note that the second wave of current observed
for the Ru/C+Li20: electrode at 3.9 Vwi in Chapter 2 is not observed here; this is attributed to the
removal of oxygen from the cell, indicating that Ru may catalyze electrolyte decomposition in the

presence of oxygen at high potentials.
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Figure 3-12. (a) Cell gas fraction, (b) mass-normalized current, (¢) cumulative production, and
(d) production rate vs. accumulated cell charge for DEMS measurements taken during the poten-
tiostatic charging of a Ru/C+Li20z electrode. Part b is plotted using the same scale as was used
for Figure 2-11. The dark vertical line on all parts indicates the expected charge for 2 electron
oxidation of Li2O2. The dashed blue line in (¢) indicates the total moles of Li2O2 added to the
cell. Lines in (a) are identified using the same colors and shapes in (d) and in previous figures in

this chapter. The total gas production is not corrected for leaks.

Oxygen was the only dominant gas observed during this test (8.46 umol), with no unambig-
uous production of any other gases (Figure 3-12c). Very small quantities of CO2 and N2/CO (0.29

and 0.26 umol respectively) accumulate over the course of the charge. However, there is a slight
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discrepancy between the observed pressure profile and MS data; this may indicate the production
of other gases that were not detected on the MS, or may simply be an artifact of experimental
variation. We note that the apparent consumption of gas that is observed at the beginning of charge
(Figure 3-12d) is attributed entirely to a temperature anomaly in which the temperature dipped by
0.5 °C over a 3 h period coinciding with the start of charge. As noted in Section 3.2.3.4, tempera-
ture swings of this magnitude are not accurately corrected for and can impact the apparent rate of
gas production. Finally, we note that the total oxygen production is less than would be expected
for a 2 €:02 process: the minimum e:O2 ratio of 2.2 is observed at 750 mAh/grLi202, while the
overall e7:02 ratio was found to be 2.81 at the end of charge, and oxidation of only 64% of the
Li202 in the electrode. While much less oxygen was produced that would be desired, we note that
the overall e7:Oz ratio is consistent with that observed in the CNT electrode above. The production

35,36,99 who

of oxygen alone during charge is also consistent with work by Gasteiger and colleagues,
have studied VC+Li202 electrodes in a variety of electrolytes, binders, and cell configurations.
Their work shows a similar oxygen production rate (~2.3 €7:02) in Li2Oz-preloaded electrodes
with a Li-Nafion binder and no catalyst, indicating that the addition of Ru does not reduce the
L1202 oxidation efficiency.

Figure 3-13 shows the results of a similar experiment using a Pt/C+Li20: electrode. Several
differences are immediately apparent: The discharge profile is more steeply sloped and current
drops rapidly from an initially high level, which is qualitatively similar to Figure 2-11, although
overall current is lower. Additionally, COx is the first gas evolved during the charge process, and
oxygen production is minimal until CO2 production peaks. Finally, the overall production of gas

is low, with O2 and CO2 combined producing only 3.41 pmol (1.88 and 1.53 pmol for Oz and CO2

respectively) relative to the 9.63 pmol of Li2O2 added to the cell. Furthermore, gas production only
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occurs for the first 500 mAh/gLi202; thereafter, a low level of current is passed yet only slight

changes in the production of any gas is observed.
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Figure 3-13. (a) Cell gas fraction, (b) mass-normalized current, (¢) cumulative production, and

(d) production rate vs. accumulated cell charge for DEMS measurements taken during the poten-

tiostatic charging of a Pt/C+Li20z electrode. (b) is plotted using the same scale as was used for

Figure 2-11. The dark vertical line on all parts indicates the expected charge for 2 electron oxida-

tion of Li202. The dashed blue line in (¢) indicates the total moles of Li2O2 added to the cell.

Lines in (d) are identified using the same colors and shapes in (a) and in previous figures in this

chapter. The total gas production is not corrected for leaks.
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These results validate the hypothesis proposed in Chapter 2 that Pt catalyzes the reaction
between oxygen and the electrolyte, and helps confirm that Ru does not readily promote the same
reaction. These results are also consistent with work by McCloskey et al. who show that cycled
Li—Oz cells produce a small amount of Oz and mostly COz, although the order of production was
reversed, with Oz appearing before CO2. However, our observation of CO2 during charging appears
to be in direct contrast with Meini ef al. who saw Oz as the dominant reaction product when charg-
ing Li2O2-preloaded electrodes with a Pt catalyst, which was charged galvanostatically at poten-
tials at and above 3.9 Vii. The source of the discrepancy is unclear, but may be attributed to the
concentration of oxygen in the cell: McCloskey ef al. reported that oxygen was consumed in the
presence of Pt catalysts at open circuit when the cell was filled with O2. We show that CO2 is
produced during the period of highest total gas production, which transitions to O2 production at
lower rates. It is possible that when the O2 concentration is sufficiently high (e.g. 2000 ppm, the
highest concentration shown in Figure 3-13a), Pt initiates combustion of the electrolyte and rapidly
converts the Oz into CO2. Meini et al. do not report the absolute concentration of any gases in the
cell, and so the Oz produced by their Pt/C+Li20: electrode may never have reached this threshold.
If this hypothesis is correct, it implies that the activity of Pt to oxidize Li2Oz2 is separate from its
activity to combust the electrolyte in oxygen, and suggests that other materials (such as Ru or
transition metal compounds) may be capable of catalyzing Li2O2 oxidation without promoting
electrolyte combustion.

3.4 Suggested Improvements and Future Experiments
Although the system as currently constructed is fully operational and the results shown above

and in the next chapters demonstrate the capability to accurately measure gas production in Li—O2
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cells, several improvements are available that could increase the performance or reliability of the
system.

Currently, both pressure tracking and DEMS performance are limited by the volume of the
cell and other portions of the DEMS system. In particular, the VCO fittings currently used to con-
nect the cell each contain approximately 0.5 ml, and their position near to but separate from the
cell interior complicates the collection of cell gas for DEMS measurement. Using custom ma-
chined VCO fittings, either by modifying blanks purchased from Swagelok or by designing custom
small-size analogs of VCO fittings, could further reduce this volume. Changes to the cell design
may also be beneficial; changing the flow path inside the cell so that the regions where gas is well
mixed are clearly defined will also enhance the accuracy of DEMS measurements, even if the total
internal volume of the cell is slightly increased.

Further enhancements to the performance of MS measurements are possible through im-
provements to the procedure of taking and analyzing these measurements. As shown in Figure 3-
6, dead space between the MS and the cell currently causes MS readings to be delayed by one. A
careful reconsideration of the measurement process may allow for the measurement of gas cur-
rently in the cell, without further interfering with the cell gas composition (taking several samples
of gas in quick succession will cause increased dilution of the cell gas). Further improvements in
calibrating the MS, including with individual gases and mixtures of gases diluted in argon will
enhance the quality of MS readings. Additionally, the accuracy of the volumes in the pressure
gauges must be improved. This volume is not especially important during pressure tracking (as
both the gauge and cell volume are determined and considered together), but becomes critical when

estimating the distribution of gases during DEMS measurements, and an improved understanding
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of these volumes may help explain the poor agreement between pressure and MS data in Figure 3-
10.

Additional improvements could be made to the cell design used for DEMS measurements.
Changing some or all of the base of the cell to copper will prevent unwanted interactions between
lithium metal, the electrolyte, and stainless steel, and changing the material of the lining ring to a
lithium-compatible polymer (such as polyethylene or PEEK) will further improve the reliability of
the cell’s electrochemical behavior. Similarly, an investigation into the cause of the leaks observed
during discharge is recommended, and the cell design and handling procedures should be adjusted
to eliminate them.

Finally, the results in this chapter suggest a number of additional experiments. Using a partial
oxygen environment in the cell (e.g. 1% O2in Ar) would allow DEMS experiments to be performed
during discharge that could further validate the pressure tracking data. Similarly, using partially
oxygenated environments during charge could be used to study the impact of oxygen gas on the
charging process; the DEMS measurements shown here continually remove oxygen from the cell,
which limit the ability of oxygen to interact with the electrode and electrolyte later in the charge
process. This would be especially beneficial for Li2O2-preloaded experiments, where it is neces-
sary to show that any catalysts added are compatible with an oxygen environment. It should be
obvious that these suggestions are only a small sample of the possible uses of the DEMS system,
and that using DEMS can be a powerful addition to any Li—O2 experiment.

3.5 Conclusions

In this chapter, we have described the design and construction of the DEMS system built in

the Electrochemical Energy Lab over the past year, and describe the process for using it in both

pressure tracking and DEMS experiments. We then demonstrate this system using VC- and CN'T-
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based cells in diglyme to show results that are in agreement with studies performed by other

groupsso,51,70,83,s7

using DEMS systems for Li—O2 research. Finally, we used the DEMS system to
analyze Li2O2-preloaded electrodes, similar to those discussed in Chapter 2, and find that oxygen
is produced during potentiostatic charging of Ru/C+Li20: electrodes, and both oxygen and carbon
dioxide are produced by Pt/C+Li202 electrodes. These results support the work presented in Chap-
ter 2 and more recent work from our lab,**# by demonstrating that promoting the oxidation of
Li202 still results in the production of oxygen.
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Chapter 4

Development of Poly(ethylene oxide)-Based
Electrolytes for Lithium—Air Batteries
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4.1 Introduction
As discussed in Chapter 1, Li—air batteries face many challenges that must be overcome
before they can realize their potential as a high specific energy storage system. Much of the atten-

tion in the literature has focused on problems such as enhancing discharge rate and capac-

38,39,44,78,79,81,82,119-129 1 42,46,78,81,89,90,117,122,128
>

reducing the charging potentia and finding materials

ity,

121,124,128130-132 o wever, relatively little attention has been

that enable cells with long cycle lives.
paid to concerns about electrolyte loss to the environment. Li—air batteries (as opposed to Li—O2
batteries) must ultimately be open to the environment in order to be effective, but many of the
electrolytes commonly used in Li-air and Li-O2 devices in the lab are highly volatile,*® requiring
careful handling to prevent solvent evaporation. Other solvents are less volatile,®>”!33 but have
measureable vapor pressures that would lead to significant loss of electrolyte over the long-term

56,58,59,133 and

operation of a real device. Furthermore, these solvents are almost universally toxic,
widespread release of these chemicals into the environment would be undesirable.
The development of solid electrolyte-based Li—air batteries would alleviate many of these
concerns; solid electrolytes are non-volatile, and so do not leave the cell even when open to air.
Additionally, certain solid electrolytes can serve as an effective anode protection layer, and ceramic
electrolytes have been developed to protect lithium metal from water as well as air.!** Finally, solid
electrolytes can be designed not to flood the void space of the positive electrode, as is common for
liquid electrolytes.*”1> This allows gaseous oxygen to travel deep into the electrode, and reduces

the distance oxygen must diffuse as a dissolved species from tens of microns, where oxygen

transport can be a significant limitation,*” to nanometers.
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There are two main classes of solid lithium-conducting electrolytes: organic polymers and
inorganic ceramics and glasses.!*® Both classes have advantages and disadvantages. Some inor-
ganic ceramics, especially sulfur-based ones, have exceptionally high lithium conductivities,
which can exceed that of liquid electrolytes.!*”!3® They are also generally more effective as barri-
ers, allowing few species other than lithium ions to pass.'** However, the rigidity of ceramics make
them difficult to handle,'*® yet they must be pinhole free if used as a barrier membrane. Ceramics
and glasses are also denser than organic electrolytes,'*’ which negatively impacts the specific en-
ergy of devices that use them. Furthermore, many of the most performant inorganic electrolytes
are also unstable in air,'*! a significant concern for Li-air batteries. Polymer electrolytes, on the
other hand, are usually much easier to handle and process, and many polymers are flexible enough
to be significantly deformed without cracking. In addition most polymers are significantly less
dense than ceramics,'** and can be more easily processed into thin films using various casting
techniques,'** both of which serve to enhance the specific energy of polymer electrolyte devices.
The disadvantages of polymers as electrolytes are two-fold: they are much less effective as pro-

144 and many are hygroscopic,'*’ and they are

tection layers, as most polymers are gas permeable
generally less conductive than liquid electrolytes or high performance ceramics,!*¢ especially at
room temperatures. On balance, these advantages and disadvantages must be carefully weighed,
and the decision to use one or the other (or both) must be made for each device type and applica-
tion.

In this chapter, we choose to focus on developing a solid polymer electrolyte-based Li—O2
battery. Polymer electrolytes have been used previously for some Li—O2 and Li-air devices,”>¢

151 including the first modern nonaqueous Li—air battery demonstrated by Abraham and Jiang,”

which used polyacrylonitrile (PAN) gelled with propylene carbonate (PC) and ethylene carbonate
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(EC) and LiPFes as the electrolyte. While this device counts as a polymer electrolyte system, it was
not a solid polymer electrolyte, as the PC/EC liquids were still susceptible to evaporation over
time. Furthermore, PC/EC is now well-known to be unstable in Li—O: electrochemistry,5”-76:8%152
and we have recently shown that PAN is also unstable when exposed to Li202.°” More recent work

148,151

has developed solid-polymer Li—air devices, either with only solid polymers or hybrid poly-
mer ceramic membranes.!*4!33 In all cases, the polymer of choice was poly(ethylene oxide) (PEO),
which has also received significant attention as an electrolyte for Li—ion devices.!>*!%7 This is due
to the high lithium conductivity of amorphous PEO, in which segmental motion of neighboring
chains of the PEO backbone is believed to allow the transport of lithium ions through the electro-
lyte.!>” Many different materials have been developed as solid polymer lithium electrolytes, and a
careful examination of them shows that most, if not all, rely on oligo-ether moieties (e.g., oligo(eth-
ylene oxide)) to provide lithium conductivity.!**!>” Additives such as nanoparticles of transition
metal oxides!*® and various small-molecule plasticizers'*>!> have also been explored to enhance
the conductivity of PEO electrolytes as room temperature. In addition to these additives, simple
PEO-salt éomplexes are known to have reasonable conductivity above their melting point, which
ranges from 50-65 °C depending on the electrolyte salt used.!>” These PEO electrolytes have been
shown to have a large stability window, forming a stable SEI against lithium metal and no signif-
icant decomposition current below 4.9 V vs lithium (Vwi).!°

In particular, Hassoun et al.'*® demonstrated the use of PEO when investigating Li—O2 elec-
trochemistry at room temperature, using a blend of PEO, lithium triflate salt, and ZrO: nanoparti-
cles as the electrolyte. However, this work did not investigate the performance of PEO in the con-

text of developing a practical device, instead using potentiodynamic cycling with galvanostatic

acceleration to try to identify the onset of different reactions with changing voltage. Further, it is
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unclear whether or not the electrolyte used was plasticized by tetracthylene glycol dimethyl ether
(tetraglyme), which is referred to in the conclusion of that article but not mentioned in the experi-
mental section. As with the PC/EC solvents discussed above, tetraglyme would be expected to
evaporate during long term operation, especially if exposed to elevated temperatures.®’

In this chapter, we set out to develop a PEO electrolyte-based Li—O2 device that can achieve
relatively high discharge rates and capacities. We used as a starting point an ionic liquid-plasticized
electrolyte developed by Passerini and colleagues over the past decade for Li—ion devices,'>-164
which has been shown to have reasonable conductivity at room temperature. We also developed
an all-solid-state electrode that uses XC-72 Vulcan carbon (VC) for structure and electrical con-
ductivity and a PEO-based electrolyte to act as a binder and lithium conductor. We first investi-
gated the operation of such devices as room temperature, and explored the impact of a variety of
experimental parameters on cell discharge performance. We then explored the performance of cells
discharged at 60 °C, and further investigated discharge performance with and without the inclusion
of ionic liquid. Finally, we investigated the behavior of these cells using a differential electrochem-
ical mass spectrometer (DEMS) to characterize the rates of gas consumption and production during
the discharge and charge processés at a variety of temperatures. This work was generously funded
by the Samsung Advanced Institute of Technology (SAIT), who also provided a discharge perfor-
mance target for practical polymer-based Li-air devices of 1000 pAh/cm? at 200 pA/cm?. This
target is used as the overall performance goal throughout this chapter.

After the work shown in this chapter was completed, a similar body of work was published
by Balaish et al.'>! who investigated the development of PEO-based Li—O2 devices at 80 °C with

carbon nanotube electrodes and lithium triflate salt. Although that work also performed some in-

vestigations on the discharge rate capability and capacity of their system, they also focused on
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limited-capacity cycle life and the degradation of the PEO electrolyte during cycling. The degra-
dation of PEO electrolyte while charging in oxygen is explored more deeply in Chapter 5, in which
this aspect of the work by Balaish et al. is discussed.
4.2 Experimental Methods

PEO (MW ~10° g/mol and MW ~4x10® g/mol, <1000 ppm BHT as inhibitor), bis(trifluoro-
methane)sulfonimide lithium salt (LiTFSI, 99.95% trace metals basis), and poly(ethylene glycol)
dimethyl ether (PEGDME, Mn ~2000 g/mol, inhibitor-free) were obtained from Sigma-Aldrich.
BHT was removed from the PEO via Soxhlet extraction in hexanes under flowing argon gas for at
least 24 hours. Extracted PEO and as-received PEGDME were dried under vacuum at 50 °C for at
least 48 hours before being transferred to a glovebox under argon for storage. 1-butyl-1-methylpyr-
rolidinium bis(trifluoromethane)sulfonamide (Pyri14TFSI, 98% purity) was obtained from Alfa Ae-
sar. LiTFSI and Pyri4TFSI were dried separately under vacuum at 120 °C for 24 hours and stored
in the argon glovebox without exposure to air. Fluorinated ethylene propylene (FEP) sheets of 5
mil (125 um) thickness were ordered from McMaster-Carr, and cleaned using deionized water and
ethanol before being dried under vacuum at 70 °C overnight before use. Heat-sealable bags with
water vapor and oxygen transport resistance meeting MIL-PRF-131K (noted as poly/foil bags)
were obtained from Sigma Aldrich, and dried under vacuum at 70 °C overnight before use. Celgard
C480 was supplied by Celgard LLC. XC-72 Vulcan carbon (VC) was supplied by Premetek, and
dried under vacuum at 100 °C overnight before being stored in the glovebox without air exposure.
Lithium metal foil was obtained from Chemetall (Germany), and was stored as received in the

glovebox.
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A variety of polymer electrolytes were prepared in several different configurations. The rec-

1.18! which describes the development of an elec-

ipe was derived from that published by Kim et a
trolyte based on PEO, LiTFSI, and Pyri4TFSI (a room temperature ionic liquid). To prepare an
electrolyte batch, appropriate quantities of PEO and LiTFSI were weighed and mixed in a mortar
and pestle inside the glovebox (the exact ratios are listed in Table 4-1 below). The powders were
gently mixed until fluffy and slightly sticky. If used, ionic liquid was added by volume (assuming
a density of 1.394 g/ml)!% directly to the mixture. The mixture was then vigorously mixed and
pressed until it became a single white mass, which ranged from slightly tacky when no ionic liquid
was used to very sticky when ionic liquid was present. This was then placed in a glass scintillation
vial and dried under vacuum at 100 °C for 48 hours, before being returned to the glovebox. After
drying, the electrolyte became clear, but maintained its original level of stickiness. The electrolyte
was placed between two 4 in FEP squares and heat-sealed in a poly/foil bag. This bag was then
pressed in a bench-top hot press at 100 °C with a maximum applied load of 1 t per 2 g electrolyte,
slowly increasing and releasing ﬁressure to minimize the formation of wrinkles. Shims were used
to ensure that the electrolyte film thickness was approximately 150 pm. For electrolytes including
an interlayer of Celgard, the once-pressed electrolyte was returned to the glovebox and cut in half.
Each half was placed on opposite sides of a sheet of Celgard C480, and again protected by FEP
and heat-sealed in a fresh bag. The PEO-Celgard sandwich was pressed again in the hot press at
100 °C, using the same shims as before and reaching a maximum load of 5 t per 2 grams of elec-
trolyte. Once the pressure stabilized, the heat was turned off and the press was allowed to cool
overnight under load. This allowed the PEO electrolyte to fully impregnate the Celgard film, re-

sulting in a translucent film (if the electrolyte does not fill the Celgard, the film remains white and
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exhibits poor ionic conductivity). Once cooled, pressure was very gently released, in order to min-
imize wrinkles, and the bag was returned to the glovebox. An 18 mm diameter hole punch was
used to punch disks of the electrolyte, keeping the FEP films in place to protect the electrolyte.
These were collected and stored in the glovebox until used.

Several parameters of the electrolyte recipe described above were varied in the experiments
shown in this chapter. The presence of ionic liquid, the concentration of LiTFSI, the molecular
weight of the PEO, and the presence or absence of Celgard were all adjusted. Table 4-1 describes
the different electrolytes used, and provides a list of codes that are used in the remainder of this

chapter.

Table 4-1. Electrolyte names and descriptions used in this chapter.

Electrolyte Code PEO MW LiTFSI Conc. Pyr14TFSI Conc. Includes
(g/mol) (mol Li/mol EO) (mol Pyri4*/mol Li*) Celgard?

P4M10IL 4x10° 1:10 1:1 No
P4M20 4x10° 1:20 None No
P4M20-C 4x10° 1:20 None Yes
P4M10IL-C 4x10° 1:10 1:1 Yes

VC air electrodes were prepared by mixing VC, BHT-extracted PEO or PEGDME, and
LiTFSI in a planetary ball mill (Fritsch Pulviersette 6, Germany) jar, along with 5 mm diameter
zirconia beads. A 50% v/v mixture of ethanol in deionized water were added to the jar before
sealing and milling for at least 4 hours at 500 rpm. The resulting slurry was deposited onto alumi-

num foil using a Mayer rod. The amount of solvent and Mayer rod thickness were chosen to
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achieve the desired carbon loading. The solvent was allowed to evaporate in air before 0.5 in di-
ameter discs were punched. These disks were collected in a scintillation vial and dried for at least
24 hours at 100 °C under vacuum, before being directly transferred into an argon glovebox and
stored until ready for use. In the final electrode, PEO/PEGDME and LiTFSI (referred to as the
catholyte) were assumed to conformally coat the VC particles throughout the electrode.

As with the electrolyte, several different recipes of VC electrodes were prepared, which var-
ied the weight fraction of VC, PEO molecular weight, and carbon loading. These variations are

listed in Table 4-2.

Table 4-2. Electrode names and descriptions used in this chapter. Average carbon loading is

based on the measured electrode weight rather than the loading targeted when preparing the elec-

trodes.
Name PEO MW % VC Average carbon loading
(g/mol) (wt/wt) (gvc/cm?)
VC4M-60-0.3 4x10% PEO 60 0.3
VC4M-75-0.4 4x10° PEO 75 0.4
VC100k-60-0.4 1_05 PEO 60 0.4
VC2k-60-0.3 2,000 PEGDME 60 0.3
VC2k-45-0.3 2,000 PEGDME 45 0.3
VC2k-60-0.6 2,000 PEGDME 60 0.6
VC2k-60-0.9 2,000 PEGDME 60 0.9
VC4M-60-1.0 4x10° PEO 60 1.0
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Complete cells were prepared by placing the VC electrode carbon-side down onto the PEO
electrolyte, inside the protective FEP sheets. A PTFE rod was used to press the carbon into the
electrolyte. The FEP was removed and the aluminum foil was carefully peeled back, leaving the
VC electrode attached to the electrolyte. The mass of the VC electrode was determined by differ-
encing the weight of the electrode/aluminum foil before and after attaching the carbon. The other
protective FEP sheet was then removed from an electrolyte disk, and gently pressed into the ex-
posed electrolyte onto a 15 mm diameter disk of lithium. Using plastic (non-conductive) tweezers,
the second sheet of FEP was removed and a 316 stainless steel mesh disk (15 mm diameter, 400
mesh) was pressed on top of the VC electrode (if present) or directly onto the electrolyte (for VC-
free cells). The completed stack was then placed into the body of a lithium-oxygen cell (designed
and produced in our lab, as published previously),?® a lightweight spring (Lee Spring, USA) was
added to provide contact with the cell body, and the cell valves were closed to seal it. For most
tests, the sealed cell was transferred to a water-free glovebox and purged with oxygen gas. The gas
was allowed to flow through the cell at high rate for several seconds, to ensure that all the gas in
the cell was replaced. The cell was then pressurized to 28 psig (2.9 atm absolute) and sealed, before
being removed from the glovebox.

Cells were discharged using a Bio-Logic VMP3 multipotentiostat or a Solartron 1470A mul-
tipotentiostat. In all cases, cells were allowed to rest for 6 hours before discharge. Cells discharged
at 60 °C were placed in an ESPEC SU-221 benchtop temperature chamber, and were held at 60 °C
during the resting period. All discharges were carried out galvanostatically, with a cutoff voltage
0f 2.0 Vi

Electrochemical impedance spectroscopy (EIS) was performed to determine the conductivity

of the electrolytes. 0.5 in diameter disks of electrolyte were punched out, and placed between two
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0.5 in diameter stainless steel (SS) disks (0.5 mm thickness). The thickness of the electrolyte and
SS disks was measured to determine the electrolyte thickness. These were then slid into a 0.5 in
internal diameter plastic tube, and 2 SS slugs (0.5 in diameter, ~1 in length) were placed on either
side of the electrolyte sandwich. The slugs were held in place using plastic set screws, and served
to ensure good electrical contact was made to the electrodes while also providing some protection
from the environment. This cell was then removed from the glovebox and connected to an EIS-
capable channel on the Bio-Logic VMP-3. Measurements made at 60 °C were made using the
temperature chamber, and were éllowed to heat for 2 hours to reach equilibrium. Measurements
made at room temperature were taken without resting. The amplitude of the applied voltage was
10 mV, and measurements were taken in single sine mode, with frequencies from 1 MHz to 10
mHz, with 10 points per decade and using the average of 5 measurements per frequency.

Grazing incidence X-ray diffraction (GIXD) was used to characterize the crystal structure of
electrolytes and complete cells after discharge. All measurements were performed using a Rigaku
SmartLab, with a 9 kW copper anode. Measurements were taken at room temperature under a
polycarbonate dome to protect the sample from air exposure. GIXD was used (rather than tradi-
tional powder X-ray diffraction) because removing the bulk PEO electrolyte from the lithium an-
ode was relatively destructive, and frequently resulted in significantly deformed electrodes. GIXD
was performed with 2° incident angle, which was low enough to prevent any diffraction peaks
from the lithium metal from appearing. Scans were performed at 1°/min from 10° to 60° 26, or
0.08°/min from 30° to 40° 26.

Several DEMS experiments were performed using PAM10IL-C electrolytes and VC4M-60-

1.0 positive electrodes, where each cell was discharged at 60 °C then charged at a different tem-
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perature. PAM10IL-C electrolytes were used to minimize electrolyte crystallization at low temper-
atures. VC electrodes with high carbon loading were used to maximize the absolute capacity. Each
cell was rested for 6 hours and then discharged at 122 mA/gvc to 2 VLi in oxygen at 60 °C. The
total oxygen exposure for each cell was 24 hours, regardless of the duration of discharge. Pressure
tracking experiments were performed during discharge using the procedure described in Chapter
3. After 24 hours, the gas in the cell was exchanged for argon and the temperature of the cell was
adjusted to between 30 and 60 °C. Mass spectrometry (MS) measurements of the cell composition
were taken every 15 minutes thereafter (using the procedure described in Chapter 3). A 24 hour
rest between discharge and charge ensured cells were fully equilibrated before charging. Cells were
charged at 122 mA/gvc to 5 Vii, with DEMS measurements taken before, during, and after the
charging process. A detailed discussion of the analysis technique for the DEMS measurements is
available in Appendix A.
4.3 Results and Discussion
4.3.1 Electrolyte Characterization

Polymer electrolytes were characterized with and without ionic liquid at room temperature.
Both electrochemical impedance spectroscopy (EIS) and grazing incidence X-ray diffraction
(GIXD) were performed to evaluate the conductivity and crystallinity of these electrolytes
(Figure 4-1). It was found that the addition of ionic liquids significantly reduced the crystallization
and enhanced the conductivity of the electrolyte. The room temperature electrolyte conductivity
was found to be 1.9x107% S/cm with IL (P4MI10IL, Figure 4-1a, b), while the IL-free electrolyte
(P4M20) exhibited capacitance at even very high frequencies (>1 MHz), which prevented the iden-
tification of a bulk conductivity. This is consistent with the GIXD results, which show that the IL-

free electrolyte had a very large number of sharp crystal diffraction peaks, similar to that of pure
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PEO, while the electrolyte with IL showed only a broad low-angle diffraction peak. Crystalline

PEO is known to have very low lithium conductivity, '3

so the presence of large amounts of crys-
talline PEO in the IL-free electrolyte is consistent with the poor conductivity and high capacitance

of that electrolyte.
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Figure 4-1. (a) Bode magnitude and (b) Bode phase plots of the EIS response of PEO electro-
lytes with and without ionic liquid (P4M10IL and P4M20, respectively) between stainless steel
plates. (c) GIXD pattern of the same types of electrolytes shown in (a) and (b). All data was
measured at room temperature. The large peaks in (c) have been truncated to increase the visibil-
ity of smaller peaks. Nyquist plots are not shown, as no significant features are visible on any

length-scale for either electrolyte.

4.3.2 Room Temperature Performance

Solid polymer-based Li—air cells were discharged galvanostatically at room temperature us-
ing the PAM10IL-type electrolytes with VC2k-60-0.3 electrodes (Figure 4-2). Discharge was car-
ried out at 10, 20, 50, and 100 mA/gvc to determine the rate capability of this system. It was found

that capacity reached a maximum of 750 mAh/gvc at the lowest rate of 10 mA/gvc. Discharge
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capacity decreased with increasing discharge current, with less than half of the maximum capacity

observed when discharged at 100 mA/gvc.
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Figure 4-2. Potential vs accumulated charge for VC2k-60-0.3 electrodes discharged on

P4MI10IL electrolyte at room temperature at a variety of rates.

After establishing the rate capability of VC2k-60-0.3 electrodes, additional electrode types
were discharged at the same rates to determine the impact of PEO molecular weight in the catholyte
and VC content, using the first five electrode types listed in Table 4-2. Figure 4-3 shows a Ragone
plot that summarizes the result of these investigations. In all cases, the cell capacity was observed
to fall with increasing discharge rate. Cells discharged at low rates appeared to be carbon-mass
limited; the final capacity of cells discharged at 10 mA/gvc was 600-800 mAh/gvc regardless of
the electrode type. In contrast, cells discharged at high rate were area-limited; as shown in Figure 4-
3b, cells discharged at rates above 10 uA/cm? largely followed the same capacity trend regardless
of composition. Beyond discharge rate, the primary factor for discharge performance was found
to be total carbon loading. When considering mass-normalized activity, electrodes with low carbon

loading were found to have the highest performance, while area-normalized activity showed the
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opposite trend: electrodes with high carbon loading had the best performance. It is clear from Fig-
ure 4-3 that further optimizations of electrode composition and structure are likely to only provide
incremental improvements on the overall cell performance, as low-rate performance was limited
by carbon mass, while high-rate performance was limited by the geometric area of the electrode.
We note that incremental improvements are insufficient to meet the discharge performance goals
offered by SAIT; the target of 1000 uAh/cm? at 200 pA/cm? is beyond the scale shown in Figure 4-
3b, requiring a 3% enhancement in discharge capacity while simultaneously requiring a 5% en-

hancement in discharge rate.
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Figure 4-3. (a) Mass-normalized and (b) area-normalized Ragone plots for cells discharged at
room temperature in oxygen using a variety of electrode types. Each electrode was weighed indi-

vidually, and carbon loading varied between electrodes within individual batches.

4.3.2.2 Analysis of Rate and Capacity Limitations of Discharge at R.T.
In order to understand the nature of the rate and capacity limitations described above, we
considered several different possible processes that could feasibly be the source of the observed

rate limitation: the transport of oxygen to the surface of VC, the transport of Li" ions within the
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electrode and electrolyte (i.e. ohmic losses), and the rate of charge transfer (i.e. electrochemical
reaction rate). These are each considered below.

There are two stages of oxygen transport to examine when estimating the limiting rate of
oxygen consumption. The first is diffusion of oxygen within the gas phase. Given that the atmos-
phere of the cells tested here is pure oxygen, this is effectively limitless; high rates of oxygen
consumption would generate a pressure gradient that drives the bulk motion of more oxygen gas
to the electrode surface. Reactions that were limited by the gas-phase transport of oxygen would
quickly deplete the entire cell volume of oxygen. Because the VC electrodes used in this study
were designed to have significant void volume, we expect that oxygen can remain in the gas phase
throughout the electrode. However, oxygen must still be exposed to both electrons and lithium
ions to be able to form Li202. This can either occur at triple-phase boundaries (between the carbon,
PEO catholyte, and gas) or, if oxygen diffuses through the PEO catholyte, at the interface between
carbon and catholyte. As triple phase boundaries are one-dimensional, we assume that these are
negligible relative to conduction of oxygen through the catholyte. The limiting rate of oxygen
consumption can be considered for oxygen diffusing through a film of thickness t, with a concen-
tration in equilibrium with the gas on one side and zero concentration at the other (representing
the instantaneous reaction of oxygen at the carbon surface). This is then easily solved by consid-

ering the permeation of oxygen through a PEO membrane:

" 14 (t)_p (0)
Noz = _Poz,PEo oz__t__oz_ 4-1)
where Ny, is the area-specific mass flux of oxygen, Py, pgo is the permeability of Oz through PEO,
and po, (%) is the pressure of oxygen at position x, where x = 0 is the VC surface and x = ¢ is the

catholyte surface. The permeability of oxygen in semi-crystalline PEO at 25 °C has been reported

114



at 0.26 barrer.!** Given this permeability, a cell operating pressure of 3 atm, and a PEO film thick-
ness of 5 nm (equivalent to ~60 wt% VC with ~40 wt% catholyte), we estimate that the diffusion
limited rate of oxygen transport to the carbon surface is 5.3 mmol/(m? s), where the area is the true
surface area of the carbon. Assuming 100 m%*/gvc and 2 €702 of reaction, we estimate the oxygen
transport limiting rate of discharge to be ~10° A/gvc. We therefore conclude that oxygen transport
1s not limiting.

There are also two regions to consider when investigating lithium transport. Lithium must
be conducted both through the bulk electrolyte and the catholyte. Ohmic losses in the bulk elec-
trolyte can be easily estimated using the ionic conductivity measured above. At a discharge rate of
50 pA/cm?, higher than any cell shown in Figure 4-3, the expected ohmic loss of a 150 pm thick
electrolyte with 1.9x10™* S/cm conductivity is 4 mV, indicating bulk electrolyte conductivity is not
limiting cell performance. Estimation of conductivity in the catholyte is more difficult, and is de-
pendent on the volume fraction of the catholyte, the thickness of the total electrode, and the tortu-
osity of the electrolyte path. We estimate the volume fraction of the catholyte by assuming that the
VC deposited maintains the 85% porosity of the bulk VC powder, and that the catholyte uniformly

1,196 who used

coats the surface of the carbon. To estimate the tortuosity, we refer to Zalc et a
Monte-Carlo simulations of porous nanomaterials to estimate the surface and void tortuosity of
nanoporous catalyst materials. VC has a higher porosity than any configuration examined by Zalc
et al., but in that work, the authors show that the surface tortuosity is generally in the range of 3-6
when the overall network is continuous, as is the case here. We use surface tortuosity because the
catholyte is assumed to coat the surface of the VC structure; very thick layers of catholyte will

have lower tortuosity values, as it may allow for shorter diffusion pathways, but this effect will

only serve to reduce tortuosity. We therefore assume a tortuosity of 6 for this analysis. The effective
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conductivity of the catholyte can be calculated to account for both the volume fraction of catholyte
and tortuosity using Equation 4-2:

0
Oerr =2 (4-2)

Where 0,5 is the effective catholyte conductivity, o is the buik catholyte conductivity, 6 is the
volume fraction of catholyte, and 7, is the estimated surface tortuosity of the electrode. In order to
estimate the ohmic drop due to lithium conduction in the catholyte, we consider the ohmic drop
associated with conducting 50 pA/cm? of lithium ions through the entire electrode, representing a
worst-case estimate of limitations to lithium transport inside the cathode. The results of these cal-

culations performed with a variety of possible electrode designs is shown in Table 4-3.

Table 4-3. Estimated ohmic drop due to lithium conduction within a cathode at 50 pA/cm?. All
cases assume a bulk conductivity of 1.9x10* S/cm and a tortuosity of 6. VC porosity was as-
sumed to be 85%, with a bulk density of 0.264 g/cm?, while the catholyte has an assumed density

of 1.46 g/cm’.

VC Mass Catholyte Volume Carbon Electrode Effective Ohmic

Fraction Fraction Loading  Thickness Conductivity drop
(%) (%) (mg/em?) (um) (S/cm) (mV)
75 6 0.5 19 1.9x10%® 50
60 12 0.5 19 3.8x10°¢ 25
45 22 0.5 19 7.0x10% 14
60 12 1.0 38 3.8x10%° 50

Although the estimated ohmic drop is large enough that we expect some inhomogeneity of

discharge reaction throughout the electrode, it is not sufficient to explain the significant loss of
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capacity at high rates; a shift of 50 mV in the discharge voltage of the lowest rate showed in Fig-

ure 4-2 would not result in the observed loss in discharge capacity at higher rates.
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Figure 4-4. Potential at the point of least descent of the cell voltage vs. mass-normalized current
of PEO-based Li—Oz cells discharged at room temperature. The dashed line represents the theo-
retical reversible potential of Li202 formation. The solid line represents a best fit of the VC4M-
60-0.3, VC100k-60-0.4, and VC2k-60-0.3 data points, giving a Tafel slope of 202 + 23 mV/dec-

ade. VC4M-75-0.4 was not included in the fit owing to the large drop in voltage at high currents.

We finally consider the rate of charge transfer as a source of discharge rate limitations. We
prepared a pseudo-Tafel plot (Figure 4-4), which considers the voltage of the cell during the flattest
portion of the discharge profile (i.e. the point where the derivative of voltage with respect to time
reached its most positive value, or the point of least descent) against the mass-normalized dis-
charge rate (presented on a log scale). Electrodes with higher VC content (VC4M-74-0.4, ~75 wt%
VC) were not included in this fit, as the potential deviated from the other samples, especially at
high rate. The Tafel slope for the remaining set of tested electrodes (VC4M-60-0.3, VC100k-60-

0.4, and VC2k-60-0.3) was 202 + 23 mV/decade. This is in the range of values that have been
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previously observed in our lab for carbon electrodes in liquid glyme-based electrolytes.**%® More-
over, the relationship between voltage and the log of the discharge current is linear, which is ex-
pected for kinetically controlled Butler-Volmer electrochemical reactions. We also note that the
calculated value of the exchange current (the predicted current at the equilibrium potential) is
0.23 + 0.12 mA/gvc. Assuming 100 m%/gvc, the exchange current is 0.23 + 0.12 nA/cm?, approxi-
mately one order of magnitude lower than the estimated exchange current for carbon nanotube
electrodes in 1,2-dimethoxyethane.*’ These results indicate that the limited discharge performance
of PEO is likely controlled by reaction kinetics; further optimization of electrode design may lead
to incremental improvements, but the reaction kinetics must be improved to allow for the devel-
opment of a practical PEO-based Li—O2 battery.
4.3.3 Discharge Performance at 60 °C

One of the most obvious and easily tested ways to improve the performance of the PEO-
based Li—Oz cells investigated above is to increase the operating temperature. Increasing the tem-
perature should allow all aspects of the discharge process to occur more quickly: lithium conduc-
tivity should increase, the exchange current should increase, and the Tafel slope should decrease
(reducing the rate at which voltage drops with increasing rate). In addition, large batteries such as
those used in electric vehicles often operate at elevated temperathres, because the efficient removal
of heat generated during discharge and charge becomes a significant engineering challenge.!**> We
therefore investigated the operation of these cells at 60 °C, in agreement with SAIT, which pro-
vided funding for this research.

In addition to the performance enhancements listed above, the PEO electrolytes used in this
study are melted at 60 °C. Although the bulk electrolyte used very high MW PEO (~4x10° g/mol),

which remains extremely viscous even when melted, it was observed that cell shorting could occur

118



when allowed to discharge for extended periods. We therefore developed an electrolyte that in-
cluded a Celgard interlayer; Celgard C480 was included when pressing the PEO electrolyte (refer
to the Experimental Methods section for a detailed description). This allowed the PEO electrolyte
to fill the void space within the Celgard (which has a porosity of 50%'67). The Celgard interlayer
does not melt at 60 °C, and so acts as a barrier preventing any portion of the positive electrode
from making direct electrical contact with the negative electrode. Although this technique worked
well for the purposes of this study, a realistic product would likely use advanced block-co-polymer
materials that combine the conductivity of PEO with the mechanical properties of other poly-
mers. #%168.19% Using such polymers would also ensure that the positive electrode would not sink

into the bulk electrolyte over very long-term operation.
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Figure 4-5. Potential vs accumulated charge for VC2k-60-0.3 electrodes discharged on
P4M10IL-C at 60 °C at a variety of rates. Note that the lowest rate shown here (250 mA/gvc) is
2.5 higher than the highest rate shown in Figure 4-2. Also note that the horizontal scale extends

to higher values than shown in Figure 4-2.

As was performed at room temperature, a set of VC2k-60-0.3 electrodes were discharged on

a PAM10IL-C electrolyte (the “-C” indicates the inclusion of Celgard) at 60 °C at a variety of rates
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(Figure 4-5). It is immediately apparent that increasing the temperature dramatically enhanced the
discharge performance; an order of magnitude increase in rate capability was paired with a more
than 2x enhancement of the total capacity.

We investigated whether the inclusion of ionic liquid within the bulk electrolyte was neces-
sary to maintain good performance. Ionic liquid was initially added to the bulk electrolyte in order
to inhibit crystallization of PEO, but melted PEO (as is expected at 60 °C) is not crystalline; ionic
liquid is not necessary to maintain good conductivity of melted PEO. Appetecchi et al. showed
that PEO-LiTFSI at 60 °C is only ~3x less conductive than a similar electrolyte with Pyri4TFSI,
but is ~100x less conductive at 20 °C. EIS was performed on a P4AM20-C electrolyte (which does
not contain ionic liquid) at 60 °C, in the same manner as was used earlier in this chapter (Figure 4-
6). The conductivity of the P4AM20-C electrolyte at 60 °C is higher than the conductivity of the

P4M10IL electrolyte tested at room temperature (3.9x107* vs. 1.9x107* S/cm, respectively).
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Figure 4-6. (a) Bode magnitude, (b) Bode phase, and (c) Nyquist plots of the EIS response of a

P4M20-C electrolyte between stainless steel plates, measured at 60 °C.
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Figure 4-7. (a) Mass-normalized and (b) area-normalized Ragone plots for VC-PEO based cells
discharged at 60 °C in oxygen. Note that the axes and color range in this figure are extended
from Figure 4-3. The data from Figure 4-3 is reproduced in grey for comparison. The SAIT per-

formance target (1000 pAh/cm? @ 200 pA/cm?) is marked by a purple triangle in (b).

Using both electrolytes with and without ionic liquid, the performance of all of the electrode
types listed in Table 4-2 was explored. A variety of different properties were varied between elec-
trode types, including PEO molecular weight, VC weight fraction (related to the catholyte thick-
ness over the VC particles), and total carbon loading, which was measured for each electrode. A
Ragone plot showing the performance of each cell is presented in Figure 4-7. It was found that
carbon loading, more than any other parameter, dominated the overall performance at most of the
rates investigated. When examining mass-normalized performance, the very lightest electrodes
(those presented in Figure 4-5) showed the highest rate capability, capable of discharging at as
much as 1000 mA/gvc. Increasing the carbon loading led to a reduction in observed performance.
The opposite trend was observed when normalizing for geometric area; light electrodes showed

relatively poor performance, with performance trending upwards with increasing carbon loading.
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The heaviest electrode tested (red circle in Figure 4-7) showed only average mass-normalized per-
formance, but nearly satisfied the performance target set by SAIT of 1000 pAh/cm? at 200 pA/cm?
discharge rate. It should be noted that with few exceptions, performance at 60 °C was higher than
at room temperature, regardless of normalization method or carbon loading.

Further examination shows that the maximum mass-normalized capacity observed for all
carbon loadings at 60 °C was between 1600-2000 mAh/gvc. This is more than twice the maximum
capacity achieved at low rates at room temperature, which discharged to 700-800 mAh/gvc at low
rates. It is not clear what allows for the observed increase in capacity, but one possibility is the
transition of the PEO electrolyte from solid to liquid. Deep discharge capacities in liquid electro-
lytes are believed to require mobility of some discharge species into the bulk electrolyte.*83%12° In
both its solid and melted phases, PEO is significantly more viscous than most liquid electrolytes,
and we expect the mobility of discharge species to be quite limited. However, solid PEO may
further inhibit the mobility of discharge products relative to melted PEO; the relatively high lith-
tum conductivity of amorphous PEO relies on the chelation of lithium ions with consecutive oxy-
gen atoms in the PEO backbone,!”” with segmental motion allowing lithium to move from one
region to another. Other species, especially ionic, oxygen-rich compounds such as LiOz, a Li-O2

discharge intermediate, 3336170171

are unlikely to interact in the same manner with the PEO back-
bone, and are therefore expected to have much lower mobility. A simple analysis allows us to
convert the mass-normalized discharge capacity into a theoretical thickness of Li2O2 deposits on
the VC surface. We assume a VC surface area of 100 m?/gvc and the formation of crystalline Li202
(with a density of 2.31 g/cm®). At room temperature, the maximum discharge capacity observed

was 825 mAh/gvc, corresponding to a Li2O2 thickness of 3 nm, while the maximum capacity ob-

served at 60 °C was 2000 mAh/gvc, equivalent to a 7.5 nm thick film of Li2O2. Although the
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electronic conductivity of discharged Li20z2 is not well established, it has been proposed that crys-
talline layers of Li2O2 with thicknesses on the order of 3 nm would have significant resistance to
electronic conduction, with an exponential increase in resistance with increasing thickness. One
possible explanation of the capacity increase we observed is that in solid PEO, LiOz that is formed
on discharge is essentially immobile, and directly forms a layer of Li2Oz at the discharge site (either
through chemical disproportionation or a second electrochemical reduction reaction). When PEO
is melted, the increased motion of the PEO chains may allow for some diffusion of LiO2 away
from the initial reaction site, allowing for a thicker deposit of Li2O2 to form. In the extreme, this
process could result in the micron-scale toroid particles that have been widely reported in liquid
electrolytes discharged at low rates.!%-31:38-40.7896.118 Gy, ch Jarge particles are unlikely in an electro-
lyte as viscous as PEO, especially as the electrode is not flooded, requiring all products to remain
within a few nm of the carbon surface.

This hypothesis is also consistent with GIXD of electrodes taken at room temperature after
discharge at either temperature (Figure 4-8). The diffraction patterns were inconclusive; no high-
intensity peaks that could be used to fingerprint possible discharge products were observed in the
wide-angle scan. A very slow scan was performed from 30-40° 26, which showed very slight,
broad peaks at ~32° and ~35° 26. The peak at 35° is consistent with the primary (101) peak of
Li202, and the peak at 32° is possibly consistent with the (100) Li2O2 peak. Further, larger peaks
are observed for the sample discharged at 60 °C, although they are not as well aligned with the
Li2O2 pattern. This may indicaté that more discharge product is forming at 60 °C, as proposed
above, but that much of that additional product is not in the form of crystalline Li2O2. It is important

to emphasize that these results are inconclusive, and many possible compounds could produce the
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peaks observed, but that these results are consistent with the formation of Li202 and other com-

pounds during discharge of PEO-based Li—Oz cells.
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Figure 4-8. GIXD patterns of electrodes after discharge at room temperature and at 60 °C. (a)
Wide-angle scans were performed at 1°/min. (b) Scans for the discharged electrodes taken at
0.08°/min from 30° to 40° (Electrolyte data is the same as in (a)). All measurements were per-

formed at room temperature under a polycarbonate dome to prevent air exposure.

4.3.4 Analysis of Gases Produced during Charging of PEO-Based Li-O; Cells

In addition to the largely electrochemical characterization above, some preliminary investi-
gations of gas consumption and production of PEO cells were carried out. Using the DEMS de-
scribed in detail in chapter 3, a series of experiments were performed in which VC4M-60-1.0
electrodes were discharged at 122 mA/gvc in oxygen at 60 °C with a PAM10IL-C electrolyte, and
then charged in argon between 30 and 60 °C. Pressure tracking was carried out during discharge
(Figure 4-9), and MS readings were taken during the entire time that the cells were under argon
(Figure 4-10). The high carbon loading was used to maximize the total gas production and con-

sumption, enhancing the sensitivity of both pressure and MS readings.
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Figure 4-9. Representative results from pressure tracking a PEO-based Li-Oz cell during dis-
charge. (a) Cell voltage, (b) measured cell pressure, (c) gas production rate and electron current
(converted into nmol/min), and (d) ratio of gas consumption to electron current vs. time. See
chapter 3 for a detailed discussion of this analysis process. All plots are aligned in time, with 0

corresponding with the start of discharge.

Figure 4-9 shows representative discharge performance of the cells. The total current to gas
consumption was between 1.92 and 2.00 e7/O2 for all four cells. The deviation from 2 ¢7/Oz is
attributed to equilibration of oxygen into the PEO electrolyte, and to the PEO autoxidation reaction
explored in Chapter 5. The high carbon loading caused the cells to be area-limited; the total dis-
charge was approximately 800 pAh/cm?, although the carbon loading varied between electrodes.
This caused the exact length of discharge to vary between cells.

Figure 4-10 summarizes the results of the charging process and MS measurements. The cells
charged at 30° and 40 °C showed a single plateau region between 3.5 and 4.0 Vi, after which the

voltage rapidly climbed to the cutoff of 5 Vii. These cells also only showed the production of
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Figure 4-10. (a & d) Cell potential vs. time for Li—O: cells charged at (a) 30 °C and 40 °C, and
(d) 50 °C and 60 °C. (b, c, e, & f) Cumulative production of gases generated during charge vs.
time at (b) 30 °C, (c) 40 °C, (e) 50 °C and (f) 60 °C. The grey line indicates one-half of the num-
ber of electrons passed during the charge process; during a 2e”/Oz2 reaction, the grey line would

align with the oxygen production area.
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oxygen, with oxygen making up 100% and 98% of the evolved gas at 30 and 40 °C, respectively.
There was good agreement between the total gas production (black line) and the accumulated pro-
duction of each gas, indicating that all gases were detected by the MS. However, the overall effi-
ciency of the charge process was quite poor at low temperatures. At 30 °C, the charge capacity
was 21% of the discharge capacity, and at 40 °C the charge capacity was 48% of discharge, indi-
cating that a large fraction of the products formed during discharge were not oxidized. Further-
more, the oxygen gas produced during charge was significantly less than would be expected by a
2 electrons/oxygen process. The oxygen production rate was highest at the beginning of discharge,
reaching 2.6 e/Oz at both 30 °C and 40 °C, then decaying gradually until almost no oxygen was
produced at the end of the charge process. The total oxygen to electron ratio was 2.9 €¢7/02 at 30
°C, and 3.5 ¢7/02 at 40 °C, giving a total oxygen recovery of just 14% at 30 °C and 27% at 40°C.

A sharp change in charging response is observed for the cells charged at 50 and 60 °C. The
charging profile changes to have a second plateau at potentials above 4.5 Vi, and both cells had a
total coulombic efficiency of 100%. In contrast with lower temperatures, significant production of
carbon dioxide, hydrogen, and carbon monoxide were observed in addition to that of oxygen. Total
gas production once again agreed with the accumulated MS readings. At low voltages, oxygen was
the dominant charge product. Above 4.0 Vi, a wave of hydrogen is produced, which begins to fall
off around 4.5 Vi, when a small amount of additional oxygen is produced. Finally, starting at 4.5
VLi and continuing to the end of charge, a large amount of COz is produced, reaching 2 ¢ /CO; at
the highest voltages. Total oxygen production was 3.8 € /02 and 5.0 €7/O2 at 50 and 60 °C, respec-
tively, and made up only 71% and 55% of the total gas produced. CO2 was 31% and 28%, CO was
7% and 7% of all gases at 50 and 60 °C respectively, with a small amount of unidentified gas

produced at high potentials. The total oxygen recovery was 52% and 40% at 50 and 60 °C.
127



The marked change in charging behavior between 40 and 50 °C indicates that a transition
must occur between those two temperatures. The gradual enhancement of reaction Kinetics with
temperature is unlikely to cause such a dramatic change in behavior, and the similarity between
the charging behavior at 50 and 60 °C is inconsistent with a purely Arrhenius response. The sharp
change in behaviors is more consistent with a phase transition, where properties can rapidly change
over a narrow temperature window. The melting transition of the catholyte was not measured, but
has been reported to be below 50 °C with this composition.!’”? Above its melting point, the catho-
lyte would be expected to flow more eagily, and may allow more of the discharge product to inter-
act with the VC surface. Additionally, intermediate species may be more mobile in the melted
electrolyte as is hypothesized to be important during discharge, which could allow reactions to
proceed at 50 °C that would be mass transport limited at 40 °C. An exact explanation of the se-
quence of gas production remains elusive; the order is likely related to the different species formed
during discharge (or even earlier in the charge process), and relates to the potential at which each
of them begins to break down. However, it is clear that at and above 50 °C, significantly more
electrolyte and/or electrode degradation occurs during the charging process.

4.4 Conclusions

In this chapter, we have developed a PEO-based Li—O2 cell, and characterized its discharge
performance at room temperature and at 60 °C. We show that at room temperature, discharge per-
formance is limited by the charge transfer reaction, with additional limitations due to transport of
lithium at higher rates. At 60 °C, we show a significant improvement in the discharge rate and
capacity, and show that carbon loading is the dominant factor in controlling discharge perfor-
mance. We demonstrated cells that approached the discharge performance targets set out by SAIT,

which must be met to produce practical Li-air devices. Finally, we analyzed the discharge and
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charge performance of these cells using DEMS, showing that during discharge at 60 °C oxygen is
consumed at a rate consistent with the formation of Li2O2, but that charging at lower temperatures
reduces the amount of unwanted gases produced. These results suggest the chemical stability and
electrochemical performance of PEO-based Li—O2 devices must be carefully balanced in future
work, minimizing the operating temperature while using additives and plasticizers to maximize
cell performance.
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Chapter 5

Instability of Poly(ethylene oxide) upon
Oxidation in Lithium—Air Batteries®

*Adapted and reprinted with permission from:
Harding, J. R.; Amanchukwu, C. V.; Hammond, P. T.; Shao-Horn, Y. Instability of Poly(eth-
ylene oxide) upon Oxidation in Lithium-Air Batteries. J. Phys. Chem. C 2015, 119, 6947-6955
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5.1 Introduction

In spite of the theoretical promise of Li-air batteries outlined in Chapter 1, many challenges
must be resolved before practical devices can be produced, including low cycle life, high charging
overpotential, and instability of lithium metal at the negative electrode.!>*! In particular, electro-
lyte stability has proven to be a significant problem in the operation of Li-air batteries over multiple
cycles, and many recent papers have focused on the search for suitable electrolyte solvents that are
stable against the lithium peroxide and superoxide species that are produced during dis-

31,49,50,53,54,83,86,98,

charge. 13,114170 Bther-based small molecules and oligomers, such as 1,2-di-

41,49,50,72,170 and

methoxyethane (DME) or tetraglyme, have been shown to be moderately stable,
have been demonstrated in sealed oxygen cells cycled several times at ambient conditions.*! Other
liquid electrolytes have also been recently investigated for use in Li-air batteries, including N,N-

35173 which has been

dimethylformamide,'*? N,N-dimethylacetamide,!!* and dimethyl sulfoxide,
observed to react over time with lithium peroxide produced during discharge to form lithium hy-
droxide.>

Although liquid electrolytes have been the primary focus of most Li-air battery research to
date, solid electrolytes offer several advantages to practical Li-air batteries, including protection
of the lithium anode, prevention of electrolyte loss to the environment, and facilitation of oxygen
transport to the reaction surface. Two major categories of solid electrolyte are available for Li-air
cells: solid polymer electrolytes and solid ceramic electrolytes, which are varied and based on

many different chemical and structural compositions.!*® Lithium conducting ceramic electrolytes

have been investigated for use as both an electrolyte membrane (in aqueous and non-aqueous sys-

) 120,146,174,175 6
>

tems and as the catholyte in the air electrode where the Li—Oz reaction occurs.!’

However, their high density (relative to liquid and polymer electrolytes) and difficult handling
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requirements motivate research into solid polymer electrolytes, which have densities approaching
that of liquid electrolytes and can be easily processed using low temperature melt or solvent tech-

niques. Gel polymer electrolytes have been used for Li-air batteries previously,'*

including the
first demonstration of a non-aquéous Li-air battery by K.M. Abraham et al.”> However, recent
results by our group have shown that many polymers used in gel polymer electrolytes for lithium-
ion batteries are unstable when exposed to lithium peroxide,”” making them unsuitable for Li-air
batteries.

Polyethylene oxide (PEO) has been known as a solid state lithium conductor for more than
30 years,'>* and research during that time has aimed to increase the conductivity, reduce the oper-
ating temperature, and improve the mechanical stability of these electrolytes.?516:177 These PEO
electrolytes have been shown to have a large electrochemical stability window, forming a stable
SEI against lithium metal, and no significant decomposition current below 4.9 V vs lithium
(VLi).'®° Furthermore, PEO has been shown to have good conductivity above its melting point (10°
3 S/cm at 60 °C),!® and various additives have been used to produce functional lithium-ion batter-
ies using a solid PEO electrolyte.!%° Recently, PEO has been investigated as a solid polymer elec-

trolyte for use in Li-air batteries,'*%!%!

showing that PEO is more stable than carbonate electrolytes
for Li-air batteries, *® and demonstrating a PEO-based Li-air cell that was cycled many times under
limited capacity conditions.!*!

In this chapter, we show that PEO electrolytes that are otherwise suitable for use in Li-air
batteries undergo significant oxidation when exposed to oxygen and the potentials needed to

charge Li-air batteries. The degradation of PEO is observed to occur regardless of the presence of

a carbon-based air electrode or Li-air discharge products. The reaction is observed to proceed more
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rapidly with increasing potential, resulting in significant liquefaétion of the solid polymer electro-
lyte after less than 100 hours at 60 °C. We use NMR to identify the PEO decomposition products
as those associated with PEO oxidation. Finally, we propose that the rate of spontaneous formation
of radical species in PEO is accelerated with increasing potential, and conclude that PEO and PEO-
derived polymers are unsuitable for elevated temperature work in Li-air batteries. These results
may also have further implications about the long-term stability of ether-based small molecule
liquid electrolytes (e.g., DME) at room temperature for Li-air applications.
5.2 Experimental Methods

Polyethylene oxide (PEO, MW ~4x10° g/mol, <1000 ppm BHT) was obtained from Sigma-
Aldrich (USA). Butylated hydroxytoluene (BHT) in PEO can minimize oxidation during normal
handling of PEO. For electrochemical applications it has been shown that an antioxidant in the

electrolyte will interfere with the electrochemical behavior of the cell,!”®

and most battery electro-
lytes are used without these antioxidants. For most experiments presented here, the BHT in the
PEO as supplied by the manufacturer was removed from the PEO via Soxhlet extraction in hexanes
under flowing argon gas for at least 24 hours. Extracted PEO was dried under vacuum at 50 °C for
48 hours before being stored in an argon glovebox (<3 ppm O2, <0.1 ppm H20) until needed.
Lithium bis(trifluoromethane)sulfonimide (LiTFSI, 99.95% trace metals basis) was obtained from
Sigma-Aldrich (USA) and dried under vacuum at 100 °C for at least 24 hours before being trans-
ferred to an argon glovebox for storage. Separator material was Celgard C480 (Celgard, USA).
The PEO electrolyte was prepared by mixing PEO and LiTFSI (20:1 mol Li/mol EO) with a
mortar and pestle inside an argon glovebox. The electrolyte was mixed until the LiTFSI dissolved

in the PEO, resulting in a stiff, white mass. This mixture was then annealed under vacuum at 100

°C for at least 24 hours, after which the mixture became clear. The mixture was placed between
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fluorinated ethylene propylene (FEP) sheets and heat-sealed in a water vapor and oxygen transport
resistant bag (Sigma-Aldrich, USA; meets MIL-PRF-131K). This bag was then pressed in a bench-
top hot press at 100 °C with a maximum applied load of 1 metric ton per 2 g electrolyte, slowly
increasing pressure to minimize the formation of wrinkles. Shims were used to ensure that the
electrolyte film thickness was approximately 150 pm. To include a Celgard interlayer, the electro-
lyte was cut in half, and each half was pressed separately. These were returned to the glovebox,
and stacked with a sheet of Celgard C480 in between the two halves of electrolyte. This sandwich
was resealed and pressed at 100 °C, with a maximum applied load of 5 metric tons per 2 g elec-
trolyte. Heat was removed and the press was allowed to cool to room temperature overnight under
load. This allowed the PEO electrolyte to fully impregnate the Celgard film, resulting in a translu-
cent film (if the PEO does not fill the Celgard, the film remains white and exhibits poor ionic
conductivity). Once pressed, the electrolyte was returned to a water-free glovebox (<0.1 ppm
H20), removed from the bags, and punched into 18 mm diameter disks. The FEP film was left on
to prevent electrolyte disks from sticking to each other. These disks were collected in a scintillation
vial and stored in an argon glovebox until used.

Vulcan carbon (VC) air electrodes were prepared by mixing VC (Premetek, USA), PEO, and
LiTFSI (70% w/w VC, 10:1 mol EO/mol Li) in a planetary ball mill (Fritsch Pulviersette 6, Ger-
many) jar, along with 5 mm diameter zirconia beads. A 50% v/v mixture of ethanol in deionized
water were added to the jar before sealing and milling for at least 4 hours at 500 rpm. The resulting
slurry was deposited onto aluminum foil using a Meyer rod with a wet film thickness of 125 pm.
The solvent was allowed to evaporate in air before 0.5 inch diameter discs were punched. These

disks were collected in a scintillation vial and dried for at least 24 hours at 100 °C under vacuum,
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before being directly transferred into an argon glovebox and stored until ready for use. The result-
ing electrodes had an approximate areal carbon density of 0.43 mg VC/cm? and a total carbon
loading of approximately 0.54 mg in each electrode.

Electrochemical cells were prepared in two different configurations, with and without a po-
rous VC positive electrode, inside an argon glovebox. Cells with a VC electrode were prepared by
placing the VC electrode carbon-side down onto the PEO electrolyte, inside the protective FEP
sheets. A PTFE rod was used to press the carbon into the electrolyte. The FEP was removed and
the aluminum foil was carefully peeled back, leaving the VC electrode attached to the electrolyte.
The mass of the VC electrode was determined by differencing the weight of the electrode/alumi-
num foil before and after attaching the carbon. Cells without a VC electrode omitted this step. For
both types of cell, the other protective FEP sheet was removed from an electrolyte disk, and gently
pressed into the exposed electrolyte onto a disk of lithium (Chemetall, Germany, 15 mm diameter).
Using plastic (non-conductive) tweezers, the second sheet of FEP was removed and a 316 stainless
steel mesh disk (15 mm diameter, 400 mesh) was pressed on top of the VC electrode (if present)
or directly onto the electrolyte (for VC-free cells). The completed stack was then placed into the
body of a lithium-oxygen cell (designed and produced in our lab, as published previously),?® a
lightweight spring (Lee Spring, USA) was added to provide contact with the cell body, and the cell
valves were closed to seal it (see Figure 5-1). The sealed cell Waé transferred to a water-free glove-
box and purged with oxygen or argon as appropriate. The gas was allowed to flow through the cell
at high rate for several seconds, to ensure that all the gas in the cell was replaced. The cell was
then pressurized to 28 psig (2.9 atm absolute) and sealed, before being removed from the glovebox.

All electrochemical tests were performed at 60 °C, using an ESPEC SU-221 bench-top tem-

perature chamber (ESPEC NORTH AMERICA, INC.; USA) and either a Bio-Logic VMP3 multi-
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channel potentiostat (Bio-Logic SAS, France) or a Solartron 1470A multi-channel potentiostat
(Solartron Analytical, USA). Cells were placed into the heating chamber and immediately con-
nected to a potentiostat for testing. To establish the behavior of PEO electrolytes (without BHT)
without applied potential, two cells without VC air electrodes (VC-free cells) were prepared and
allowed to rest with an open circuit at 60 °C for 100 hours, one in an oxygenated environment, and
another in an argon atmosphere. Cells that were tested potentiostatically or galvanostatically were
rested with an open circuit for 6 hours before further testing. At the end of the test, the cells were
removed from the heating chamber and transferred into a dry glovebox, where the oxygen from
the cell was purged out, before being disassembled and the PEO electrolyte was stored in an argon
glovebox.

A detailed discussion of the methods used for pressure tracking and mass spectrometry ex-
periments is presented in Chapter 3. Pressure tracking experiments were performed by connecting
a cell to a custom-built apparatué based on the design published by McCloskey et al. for a differ-
ential electrochemical mass spectrometer (DEMS).83 Cells were attached to the DEMS while
placed inside a temperature chamber. Cells tested with the DEMS were prepared in the same man-
ner described above, but not purged with any gas prior to connection to the DEMS. A pressure
gauge (PX409-030AUSBH; Omega Engineering, INC.; USA) outside the temperature chamber
was used to track the pressure of the cell throughout the test, and the temperature of both the gauge
and cell were tracked throughout the test. The volume of the cell was measured by expanding the
gas in the cell into an evacuated tube of known volume, while the cell was at room temperature.
While full of argon gas, the cell was heated to 60 °C and allowed to rest for approximately 24
hours to allow the pressure to stabilize. Once stabilized, the cell was purged with oxygen and

electrochemical tests were performed as described above. The ideal gas law was used to calculate
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the total moles of gas within the cell, and the rate of gas consumption and/or production was cal-
culated by averaging the total moles of gas over 60 second intervals and using a Savitzky-Golay
filter with polynomial order 2, filter width 31, and coefficients for the st derivative (a detailed
discussion of the analysis used for volume measurement and estimation of gas consumption/pro-
duction rate is available in Appendix A).!”®

Nuclear magnetic resonance (NMR) characterization was performed by dissolving a frag-
ment of the collected PEO electrolyte in 0.7 mL of deuterated chloroform (D, 99.8 %). The con-
tents of the vial were rested overnight to allow the PEO electrolyte to dissolve. After resting, the
fragment of undissolved Celgard was removed, and the solution was transferred to a NMR tube
for 'H NMR analysis. A Bruker AVANCE and Bruker AVANCE I11-400 MHz NMR spectrometer
was used.

Simulated "TH-NMR data was calculated using the ChemNMR package provided with Chem-
BioDraw Ultra (CambridgeSoft, PerkinElmer, USA), with a model solvent of CDCl3 and 400
MHz.

Quantification of NMR was performed by integrating peaks in the following regions: 9.67-
9.72 ppm (identified as aldehyde), 8.04-8.15 ppm (formate), 5.35-5.40 ppm (PEO-
hydroperoxide/alcohol), 3.96-4.52 ppm (mixed oxidation products), and 3.42-3.90 ppm (ethylene
oxide repeat unit). These areas were then converted into a relative number of each functional
group, based on the number of protons predicted in that region for each functional group. Since
both the aldehyde and formate groups are expected to produce peaks in the mixed oxidation prod-

ucts region (from the beta-carbon protons), the expected area of these protons was subtracted from

the measured area in that region, with the remaining area identified as ester functional groups.
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5.3 Results and Discussion
5.3.1 Oxidation of PEO Electrolytes
5.3.1.1 Oxidation at OCV without BHT

In order to establish the behavior of the PEO electrolyte in the Li—O2 environment, two VC-
free cells (Figure 5-1) were allowed to rest for 100 hours at 60 °C in oxygen and argon, respec-
tively. It was observed that the open-circuit voltage (OCV) of the oxygen cell rose from 2.9 Vi to
more than 3.5 Vi after resting, while the OCV of the cell in argon rose only slightly, from 2.8 V
to 2.9 Vi (Figure 5-2a).

For the oxygen cell, the OCV of the VC-free cell with BHT-free electrolyte rose throughout
the duration of the test, starting around 2.95 Vi, and rising to 3.53 Vvi after 100 hours. In contrast,
the OCV of the argon cell reached a plateau after 5 hours and remained steady throughout the test.
In oxygen, visible electrolyte degradation was observed in addition to the rise in OCV. Portions of
the electrolyte were liquid at room temperature after resting at OCV for 100 hours in oxygen, and
Celgard was required to prevent the cell from shorting. On the other hand, no significant changes
in the electrolyte were observed for the cell in argon (Figure 5-2a, inset). The observed liquefaction

indicates that chain scission of PEO occurred upon oxidation to break down the long backbone of
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Figure 5-1. Schematic of the cell used for all tests. Inset shows the structure of the cell and poly-
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mer electrolyte, with a Celgard layer inside the polymer electrolyte. The air electrode is either an

SS mesh for VC-free cells, or a VC electrode.
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Figure 5-2. (a) OCV versus time of cells rested in oxygen and argon for 100 hours. Inset shows
optical images of the electrolyte samples after the rest. (b) NMR spectra of the rested electrolytes
shown in (a). Peaks for PEO and chloroform (from the NMR solvent) are labelled, and peaks
from the Celgard separator are identified by an open square (o) for polyethylene and open and
closed circles (o and @) for polypropylene. Acetone contamination (from the NMR tube) is iden-
tified by *. Additional peaks attributed to the oxidation of PEO are highlighted in gold. Each plot

was normalized to the area of the primary PEO peak highlighted in green.

PEO in oxygen at room temperature, which is discussed in detail using NMR data below. 'H-NMR
data collected from a fragment of the rested electrolyte samples support the breakdown of the PEO
electrolyte in oxygen but not in argon (Figure 5-2b). The as-prepared electrolyte shows peaks con-
sistent with PEO, with additional peaks identified as trace amounts of Celgard, acetone, and chlo-
roform. The sharp peak at 2.15 ppm is attributed to acetone contamination introduced while pre-
paring the NMR samples. After exposure to oxygen, peaks were observed at shifts between 4.10—
4.50 ppm, 5.35-5.40 ppm, 8.10-8.15 ppm, and 9.75 ppm.41 In contrast, the electrolyte rested in
argon shows no peaks in these regions. Although PEO is known to be susceptible to attack from

atmospheric oxygen;'**'# and the mechanism of this reaction is well understood,42,43 we note
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that most PEO thermal oxidation experiments have shown this reaction to be slow, requiring ex-
periments as long as 1000 hours to show significant oxidation,'®"'®? which is in contrast to the
significant amount of oxidation observed in these experiments after only 100 hours.
5.3.1.2 Oxidation at OCV including BHT

Similar resting experiments were performed on PEO with the antioxidant BHT in order to
suppress the oxidation of PEO in the Li-O: cell (Figure 5-3). The presence of BHT delayed the
onset of the rise in OCV, but after 40 hours the OCV was found to increase in oxygen. NMR
analysis confirmed the presence of comparable oxidation products observed in the BHT-free elec-
trolytes (Figure 5-3b). The presence of BHT in the electrolyte may explain the relatively good
performance of PEO-based Li—O2 batteries shown in the very recent work by Balaish et al.'>! We
note that the authors of that work do not report removing the BHT that is added to commercial

PEQ, and further note that the limited capacity cycling shown in that work is estimated to have
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Figure 5-3. (a) Open-circuit voltage (OCV) versus time of cells using PEO with BHT, rested in
oxygen for 100 hours. (b) NMR spectra of the rested electrolyte shown in (a). All scales match
those used in Figure 5-2. Peaks are described as in Figure 5-2., and each plot was normalized to
the area of the primary PEO peak highlighted in green.
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lasted less than 40 hours. The BHT present in the electrolyte was likely irreversibly oxidized
throughout the electrochemical tests presented in that work, and therefore acted to suppress the
total amount of electrolyte oxidation observed. |
5.3.1.3 Oxidation with Applied Potentials above OCV

We further examined the effect of potentials greater than OCV on the oxidation kinetics of
PEO electrolytes. Li—O2 cells reported in the literature*-**>* are frequently charged at potentials
of 3.6—4.0 Vi or greater, and it is desirable to determine the effect of these higher potentials on
the oxidation of the PEO electrolyte. We prepared several VC-free cells and held them potenti-
ostatically at 3.6, 3.8, and 4.0 Vi for 100 hours in oxygen, along with a cell held at 3.8 VLi in
argon. The steady-state current (Figure 5-4a) observed for each of these cells was low (<350 nA),

and was similar for cells tested in oxygen or argon, indicating that oxygen does not directly pro-
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Figure 5-4. (a) Current vs. time for VC-free cells with PEO electrolytes after being charged po-
tentiostatically for 100 hours in oxygen at 3.6, 3.8, and 4.0 Vi and in argon at 3.8 VLi (without
BHT). (b) NMR spectra of the electrolytes shown in (a). Peaks are identified as described for
Figure 5-2, and each plot is normalized to the area of the prirnafy PEO peak (in green). The scale

of (b) matches that of Figure 5-2b.
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mote a measurable electrochemical reaction. NMR analysis of each electrolyte after oxidation at
these potentials (Figure 5-4b) shows the appearance of comparable peaks with greater intensities
in comparison to those identified from the OCV tests, which indicates that the amount of decom-
position products upon oxidation increases with increasing potential. Similar to OCV in argon,
applying potentials greater than OCV in argon produced extremely small oxidation peaks at 8.1
and 4.3 ppm.
5.3.1.4 Pressure Tracking during PEO Oxidation

Pressure tracking experiments showed that a significant amount of oxygen was consumed
during tests both at OCV and at 4.0 Vi, and that the rate of consumption varied throughout the
test. A digital pressure transducer was used to track and record the pressure of VC-free cells (using
BHT-free electrolyte) over the duration of tests at OCV and at 4.0 Vi, which allowed for the rate
of oxygen consumption to be tracked (Figure 5-5). Due to the limited range of the pressure gauge,

this test was performed with an initial oxygen pressure of 1.87 bar. For both tests, the rate of
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Figure 5-5. Oxygen consumption rate of VC-free cells (using BHT-free PEO electrolyte) rested

at OCV and held at 4.0 Vi, as a function of time. Total moles of oxygen and the consumption

rate were calculated as described in the experimental methods.
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oxygen consumption was observed to be initially low, and steadily increased for several hours. For
the test at OCV, the rate of oxygen consumption increased steadily for the first 60 hours, before
stabilizing at 0.21 nmol/s for the remainder of the test. At 4.0 VLi, the rate of oxygen consumption
increased more rapidly at the beginning of the test, reaching a maximum of 0.50 nmol/s after 50
hours, after which the rate of consumption gradually fell, approaching the same steady state con-
sumption observed at OCV. The current passed was in agreemeht with the potentiostatic tests dis-
cussed above and stayed below 350 nA (3.6x107 nmol electron/s) throughout the test, more than
100 times smaller than the rate of oxygen consumption.
5.3.2 Quantification and Analysis of Oxidation Products

To further analyze the NMR results, we briefly discuss the mechanism of PEO thermal oxi-

180-183 The reaction mechanism that we

dation that has been reported in the literature previously.
propose here is similar to the mechanisms reported for the oxidation of liquid glymes when ex-
posed to superoxide during discharge in Li-air systems,>"’>!# but does not rely on the presence of
any superoxide radical species to initiate the reaction. Tsiouvaras et al. have also proposed a glyme
decomposition mechanism in oxygen-free environments at very high voltages (=4.9 V1i),*” a po-
tential where PEO is already known to be unstable.'®® Similar to other auto-oxidation reactions of
organic compounds, PEO is oxidized via radical chain reaction. A small number of peroxide spe-
cies are formed via spontaneous reaction between PEO and molecular oxygen to form a PEO rad-
ical (-=OC*HCH20-) and a hydroperoxide radical (Figure 5-6, Reaction I). This reaction is also

185,186

known to occur much more quickly in the presence of singlet oxygen, which has been pro-

posed to form during discharge and charge of Li-air batteries.*>*1:%%148 The chain reaction is prop-
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Figure 5-6. PEO auto-oxidation reaction pathway. Wavy bonds indicate the continuing PEO

backbone. Termination reactions not shown.

agated when molecular oxygen reacts with the PEO radical to form a PEO-peroxyl radical (Reac-
tion II), which then abstracts a hydrogen from another nearby ether group to form PEO-
hydroperoxide and another PEO radical (Reaction III). Chain branching (which further accelerates
the reaction) occurs when PEO-hydroperoxide spontaneously decomposes to form a PEO-alkoxy
radical and a hydroxyl radical (Reaction IV). The hydroxyl radical can abstract a proton from a
nearby PEO to form a PEO radical and water (Reaction V), or react with PEO-hydroperoxide to
form an ester or a PEO-peroxyl radical (Reactions VIa-b). It has been reported that PEO-alkoxy
radicals rapidly undergo B-scission to create a formate-terminated chain (Reaction VII), rather than
disproportionation to create an ester.!8! Chain termination occurs when two radicals recombine or

disproportionate to form non-radical species. The large number of radical species present make
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listing all the possible reactions infeasible, but it has been shown that esters and formates are the
dominant stable products of such PEO oxidation reactions.'®!

Little has been reported on the effect of elevated applied potentials on the auto-oxidation of
PEQ, such as those that occur during the charging of Li—O2 batteries. We observed that the addition
of oxygen to VC-free cells did not result in an increase in current, which remained very low with
or without the presence of oxygen, indicating that the increased oxidation is not due to the bulk
electro-oxidation of the PEO electrolyte, but instead results from the acceleration of one or more
of the reaction steps outlined above. Therefore, a quantitative analysis of the amount and relative
ratios of the different products may allow further elucidation of the impact of elevated potential
on PEO oxidation kinetics.

In the '"H-NMR spectra shown in Figure 5-2b and Figure 5-4b, the following peaks were
associated with PEO oxidation: (i) 9.72 ppm (singlet), (ii) 8.10 ppm (group of singlets), (iii) 5.38
ppm (singlet, broadened), (iv) 4.1 to 4.5 ppm (group of many peaks). Peak (i) was identified as the
proton bonded to the alpha carbon of an aldehyde-terminated PEO chain (O=CHCH20CH:-, cal-
culated shift of 9.72 ppm). Peak (ii) was attributed to the alpha-carbon proton of a formate-termi-
nated PEO chain (O=CHOCH2CHz-, calculated shift of 8.10 ppm). Peak (iii) was attributed to the
alpha-carbon proton of PEO-hydroperoxide and/or a secondary alcohol (-OCHOHCH20- or —
OCHOOHCH:0-, calculated shift of 5.60 ppm). Group (iv) was attributed to the beta-carbon pro-
tons for both aldehyde- (O=CHCH20CH2CH:>-, calculated shift of 4.48 ppm) and formate-termi-
nated PEO chains (O=CHOCH2CH2—, calculated shift of 4.28 ppm), and to in-chain esters (—
OCH2CH20C=0CH20-, calculated shifts of 4.20 and 4.33 ppm, respectively). Note that other

181

reports © of PEO oxidation frequently report that no aldehydes are observed after oxidation, and
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that the formation of formates is preferred over that of aldehydes when the alkoxy radical decom-
poses. The observation of aldehydes after oxidation in this work is consistent with these reports,
as much more formate is observed than aldehyde, and the aldehyde products are only observed in
the most highly oxidized samples. Integrated peak intensity was used to quantify the amount of
each decomposition product. The number of each functional group relative to the number of eth-
ylene oxide (EO) units for each of the samples shown in Figure 5-2 and Figure 5-4 is plotted in
Figure 5-7a. An overall extent of reaction was calculated (Figure 5-7b), comparing the number of
aldehyde, formate, peroxide/alcohol, and ester reaction products with the total number of func-
tional groups (including the large number of ethylene oxide groups). No oxidation peaks were

observed in the as prepared sample, so it is excluded from Figure 5-7.
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Figure 5-7. Quantification of oxidation products and total extent of oxidation. (a) Relative num-
ber of each type of functional group, shown for each of the experimental conditions. The as-pre-
pared electrolyte exhibited no measureable peaks, and is not shown. (b) Extent of oxidation and
derived reaction rate for each of the experimental conditions. Each data point represents a cell
that was held at the stated conditions for 100 hours. Error bars represent the 95% confidence in-

terval of estimated error due to integration.
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Figure 5-7 clearly shows that more PEO is oxidized when exposed to potentials greater than
OCV in oxygen. In contrast, samples treated in argon (with or without applied potential) are only
slightly oxidized, with peaks barely rising above the background for all of the identified oxidation
products. However, more careful examination of the relative amount of each oxidation product
shows that applying a potential produces a different mixture of oxidation products. In particular,
the potentiostatic samples have a much higher fraction of ester products, which make up 56 + 5%,
64 + 4%, and 50 + 6% of all oxidation products for 4.0, 3.8, and 3.6 VLii, respectively, while only
28 + 12% of oxidation products are esters in the oxygen OCV sample. The opposite trend is ob-
served for formates, which make up 31 £ 2%, 24 £+ 1%, and 30 £ 2% of all oxidation products for
4.0, 3.8, and 3.6 VLi respectively, but make up 52 + 7% of oxidation products in the oxygen OCV
sample (all uncertainties represent the 95% confidence interval).

Given the very low oxidative current relative to total oxygen consumption (as shown in Fig-
ure 5-5), we conclude that the increased potential causes more reaction chains to be created. This
can be due to either an increased rate of initiation (Reaction I) or an increased rate of chain branch-
ing (Reaction IV). The primary chain reactions (Reactions II and III) cannot be directly acceler-
ated, as this would be expected to produce a measurable current on the same order as the rate of
oxygen consumption. To postulate whether Reaction I or IV is catalyzed, we consider the expected
impact of increasing their reaction rates. If Reaction I were to increase in rate with increasing
voltage, larger numbers of PEO radicals would be produced, steadily increasing the number of
PEO chains but not driving the reaction to favor any of the products. If Reaction IV is catalyzed
instead, causing PEO-hydroperoxide to breakdown more quickly and increasing the chain branch-
ing ratio, a larger number of PEO-alkoxy radicals would be produced. These alkoxy radicals would

be expected to increase the fraction of formates in the oxidation products. In contrast, we observed
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that the fraction of formates in the overall oxidation products decreases with increasing potential;
an increase in the number of esters was observed instead, which is consistent with more radicals
undergoing more terminating reactions towards the end of oxidation. We conclude that the appli-
cation of an oxidizing potential to a PEO electrolyte exposed to oxygen results in an increase in
the rate of spontaneous PEO radical formation, which results in an increase in the total rate of PEO
oxidation.
5.3.3 Impact of PEO Oxidation in Li—O2 Cells

To show the direct impact the oxidation of PEO electrolytes has on the operation of Li—O2
cells, we present the results of a PEO-based Li—Ox2 cell using a VC cathode. Two cells are consid-
ered here; one which was singly discharged, and another cycled five times (Figure 5-8). Both cells
were discharged at 100 mAh/gvc, and the cell that was cycled was subsequently charged to 4.2
VLi. Both cells were started at the same time, and the cell that was singly discharged was held at

60 °C in oxygen until the cycling test completed. It is noted that the first-discharge capacity of a

5 cycles
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Figure 5-8. Performance of Li—O: cells using PEO-based electrolyte. Potential versus charge of
a cell discharged once in oxygen, and a cell cycled 5 times in oxygen. Charge is normalized to

the mass of Vulcan carbon in the positive electrode.
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PEO-based Li—Oz cell with a VC positive electrode (~1100 mAh/gvc) is less than the capacity of
similar cells using DME as an electrolyte reported elsewhere (~2800 mAh/gvc)*’. The reduction
may result from the high viscosity of the PEO electrolyte, which may inhibit the formation of large
Li202 particles observed in Li—O: cells made with liquid electrolytes,>’3%41L434T.18170 which is
consistent with work suggesting that dissolution and difﬁ,lsion of Li—O2 discharge products are
required to form large Li20> particles.’®3%12° Excluding the reduced capacity, the profile of the
first discharge for the PEO-based Li—O2 cell is familiar: after a brief onset, a large plateau is ob-
served near 2.5 Vii, after which the voltage rapidly falls to 2.0 VL.

During the first charge, the profile initially appears to be similar to that of previously reported

19.41,68,83,113,170 the potential quickly rises above 3.1

Li-Oz charging processes in liquid electrolytes;
Vi before rising more slowly to ~3.6 VLi. After this point, the voltage rises more rapidly, reaching
the cutoff voltage of 4.2 VLi (above which even liquid ether electrolytes are known to decom-
pose).’%"% Subsequent cycles show much poorer performance, with each subsequent cycle having
lower capacity, a more sloped discharge profile, and an increasingly rapid rise in charging poten-
tial. The complete loss of cell performance after only five cycles shows that PEO degradation is
significant even within the potential range that is ordinarily achievable for Li—Oz batteries in liter-
ature. 1941

Figure 5-9 shows an additional experiment that tracked the consumption and production of
gas throughout one discharge-charge cycle, using the same conditions listed above. The rate of gas
consumption was near 2 electrons/O2 throughout discharge (within the limit of the measurement

accuracy), which is consistent with reported gas consumption rates in liquid glyme electrolytes.>

However, the gas production during charge was far less than 2 electrons/O2 which would indicate
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reversible oxidation of Li202. The performance was worse than has been reported for glyme elec-
trolytes as well, which have been reported to have a gas production ratio 0of~2.6 electrons/O2 for
LiTFSI in DME;%* the rate of gas production decayed throughout charge, and even became neg-

ative as PEO auto-oxidation dominated over the expected production of O2 due to Li2O2 oxidation.

— 4.0H r
[} g ;
3 e
2> 30 S
o~ e
& .
2.0

o)
gg 0.5
.2 00
o E
2L 05

~ 1228

©
() .
‘cau'—'-E‘ 1:4

© 4l
oé 0:1

_1:4 e
0 8 10 12

4 6
Time (hr)
Figure 5-9. (a) Cell voltage vs. time for a Li—O2 cell cycled in Oz with a VC cathode. (b) Gas
production rate (red) and electron current (blue, converted to nmol/s of electrons) of the same
cell. Negative production indicates consumption, and negative current indicates discharge. (c)
Ratio of gas consumption rate to electron current plotted in (b). This ratio stayed close to 2 elec-
trons/O2 throughout discharge, but deviated significantly from that value throughout charge. The

negative gas to electron ratio indicates that gas is being consumed during charging.

Although mitigations may be available to extend the lifetime of a PEO-based Li—O2 cell
(such as reducing the oxygen partial pressure or removing all oxygen before charging), we assert

that these techniques are neither sufficient nor feasible to protect the PEO for use as a practical
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device in commercial applications. We therefore suggest that further investigations into solid elec-
trolyte-based Li—Ox2 batteries focus on either eliminating PEO from the positive electrode (such as
using ceramic electrolytes in the oxygen electrode)!’® or developing a compound that permanently
inhibits the oxidation of PEO without interfering with the desired electrochemical reactions.
5.4 Conclusions

Development of a stable, solid-state Li—Oz2 electrolyte remains a promising goal, as a care-
fully engineered solid electrolyte can allow for high oxygen transport, eliminate concerns about
electrolyte evaporation, and protect the anode from oxygen, water, and other contaminants from
the environment. We show here that PEO, widely studied as a sdlid lithium-conducting electrolyte,
is not stable in the fully oxygenated environment of a Li—O2 cell. Further work on the use of PEO
and PEO-derived polymers as electrolytes for Li—O2 and Li-air cells should focus on developing
compounds that permanently inhibit the oxidation of PEO (without interfering in the electrochem-
ical process), on developing protective layers that prevent the exposure of PEO to the oxygen
environment, or on using materials not based on PEO for lithium conduction. Furthermore, the
results presented here are an indication that other ether-based electrolytes (such as DME,41:47.72.83

45,68, 12L.127.187 or trimethylsilyl oligo(ethylene oxide)!®%) may

tetracthylene glycol dimethylether,
also be susceptible to oxidation directly from the environment, in addition to the decomposition
mechanisms that have already been explored for these compounds in Li—O2 cells, and will likely
be impacted by it when cycled many hundreds of times, as is commonly expected of commercially

viable batteries. We conclude that the results presented here motivate further investigation into

developing new oxidation-resistant electrolytes for Li-air batteries.
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Chapter 6

Conclusions and Perspective
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6.1 Summary

This thesis investigated two materials systems for Li—air batteries, and investigated the be-
havior of both of them when exposed to oxidizing conditions. In Chapter 2, we prepared porous
Vulcan carbon-based (VC) electrodes with Li202 included in them during electrode preparation,
using them to study the charging behavior of different noble metal catalysts without the effect of
discharge. We used potentiostatic charging to establish the performance of VC+Li20: electrodes,
observing complete oxidation of Li2O2 between 4.1 and 4.4 V vs. Li (VLi). Additional electrodes
were prepared which included Au, Pt, or Ru nanoparticles as a catalyst. Au/C+Li20Oz electrodes
showed no enhancement over VC, while both Pt/C+Li1202 and Ru/C+Li202 electrodes were ob-
served to oxidize Li202 between 3.6 and 3.9 Vii, although signs of electrolyte oxidation were pre-
sent at high voltages for both catalysts. Finally, a trend was observed that showed increasingly
long delays before the initiation of Li2O2 oxidation as voltage decreased. We hypothesized that this
trend was due to a surface layer of e.g. LiOH, which oxidizes more slowly, and observed a rapid
rise in current after the onset of Li2O2 oxidation, consistent with the nucleation and growth of
Li202 reaction surfaces.

Chapter 3 covered the design, construction, and demonstration of a differential electrochem-
ical mass spectrometer (DEMS). We reviewed the different categories of DEMS systems that have
been developed, and designed a discrete DEMS system based on the design published by McClos-
key et al.®> We then detailed the specific design and operational methods of the DEMS system as
built in our lab, and discussed problems that were found and ‘how they were resolved over the
course of construction. Finally, we demonstrated the capabilities of the DEMS, using it to measure

the gas consumption and production during a single discharge-charge cycle of VC and carbon
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nanotube-based (CNT) electrodes in a liquid electrolyte. We showed that both VC and CNT elec-
trodes were observed to consume gas at rate consistent with a 2 electron per oxygen reaction. We
further showed that both systems generate oxygen during the majority of the charging process,
only generating carbon dioxide at high potentials near the end of charge. We also noted that the
overall production of oxygen was lower than would be expected for 2 e7:02 processes, indicating
that additional reactions are occurring during the charging process that do not produce gas. These
results were found to be consistent with those reported by other research groups.>**’ Finally, we
used the DEMS to investigate some of the Li2O2-preloaded electrodes initially explored in Chapter
2. We showed that Ru/C+Li202 generates oxygen as the only significant gas throughout the charge
process, but that Pt/C+Li202 generates both oxygen and carbon dioxide, indicating that Pt cata-
lyzes both the oxidation of Li2O2 to oxygen and the conversion of oxygen to carbon dioxide, and
validating our conclusion from Chapter 2 that Ru is more stable as a catalyst for Li2O2 oxidation
in Li—O> batteries.

In Chapter 4, we developed a poly(ethylene oxide)-based (PEO) electrolyte for use in Li-O2
batteries. We based our electrolyte on the room-temperature ionic liquid-plasticized PEO electro-
lytes developed by Passerini and colleagues for use in Li-ion batteries at room temperature,'®! and
developed a VC-based porous carbon air electrode, using PEO and LiTFSI salt as both binder and
catholyte. We investigated the room temperature discharge performance of these PEO Li—Oz cells,
and after investigating a number .of design parameters concluded that the charge transfer reaction
limited discharge rate and capacity. We then redesigned the electrolyte for operation at 60 °C, and
demonstrated significantly higher rate capability and discharge capacity, with the total carbon load-
ing exhibiting the largest impact on discharge performance. Finally, we used DEMS to investigate

the charging performance of these electrodes under argon at temperatures between 30-60 °C, and
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found a significant increase in the production of carbon dioxide and hydrogen when charging at
50 °C and above. This behavior was attributed to the melting transition that the PEO electrolyte is
expected to undergo near 50 °C, although further exploration of this behavior is required for a
complete understanding.

Finally, in Chapter 5 we investigated the behavior of the same PEO electrolytes when ex-
posed to oxidizing potentials in oxygen at 60 °C. We used nuclear magnetic resonance (NMR)
spectroscopy and measurement of the open-circuit voltage (OCV) to show that PEO undergoes
autoxidation when rested at OCV in a Li—O2 cell at 60 °C, but does not oxidize when held at the
same conditions under argon. Increasing the potential was found to increase the extent of electro-
lyte oxidation, although no significant increase of current was observed in oxygen vs. argon. We
used analysis of the NMR results in combination with pressure tracking experiments performed
on the DEMS to identify the reaction products and quantify the extent of oxidation at each poten-
tial, and used these results to propose that an increase in the rate of hydrogen abstraction from PEO
by oxygen (i.e. chain initiation) was the cause of the observedrincrease in oxidation. Finally, we
cycled PEO-based Li—O2 cells (as developed in Chapter 4) at 60 °C in oxygen, and showed that
PEO autoxidation is significant after only one charging cycle, and concluded that the observed
autoxidation reaction is a potential concern for long term operation of any polyether-based Li—O2
battery.

6.2 Perspective and Concluding Remarks

The results presented in this thesis suggest a number of additional areas of research. Since
the publication of the results in Chapter 2, members of the Electrochemical Energy Lab have in-
vestigated several transition metal-based materials in Li2O2-preloaded electrodes, further devel-

oped a carbon-free electrode design,*® and very recently proposed a possible reaction mechanism
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to explain the enhancement of Li202 oxidation by metal and metal oxides through solid-solid re-
actions.®* DEMS can be used to analyze these more recent results and confirm the efficiency of
oxygen production with these materials, and to confirm the stability of these reaction promoters in
oxygenated atmospheres, particularly to ensure that they do not catalyze electrolyte decomposition
in oxygen.

Additionally, a number of open questions remain for the PEO-electrolyte system explored in
Chapters 4 and 5. Although the autoxidation of PEO in oxygen at 60 °C was well established in
Chapter 5, it remains unclear how this reaction changes with a decrease in temperature. Is the
transition in the charging behavior seen between 40 and 50 °C in Chapter 4 also observed in the
autoxidation of PEO? What is the nature of this transition, and can a system be developed that
allows more complete charging (as observed at and above 50 °C) to occur without the production
carbon dioxide and hydrogen (as observed at and below 40 °C)? Can an electrode be developed,
using PEO or some other non-volatile electrolyte, that can be used with the bulk PEO electrolyte
at room temperature and achieve high discharge performance? Are there other polymers available
that can provide similar performance as PEO, but without undergoing the autoxidation reaction
studied in Chapter 5?

In conclusion this thesis documents the development of several platforms for investigating
Li—air batteries, conclusively identifying the catalysis of Li2O2 oxidation during charging, charac-
terizing the behavior of polymer electrolyte-based Li—Oz batteries, and establishing an additional
requirement that Li-air battery materials must be stable to autoxidation. These efforts have ad-
vanced our understanding of Li—air battery technology and will guide further developments on the

path to practical Li-air devices.
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A.1 Terminology

Table A-1 defines the terms used throughout this appendix. Additional terms may be defined

within specific portions of the appendix, but will only be used in close proximity with their defi-

nition.

Table A-1. Terms used to describe the DEMS in this appendix.

Symbol Name Definition
hug Partial peak Peak height contribution at mass M of gas g
height
Nefs Effective moles  Effective number of moles in the cell after correcting for
the leak rate
Ry Pressure ratio  Ratio of final to initial pressure measured during volume
calibration or measurement, for measurement x.
R% Calculated pres-
sure ratio
Vag AB volume Volume contained inside the 6-port valve connecting two
adjacent ports
The entire valve contains three regions with this volume,
and shifting the valve from position A to B will change
which ports these volumes connect to.
Veelli Cell volume Volume of cell attached to position i (does not include
excess cell volume)
Veelli Total cell vol- ~ Volume of cell excess volume and the attached cell or
ume calibration loop.
VeLd Direct calibra-  Loop of known volume that is attached to the DEMS in
tion loop order to perform a calibration. Can be attached directly to
the 6-port valve (in Direct Calibration) or to any of the
cell positions (Cell Calibration)
Vi Cell calibration  Volume of the calibration loop for cell i (does not include
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Vexi Excess cell vol-
ume
Vin Inlet volume
Vout Outlet volume
Vig Purge volume
Vsi, Sample loop
Vsre Source volume
Cleak Leak rate con-
stant
Hy Peak height
B, Partial pressure
Sy Pressure sensi-
tivity
Uin Inlet volume ra-
tio
Vexhaust Exhaust volume
W, Volume ratio
dn
—leak Leak rate
dt
fact Active fraction
frin Fill fraction
Vi Gas fraction

Volume of tubing associated with cell i that is perma-
nently attached to the DEMS

Includes the volume of each cell’s pressure gauge
Volume of the inlet portion of the cell bypass system
Volume of the outlet portion of the cell bypass system

Tubing between 6-port valve and the purge valve, oppo-
site the sample loop

Loop used to collect gas that will be dosed into the vac-
uum system for analysis

Tubing between the inlet shutoff valve and the 6-port
valve (includes inlet pressure gauge)

Parameter that defines the leak rate in terms of a pressure
driving force. Units are given in amount/time/pressure

Total peak height measured at mass M
Partial pressure of gas g at the RGA.

Partial pressure sensitivity of gas g at the highest peak of
that gas. This has units of amps/Torr

Ration of V;;, to Vi + Voue

Volume of tubes that are downstream from a cell. Equal
to Vout + VSL + VAB

Ratio of volume z (e.g. V) to Vg

Rate of moles escaping from cell due to leak

Fraction of cell volume that is active and accumulates
gas during charging

Fraction of moles of gas in the active portion of a cell
that is freshly added fill gas

Fraction of gas i out of all gases
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Apmg Fragmentation = Fragmentation factor of gas g at mass M.

factor Fragmentation factor is defined as the ratio of the signal
at a particular mass relative to the highest peak of a par-
ticular gas
M Mass Integer representing the mass (m/z) measured
g Gas Indicates the gases measured. When used in a subscript,

indicates the variable applies to a single gas

A.2 Volume Calibration and Measurement

Accurate volume information is critical in performing any sort of experiment on the DEMS
with precision. The general principle of volume measurement with the DEMS is to expand gas
from a region of uncertain volume into an additional region of known volume. Measuring pressure
(as a proxy for total moles) before and after this expansion allows the experimenter to estimate the
volume of the unknown region. This method is complicated by the fact that the small internal
diameter (ID) tubing used in this instrument has relatively high volume uncertainty (small varia-
tions in the ID can result in very large impacts on the total volume, estimated at +5% of the rated
volume for tubes used in this system).!®® To avoid propagating these errors through to the rest of
the system, several different calibration volumes were used, and the entire collection of calibration
experiments are analyzed through a nonlinear optimization process, in order to find the optimal
estimation of all volumes present in the system.
Calibration Measurements
Direct Calibration

The first set of calibrations involved directly attaching a variety of known-volume loops to
the 6-port switching valve to estimate the volume of the source and sample volumes of the DEMS.

The arrangement of connections is shown in Figure A-1 below.
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Purge Valve

AP Inlet Volume
Pg:j;f g To Vacuum
s & Mass Spec
as Selector
Valve Source Volume

Inlet Shutoff

Calibration
Loop

Figure A-1. Arrangement of loops connected to the 6-port valve during direct calibration.

In this arrangement, three separate measurements can be ltaken, while only switching the 6-
port valve between positions, which are summarized in Table A-2 below. In each measurement,
the volumes designated as “filled before” are filled with gas and isolated, and the “evacuated vol-
umes” are exposed evacuated. The pressure of the filled region is recorded, and then the 6-port
valve is switched so that the evacuated volumes are filled with gas from the previously filled vol-
umes. The pressure of the expanded gas is recorded, and the ratio of the final pressure to the initial
pressure (designated Rx, where x represents the particular measurement) is saved. Each measure-
ment may involve evacuating or filling more regions than just those listed here, but those volumes
are not directly accessible to the inlet pressure gauge after the measurement. Note that measure-

ment C is independent of either Vciq4, and so is constant across all calibrations.

Table A-2. Direct calibration measurements.

Measurement Volumes filled be- Volume(s) evacu- Volumes connected to Inlet
fore ated Gauge after measurement

A Vsre, Vag (x1), Vev,a Vsi, Vag (x1) Visre, Vag (x2), Vg, Vs

B Vsre Vag (x2), Veva, VsL Vsre, Vag (x2), Vevg, Vst
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Measurement Volumes filled be- Volume(s) evacu- Volumes connected to Inlet
fore ated Gauge after measurement

C Vsre Vpg, Vas [ x 1) Vsre, VaB ( x 1), Vpg

Cell Bypass Calibration

After performing the direct calibration, the cell bypass system is reconnected to the 6-port
valve, which is diagrammed in Figure A-2 below. This portion of the calibration does not require
any separate calibration loops, and instead expands gas into different portions of the bypass sys-
tem. All of the valves that connect to individual cells are kept closed, and the measurements taken

are independent of any of the cell volumes.

Purge valve

Sample loop

Inlet
Pressure
Gauge P

To Vacuum
& Mass Spec

Gas Selector
Valve

Source Volume
Inlet Shutoff

Inlet
Velume

Qutlet
Volume

Bypass
Valve

Cell 1 Cell 2
Valve Valve

Figure A-2. Arrangement of connections used during the cell bypass calibration measurements.
Like in the direct calibration, the 6-port valve is switched between A and B positions for

measurements D, E, and F. Measurement G involves opening the bypass valve instead of switching

the 6-port valve. It was observed that the procedure for measurement F was not well written, and

184



the pressure in the evacuated volumes for this measurement were high enough to affect the accu-
racy of the calculation. For this reason, measurement F is neglected from the calibration analysis.
Note that all four measurements do not use any calibration volumes, and are expected to be con-

stant unless the DEMS hardware itself is modified.

Table A-3. Cell bypass calibration measurements

Measurement  Volumes filled Volume(s) evacu- Volumes connected to Inlet
before ated Gauge after measurement
D Vsre, VaB (X1), Vin, Vst, Vag (x1) Vsre, VaB (X2), Vin, Vout, VsL
Vout
E Vsre VaB (Xl), Vin, Vout, Vsrc, VB (XZ), Vin, Vaut, VsL
VsL, Vas (x1)
F Vsre Vin, Vg (X1) Vsre, VaB (xl), Vin
G Vsrc, Vg (Xl), Vin, VB (Xl)’ Vout, VsL Vsrc, V4B (xz), Vin, Vout, Vst

Cell Volume Calibration

In addition to performing a Bypass calibration, calibration loops can be directly attached to
the Swagelok unions on the exterior of the DEMS panel enclosure. Several different loops can be
used, as was done with the direct calibration, to provide additional calibration information. Im-
portantly, because these fittings attach with Swagelok connectors, different loops must be used
from those used during direct calibration (which use Valco-compatible fittings), so calibrations
with these loops can be considered independent of the calibrations performed during direct cali-
bration. The arrangement of the system for running a calibration on Cell 1 is shown in Figure A-3
below. The same configuration could be used for Cell 2 (and any additional cells added in the

future).
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Figure A-3. Arrangement of connections used during the cell calibration measurements.

The measurements used for this calibration are listed in Table A-4. The subscript by each
calibration indicates which cell was being calibrated, as each cell can undergo all of these calibra-
tions. Measurement Hi and I; use the 6-port valve (keeping the cell valve open), while calibrations
Ji, Ki, and Li open the cell valve to allow gas expansion. Measurement Li uses the cell gauge to
record the initial and final pressure, as the inlet pressure gauge is isolated from all the volumes

involved in the measurement.

Table A-4. Cell calibration measurements

Measurement  Volumes filled Volume(s) evacu- Volumes connected to Inlet
before ated Gauge after measurement
Hi Vsre, VaB (xl ], Vin, Vs, Vap [ XIJ Vsre, Vag ( XZ), Vin, Vout, Veeili', Vst

Vaut, Vce]l,i g

Ii Vire Vas (x2), Vin, Vous, Vsre, Vag (x2), Vin, Vout, Veelli', Vst
Veelli', Vsi
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]i Vsrc, Vas [ X 1), Vin, Vas ( X 1], Vout, VsL Vsrc, Vas ( x2 _), Vin, Vout, VceII,i*, VsL
VceII,i*
I(i Vcell,iq't Vsrc, VAB ( x2 ), Vin, Vsrc, VAB ( x2 ), Vin, Vout, Vcell,i*, VSL
Vout, VSL
Li VceII,i* ' VaB ( X 1), Vin, Vout Vae ( x1 ), Vin, Vout, VceII,i*

Calibration Analysis

After all the calibration measurements have been taken, they are compiled together and an-
alyzed with a nonlinear optimization to minimize the error between the measured and predicted
ratios. In total, 7 + 5*(number of cells) distinct measurements are made (each should be made
several times), and 6 + (number of cells) distinct parameters are fit (in the current DEMS system,
this is 17 measurements and 8 parameters). These parameters can be used to define all of the vol-
umes referenced in the tables above, and are defined in Table A-5 below. Because ratios of volumes
can be much more precisely estimated than absolute volumes, most of the parameters describe the
ratio (denoted as W) of a given volume to Vsi, which is the only parameter that describes an abso-

lute volume (e.g. Wi, = Vin/Vs1).

Table A-5. Parameters calibrated during DEMS volume calibration. All terms are arbitrary units

except VsL.
Parameter  Definition Description
Vg VsL Volume of the sample loop (ml)
Wre YS_TS Ratio of source volume to sample loop volume
Vst
Wog Vog Ratio of purge volume to sample loop volume
Vst
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W 4B | &;ﬂ Ratio of AB volume to sample loop volume
VsL
W inout Vin + Vour  Ratio of entire bypass volume to sample loop volume
Vst
Uin Vi Ratio of inlet volume to entire bypass volume
Vin + Vout
Wexa Vex1 Ratio of cell 1 excess volume to sample loop volume
Vsi
Wex2 Vex,2 Ratio of cell 2 excess volume to sample loop volume
Vst

For any given calibration, a calibration loop may be present; this is referred to as Ve in the
formulas below. Depending on the calibration, this may be connected directly to the 6-port valve
(where Vg1 4 = V1) or to one of the cells (where Vg ; = Vex,i>+ Ver)- Werd and Ween,i” are used,
with the same definition of W given above.

The ratio of pressures recorded during each measurement can be used to determine the ratio

of volumes before and after the measurement:

Pr_¥i -
P; —Vf (A 2)

Where P; and Prare the initial and final pressures, and V; and V; are the initial and final volumes.
For these equations to be valid, the following assumptions must be made: (a) the evacuated volume
is entirely evacuated, and provides no additional moles of gas, (b) all of the gas in the initial volume
is contained within the finai voiume, and (c) the temperature and pressure is uniform throughout
the entire volume. With these three assumptions, we can define the calculated pressure ratios (Ry)

for each of the measurements defined above, shown in Table A-6.
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Table A-6. Formulas for determining calculated pressure ratios

Ratio Definition (using V) Formula (using W)
R Vsre + Vap + Vera Were + Wap + Wep g
Vsre + 2Vap + Vi + Vs, Were + 2Wyp + Wep g + 1
R;g Vsrc VVsrc
Vsre + 2Vap + Vera + Vs, Were + 2Wyp + Wep g + 1
R¢ Vsre Wsre
I/;rc + VAB + Vpg Wsrc + WAB + M’pg
R*D Vsrc + VAB + Vin + Vout VVsrc + WAB + I/Vinout
Vsrc + 2VAB + Vin + Vout + VSL VVsrc + 2VVAB + I/Vinout +1
RZ- Vsrc VVsrc
Vsrc + 2VAB + Vin + Vout + VSL Wsrc + 2VVAB + I/Vinout +1
R;.- Vsrc I/Vsrc
Vsrc + VAB + Vin M’src + WAB + Uinmlinout
RE Vorc + VAB + Vin Wsrc + WAB + UinWinout
Vsrc + 2VAB + Vin + Vout + VSL Vl'{s'rc + 2VVAB + VVinout +1
R;I,i Vsrc + VAB + Vin + Vout + Vc*ell,i VVsrc + WAB + M/inout + c*ell,i
Vsrc + 2VAB + Vin + Vout + c*ell,i + VSL Wsrc + 2]/VAB‘ + VVinout + Wc*ell,i +1
R;,i Vsrc I'Vsrc
Vsrc + ZVAB + Vin + Vout + Vc*eu,i + VSL I'Vsrc + 2VVAB + VVinout + Wc*ell,i +1
R;,i Vsrc + VAB + Vin + Vc*ell,i Ws‘rc + WAB + UinVVinout + Wc*ell,i
Vare + 2Vap + Vi + Voue + Ve + Vs Were + 2Wyp + Wingue + Wiy + 1
Ry, cell i Weewi
Vsrc + 2VAB + Vin + Vout + Vc*ell,i + VSL ‘/Vsrc + ZWAB + I/Vinout + c*ell,i +1
R;.,i :ell,i Wc*ell,i

VAB + Vin + Vout + c*ell,i

*
Wap + Winout + Wy

189



To perform the nonlinear least squares regression, all the measurements are separated into
unique combinations of the calibration volume (if appropriate) and the measurement type; this pair
defines the observation condition. The average and standard deviation of each group of measure-
ments are stored (ignoring obvious outliers) as a single observation (for measurements that are
independent of calibration volume, the volume is given as zero and all measurements of that type
are combined together into a single observation). A nonlinear model function (called nonlinModel
here) was written that accepts an array of the adjustable parameters, b, and x, a matrix of all the
different combinations of observation conditions. nonlinModel provides a single output argument,
y, which is a vector of the calculated values of Ry corresponding to each row of x using the pa-
rameters specified by b. The MATLAB function fitnlm, part of the optimization toolbox, is used
to perform the non-linear least squares fitting of the data. fitnlm takes the compiled values of x
(xSum) and the corresponding array of measurement averages (yM), and an initial guess of the pa-
rameters (b@). Additional arguments are provided to weight the regression by the inverse square
of the measurement standard deviation (yS), and to exclude any set of observations that are found
to be outliers (currently, measurements corresponding to Rr are excluded). The complete command
1s:

mdl = fitnlm(xSum, yM, @nlinModel, b@, 'Weigﬁts ', 1./yS.”2,
'CoefficientNames', b_names, 'Exclude', exclude);

The result of this function is md1, an object that allows direct examination of a variety of
statistics from the fit. The values of the fitted parameters and their standard errors are saved for
use in later measurements, and their values as of writing are listed in Table A-7. This method was

found to converge quickly (<0.03s), and was insensitive to the initial guesses provided. It is also
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important to note that a relatively large number of degrees of freedom (12) are maintained with

this method (relative to 8 fitting parameters), which helps prevent overfitting.

Table A-7. Current values of DEMS volume calibration parameters

Parameter Initial Guess Calibrated Value Confidence Interval
Vsp 0.25 0.2709 £1.91x107
Wre 5 2.248 +2.81x107
Wiy 1 0.397 +7.81x107°
Wap 0o ~0.00747 +1.24x107
W inout 5 3.8229 +3.64x107

Uin 0.75 0.54419 £2.70x107°
Wexi 5 2.1975 +3.24x107
Wex2 5 4.6873 +6.14x107*

Cell Volume Measurements

Cell volume measurements are performed in a similar manner to the calibration measure-
ments above. The particular measurements are analogs to Hi, Ji, and Ki above, as these directly
involve expanding gas from the cell region into the surround tubing. Measurement Ii is not used,
as this requires evacuation of the cell, and measurement Li was found to be superfluous. The exact
procedure for evacuating and equilibrating was adjusted for these measurements, as the fine capil-
laries used to connect cells constricts the flow of gas and requires more equilibration time at each

step.
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Cell Volume Analysis

The technique for estimating the volume of a cell is also very similar to that of estimating
the calibration parameters. The analysis process is simpler, as there are only three measurements
and one volume to work with. Each measurement is collected and analyzed as before. nlinModel
was rewritten to only perform calculations for the three measurements used in this analysis, and
the calibration parameters are passed in as an extra argument. Only one adjustable parameter is
optimized (Weei,i), all other parameters are used as specified from the calibration process. Usually,
only 1-3 repetitions of each measurement is made for measuring cell volume, which is too small
to accurately estimate the measurement variance for weighting.!®® Instead, the weight factor is
calculated to be w = 1 — yM, where yM is the average of the readings for that observation. This
is more robust to variation, and accurately reflects that lower values of yM indicate a larger pressure
drop, which can be measured more accurately. In general, the DEMS cell design (described in
Chapter 3), results in a cell volume of ~2.70 mL, while the older EEL air cell design generally has
a volume near ~7.8 ml.
A.3 Analysis of Pressure Tracking Experiments

As described in Chapter 3, pressure tracking experiments can be used on the DEMS to meas-
ure the consumption or production of gas solely through measuring the pressure and temperature
of the cells. This analysis allows for data to be collected with high frequency (up to ~1 sample/sec)
and without regard for the volatility of the solvent or composition of cell gas. As a result, pressure
tracking does not provide any information about changes in the composition of the gas within the
cell during the experiment; one must be careful to verify, as much as possible, the assumptions of

what gases are consumed or produced during pressure tracking experiments.
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In order to collect sufficient information for a pressure tracking experiment, pressure, tem-
perature, and volume data must be collected in order to estimate the total moles of gas involved.
The ideal gas law is then used to estimate the total moles of gas in the cell at each point in time,
which can then be analyzed to estimate rates of change and other properties. The process for meas-
uring the volume of the cell was noted in Section A.2 above.

Collection of Temperature and Pressure Data

During a pressure tracking experiment, the cell remains isolated throughout the experiment.
The pressure from the appropriate pressure gauge is recorded continuously, at a rate much higher
than the expected rate of the final analysis (the user can smooth or filter a large data set into a
smaller one during the analysis phase). It should be noted that the DEMS software records the
average of all readings received from the pressure gauge for each time point. For example, each of
the pressure gauges generates a new pressure reading 5 times per second. If the user specifies a
sample rate of 1 sample/s (which is commonly used throughout this document), then each reading
consists of the average of 5 samples. Temperature should be recorded both at the gauge and at the
cell, especially when the cell is being tested at non-ambient temperatures, as the temperature im-
mediately around the cell is often somewhat different than the temperature at the gauge. The rec-
ommended method to record the pressure and temperatures during a pressure tracking experiment
is to start a single logger in the DEMS software which records all three values, ensuring that all
readings are taken at the same frequency and time.

Estimation of Total Moles of Gas in Cell

The ideal gas law is used to estimate the total moles of gas in the cell. This was chosen over

other equations-of-state for simplicity, and because most other equations of state require

knowledge about the composition of the gas being measured. In addition, it is assumed that the
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gauge temperature represents the temperature of the cell excess volume, while the cell temperature
represents the measured volume of the cell itself (including volume within the VCO fittings used
to connect the cell). Pressure is assumed to be uniform throughout the cell (no adjustments for
variations in elevation or possible pressure gradients are made). The number of moles for the gauge
and the cell are calculated separately, using the same pressure in both cases, and then summed
together to produce the total number of moles in the cell at each time point:

_ PV, , POV
n() = RT.0 T RT,(t) (A-3)

Where n total moles of gas in the cell and excess volume, t is time, P is the pressure read by the
gauge, V. is the measured cell volume, R is the ideal gas constant, T, is the temperature measured
at the cell, V; is the excess volume for the given cell, and T, is the temperature measured at the
gauge. In general, only relatively slow variations in temperature (~5 minutes or longer) are ob-
served in the pressure log, so smoothing (e.g. moving average) can be applied to the temperature
data prior to use in equation (A-3) if desired. In addition, there is usually a delay between changes
in the temperature record and the pressure record. This delay is generally ignored, as it is sensitive
to the exact placement of the thermistor relative to the cell and gauge. Future work may allow an
appropriate delay for both the gauge and cell temperature to be used; the current work shows that
large swings in temperature (>0.3 °C) can result in anomalies in the total moles of gas. When
possible, these calculations are performed in the DEMS software (and saved alongside the pressure
and temperature data), but all calculations shown in this work rely on calculations performed after-

the-fact in MATLAB.
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Leak Correction

Although leaks are undesired, and a properly prepared DEMS experiment will not show a
measureable leak, leaks are inevitable when several critical seals must be made for each experi-
ment. In addition, because these leaks are usually quite slow, they can be difficult to detect until
long after the start of an experiment; effects such as electrolyte evaporation and gas dissolution
can be significant for as long as 24 hours after connection, and temperature variations can easily
hide a slight leak during a cursory examination of the pressure log. It is therefore desirable to be
able to correct for leaks when they are observed, although it is important to keep in mind the
potential for contamination of results due to a leak, and make every effort to prevent them in the
first place.

As the pressure within the cell during a DEMS measurement may vary considerably relative
to atmosphere, especially in the case of deeply discharged cells, a correction must be made to
account for the change in driving force of a leak. A cell at 29 psia (0.97 atm gauge pressure) would
be expected to lose pressure significantly faster than a cell at 15 psia (0.02 atm gauge), and a cell
at 10 psia (—0.31 atm gauge) would be expected to gain pressure due to a leak. Therefore, the leak
rate correction used here assumes that the rate of loss of gas is proportional to the pressure in a

cell:

dn

Eleak = Cieak ° (P — Paem) (A-4)

Where %l . is the rate of change in moles of gas in the cell due to a leak, Cjo, is the leak rate
ea

constant (in units of mol/s/Pa), P is the absolute cell pressure, and Py, is atmospheric pressure

(assumed to be a constant of 101325 Pa). Cjeqp 1s generally expected to be negative. This leak rate

195



than can be applied to the total moles of gas calculated above to get an effective total moles of gas

in the cell (ngsf).

dng dn dn
G T @ Treak (A-5)
Nesr(t) = nepr(0) + (n(t) — n(0)) — Cpeqne fot(P(t') — Paem)dt’ (A-6)

Since P(t) is not analytic, the integral must be calculated numerically. n.¢¢(0) is arbitrary
in equation A-6, and is usually taken to be either n(0) or 0.
Calculation of Gas Production Rate

The rate of gas consumption or production can be calculated by taking the derivative of the
calculated total moles of gas with respect to time. Simple derivatives of real (noisy) data are usually
dominated by the variation between consecutive readings, and must be smoothed in order to bring
out the overall signal. The parameters used for smoothing should be chosen to balance between
minimizing noise (using more smoothing) and observing changes on shorter timescales (using less
smoothing), and the exact choice of parameters may vary from experiment to experiment. In this
work, a Savitzky-Golay (S-G) filter was generally used to perform the smoothing and differentia-
tion simultaneously.!” An S-G filter performs a least-squares fitting on the group of points sur-
rounding each point in a data set. The filter width (i.e. the number of points used in each fitting)
and the order of the fitting polynomial can be adjusted, with larger filter widths resulting in greater
smoothing, and higher polynomial orders resulting in better sensitivity to high-frequency variation.
Because S-G filters rely on fitting a polynomial to each point, derivatives and antiderivatives can
be easily calculated while smoothing, simply by taking the derivative or integral of the fitted pol-

ynomial function.
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Although S-G filtering can output a derivative of the original signal, that derivative must
then be scaled by the sample rate. The effective gas production rate can be calculated using the

following formula.

dnesr _ savitzkyGolayFilt(ness,0,1,w)
at dt

(A-7)
Where savitzkyGolayFilt is a MATLAB function for performing S-G filtering with differentia-

tion available on MATLAB Central,'*!

o is the order of the fitting polynomial, w is the filter width,
and dt is the time between each sample (samples must be regularly spaced).

To reduce the computational requirements, the number of points being fit in the S-G filter
can be reduced before filtering. In most of this work, the total moles of gas was usually resampled
to a 60-second interval (using a time-weighted average of points within each 60-second interval)

before applying the S-G smoothing and derivative filter. Table A-8 lists the parameters used for

performing all S-G differentiation, unless otherwise specified.

Table A-8. Savitzky-Golay filter parameters for pressure tracking analysis.

Parameter Unit Value
Sample Interval s 60
Polynomial Order a.u. 2
Differentiation Order a.u 1
Filter Width a.u 31
Weighting Vector a.u. n/a
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A.4 Analysis of Mass Spectrometer DEMS Experiments
Measurement Procedure

Several pieces of information are collected in a single DEMS measurement, which are all
collected and analyzed through a single automated procedure in the DEMS software code. MS
readings of the base vacuum are taken to determine a background for subsequent readings and
ensure the vacuum remains in good condition. MS readings are also taken on the fill gas, which is
used to replace the gas removed from the cell. This allows automatic calculation of gas production
rates without prior knowledge of the gas being used to fill the cell. MS readings are also taken of
the cell gas composition, which are used to determine the production of gas in the cell. In addition
to these MS readings, pressure and temperature readings are taken before the cell isolation valve
is opened and after it is closed again, to estimate a total producfion of gas via change in pressure.
Finally, the time that the cell valve was opened is recorded and used to determine the time elapsed

between readings.

Figure A-4. Connections between ports for the 6-port, 2-way valve positions “A” and “B”.

The exact schedule for taking a DEMS measurement proceeds as follows, using the valve
names as used in Figure 3-1:
1. All of the tubes on the DEMS panel are evacuated for one minute, and the base vac-

uum reading is recorded for the last 10 seconds.
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10.

The purge valve is closed and the tubes on the DEMS panel are filled with fill gas
(usually argon).

The vacuum pumpout valve is closed, isolating the rough vacuum chamber.

The 6-port valve is switched to position “B”, which doses gas from the sample loop
into the rough vacuum chamber.

The outlet shutoff valve is closed, fully isolating the rough vacuum chamber. The
chamber is held in this condition for 15 seconds, with the last 10 of which are used
to record the fill gas composition. The 6-port valve is returned to position “A”.

The vacuum pumpout valve, outlet shutoff, and purge shutoff valves are all opened,
and the exhaust tubes on the DEMS panel are re-evacuated for 50 seconds. The cell
pressure before opening is recorded for the last 10 seconds of this period.

The purge valve is shut and the inlet valve is opened, immediately followed by open-
ing the appropriate cell valve for 15 seconds. This allows gas from the cell to fill the
exhaust lines and gas from the inlet to fully re-pressurize it.

Steps 3 and 4 are repeated.

The outlet shutoff valve is closed, fully isolating the rough vacuum chamber with cell
gas inside. This condition is held for 40 seconds. During the first 10 seconds the cell
pressure after opening is recorded, and the last 30 seconds are used to collect the cell
gas composition. The 6-port valve is returned to position “A”.

The vacuum pumpout valve, outlet shutoff, and purge valves are opened (evacuating

the exhaust lines), and the sequence terminates.
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This procedure takes 3:39 to execute in total, which prevents DEMS measurements from
being taken any faster than this. In the event that faster measurements were necessary, an alternate

procedure would need to be developed that omitted the measurement of the fill gas.

Air Cell

Figure A-5. DEMS system valve layout (identical to Figure 3-1).

DEMS calibration is performed using a similar measurement, which is not hard coded into
the LabVIEW software. This measurement essentially only records the base vacuum and fill gas
composition, where the fill gas used is the calibration gas. Logging capability can be used to record
the MS data through the calibration process, which can then be analyzed manually as discussed

below.
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Estimation of Calibration Parameters

Gas calibration is performed using the concepts defined in Chapter 2 of the SRS RGA man-
ual, which is available in the lab and online from the SRS website.!*? In it, they discuss the analysis
principles for relating the raw readings from the MS with actual concentrations of one or more
gases. These concepts are used for the analysis below. The following terms are defined for all of

the equations below:

Table A-9. Terminology used for MS calibration.

Term Definition

g Indicates the gases measured. When used in a subscript, indicates the variable
applies to a single gas

M Integer representing the mass (m/z) measured
Hy Total peak height measured at mass M
hy, Peak height contribution at mass M of gas g
Apg Fragmentation factor of gas g at mass M.

Fragmentation factor is defined as the ratio of the signal at a particular mass rel-
ative to the highest peak of a particular gas

Sy Partial pressure sensitivity of gas g at the highest peak of that gas. This has
units of amps/Torr
P, Partial pressure of gas g at the RGA.

Several assumptions are required for analysis of MS measurements, and it is recommended
to confirm that these assumptions are true if possible:
1. Gas contributions are additive (i.e. Hy = X4 hyg).
2. Gas sensitivity is linear (i.e. hyg = aygSgFy for all relevant pressures, and S is not

dependent on F; of any gas).
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The recommended procedure to determine the partial pressure sensitivity of a gas is to intro-
duce that gas in a known concentration to the vacuum chamber, and compare the rise in pressure

(of that gas) to the rise in signal of the primary peak:

AHpy

S =
9 apg

(A-8)
For most accurate results, this should be performed in the conditions most closely resembling the
experimental conditions (e.g. diluted in high concentrations of argon). In general, the partial pres-
sure is assumed to be zero initially and rises to the known level based on the amount of gas added
to the system, and AH,, is determined by subtracting the background signal from the measured
peak height.

In the DEMS system developed here, the partial pressure of gas in the RGA is difficult to
determine directly; although pressure gauges are available for both the UHV and rough vacuum

regions, these gauges have limited accuracy and respond differently to different gases. Therefore,

we use the atmospheric pressure transducers (specifically, the inlet pressure gauge) to calibrate the

ducer requires that exactly the same volume of gas be dosed into the vacuum chamber for each
calibration reading, which the DEMS procedure described above achieves. This can be used to
develop an “atmospheric partial pressure sensitivity” which relates the partial pressure of the gas
of interest at atmospheric pressures to the MS response. Finally, this can be converted back into a
vacuum partial pressure sensitivity by using comparing the atmospheric pressure and recorded
UHV pressure for a single gas (here, N2), and assuming that the UHV pressure gauge is accurate
for that gas. Which gas is used is immaterial, as the same adjustment factor will be used for all

gases.
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For the data presented in this thesis, the following calibration parameters were used. Cali-
brations were performed using 99.999% Ar, 99.999% 02, 99.99% COz, and industrial grade Na.
H20 and CO were assumed to have the factory partial pressure sensitivity, and the Hz sensitivity
was adjusted based on the results of several experiments where significant H2 was detected. I
strongly suggest that a calibration using gases diluted in Ar to be used, and to check the linearity

of responses with oxygen diluted in Ar at several concentrations.

Table A-10. Sensitivity factors used for MS analysis in this thesis.

Gas  Primary Peak Atmospheric Partial Partial Pressure Sensitivity

(m/z) Pressure Sensitivity (A/Torr)
(A/Torr)

Ar 40 7.58x10713 4.10x10™
107} 32 4.15x10713 2.24x107*
CO; 44 5.75x10713 3.11x107*
CcoO 28 3.44x10713 1.86x107*
N2 28 5.86x10713 3.16x107
H: 2 2.75x10712 1.49%x1073
H:0 18 3.44x1071 1.86x107*

In addition to the sensitivity factor, which defines the height of the highest peak, many gases
have a series of secondary peaks defined by a series of fragmentation factors. These factors indi-
cate the ratio a peak has at a given value of M relative to the primary peak listed above. By defi-
nition, the fragmentation factor of the primary peak is 1 for any gas, and all other masses should

have fragmentation factors between 0 and 1.
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For the data presented in this thesis, the fragmentation factors used are listed in Table A-11.
Fragmentation factors were determined for Ar, O2, CO2, and N2 by examining the relative peak
heights of each gas when dosed in a pure form. Note that this calibration requires the use of pure
gas, or small secondary peaks of the carrier gas will interfere. Fragmentation factors for H20, CO,
and H20 were extracted from the library of fragmentation factors included in the SRS RGA soft-
ware. CO is too toxic to be calibrated in pure form using the current system and pure H20 is
obviously not gaseous at room temperature and pressure, so I do not recommend that fragmentation
factors be measured for any additional gases; careful re-measurement of the existing gases may be

warranted, especially where overlapping peaks are frequently detected.

Table A-11. Fragmentation factors of gases detected in this thesis. Fragments for peaks gener-

ated by multiple gases are highlighted in matching colors.

Gas Primary Fragment Fragment Fragment Fragment Fragment

Peak #1 #2 #3 #4 #5
(m/z) (m/z) (m/z) (m/z) (m/z) (m/z)
Ar 40 9.81x1072 3.31x1073 6.45x107* N/A
(20) (36) (38)
0 32 3.46x1073 7.10x107* N/A N/A
i (34) (33)
CO; 44 721x102 7.9 ¥107 1.03x102  3.43x1073
(28) el (45) (46)
CcO 28 2x1073
(30)
N 28 N/A
H: 2 510> N/A N/A N/A N/A
(1

204



Gas  Primary  Fragment Fragment Fragment Fragment Fragment

Peak #1 #2 #3 #4 #5
(m/z) (m/z) (m/z) (m/z) (m/z) (m/z)
H0 2.3x107! Tielge . 3x10° 1x1073 N/A
(17) A1) (20) (19)

Note that there are a large number of overlapping peaks in Table A-11; care must be taken
in selecting which masses are scanned when wishing to distinguish any gas whose primary peak
coincides with any other gas fragment. Particularly difficult to separate accurately are water from
argon and carbon monoxide from nitrogen. I suggest using an alternate carrier gas when desiring
to accurately detect water (such as helium), and can only suggest not attempting to distinguish CO
from N2 unless CO is present in very large quantities and COz is not. As N2 is only generally a
factor when leaks are present, this further motivates the elimination of leaks.

DEMS Measurement Analysis

Analyzing a series of DEMS measurements proceeds in 3 stages: gas readings are calibrated,
the moles of gas in the cell is estimated, and then a gas production rate is calculated.
Calibration of DEMS Measurements

The MS data collected and recorded by the DEMS LabVIEW software is an uncalibrated
pressure reading for each m/z value collected. This is the standard format that is used by the SRS
RGA software and was not modified in LabVIEW. The raw current is converted into pressure units
using the pre-programmed partial pressure sensitivity factor (this value is 1.86x107* A/Torr at the
time of writing). Note: the DEMS saves data in units of mbar; an oversight in the code does not
record the units used. The raw pressure readings for each m/z value should be converted into a raw

current by dividing by the programmed partial pressure sensitivity factor (1.86x10—4 A/Torr, or
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1.395x107* A/mbar). After converting to pressure, the data for the base vacuum should be sub-
tracted from both the fill gas and cell gas readings, since this reading represents the signal from
gases already present in the chamber. These converted and subtracted values represent Hy, for each
of the masses record.

The conversion from MS readings to gas pressures can be viewed as a linear of system equa-

tions based, which can be defined with a matrix equation:

hug = angSgPy foralM =1..n,g =1..k (A-9)
H = AP (A-10)
H,
H=]|: (A-11)
|H,,
Py
P=|: ] (A-12)
| Py,
51a11 Skalk
A= : . : (A-IS)
Slanl Skank

This can be solved using matrix manipulation, and both MATLAB and LabVIEW offer util-
ities to solve such equations in a single command. For MATLAB, this command would be
P = H/A; resulting in a vector P representing the solution to this system of equations. If more
masses than gasses are used, the solution will be the least squares best fit to the data. This process
1s then repeated for each measurement taken, and for both the fill gas and cell gas readings. Doing
so results in a vector of the partial pressure of each gas in the cell and in the fill gas for each

reading. Finally, each of these partial pressures is converted into a gas fraction by the definition:

y; = =i— foralli=1.k (A-14)

=Sk
Zg:ng
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Gas fractions are preferred because they remove the need to have an absolute relationship
between the gas partial pressure at atmospheric conditions and the MS reading. However, it im-
plicitly assumes that the MS is detecting all gases present; the generation of significant quantities
of gases not detected by the MS would cause severe distortions in the data. In practice, since argon
usually makes up >99% of the cell gas, this is a safe assumption; undetected gases will still never
affect the readings of other gases by more than a percentage point.

The individual gas fractions are formed into matrixes denoted as Y, and Yy, where each
row represents a particular reading and each column a particular gas. Per the discussion in Chapter
3, the reading from the MS represents the composition of the cell at the time of the previous read-
ing, because gas is held in the dead volume downstream from the cell. The Y_,;; matrix is accord-
ingly shifted up by one, and the first reading is discarded.

Estimation of Moles of Gas in the Cell

Temperature, pressure, and volume data is needed to convert the gas fractions into moles of
gas. The cell volume is determined using the method discussed in Section 0, and is assumed to be
constant throughout an entire test. The total moles of gas in the cell are determined before and after
the gas was sampled using the ideal gas law. As with pressure tracking data, independent measures

of cell and gauge temperature are used:

n _ Pbeforch PbeforeVg (A-IS)
before RTc,before RTg,before
Pafteer Paftervg
Nafter = (A-16)

RTc,aa fter RTg,a fter

Where Pperore and Py e represent the pressure before and after the measurement, Ty pefore and

T

y.afterTepresent the temperature at the pressure gauge before and after the measurement, T¢ pefore
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and T, 45+ represent the temperature at the cell before and after the measurement, and V and V
represent the volumes of the cell and the tubing outside of the cell, respectively.

These values represent the total number of moles in the cell and gauge before and after each
measurement was taken. This is sufficient for pressure tracking data (as the pressure is assumed to
be constant throughout the cell), but the distribution of gas within this region is known to be non-
uniform. We divide up the cell volume into “active” and “inactive” regions; the active region is
where gas is being generated and accumulating, and the inactivé region is anywhere where the gas
composition does not change between measurements. The inactive volume is determined empiri-
cally, but is held constant when the same cell design is used on the same DEMS channel; almost
all DEMS experiments at the time of writing were performed on the same channel with the same
cell, so this value is effectively constant. For all the data published in this thesis, the active volume
is assumed to be 1.445 ml less than the cell volume, making the inactive be the gauge volume
(noted as V,, 1 or V,,, in Section A.2) plus 1.445 ml. It should be noted that the composition of
the inactive volume does not matter; the volume upstream from the cell is generally assumed to
have the fill gas composition, and the gas downstream is assumed to be the composition at the time
of the last measurement, but the composition of the inactive volume as a whole is never needed.
We then define the active fraction to be the ratio of the active volume to the total volume:

fact = 2t (A-17)

Vtotal

We can then estimate the number of moles in the active and inactive regions of the cell. By
definition, we assume that the inactive moles in the cell do not change between measurements;
this means that any change that occurs between measurements is due to changes in the number of
moles in the active region. We first calculate the number of active and inactive moles after a meas-
urement:
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Nactafter = nafterf act (A-18)
Ninactafter = Naster (1 = fact) (A-19)

We then assume that the number of moles in the inactive region before the next measurement
is constant, and use this to derive the number of active moles before the next measurement as well.
We use parenthesis to indicate the reading number, such that nj,qcr o feer (i — 1) indicates the num-
ber of moles in the inactive region after the i — 1 measurement:

Ninactpefore(1) = Ninactafter (@ — 1) (A-20)

Nact,before (D = Npefore Ok Ninact,before ) (A-21)

The active volume and total moles are then used to estimate a parameter defined as the fill
fraction (ff;;;), which represents the number of moles of fill gas in the active volume after a meas-

urement divided by the total number of moles in the active volume at that time:

frin = “act/it o, _Tin (A-22)

Nact,after Nact,after

Where nget qfter is the total moles in the active volume after a measurement, and Ngee iy 1S the
moles of fill gas that entered the active volume after the measurement. n,. r;;; can be approxi-
mated by simply assuming that all the moles of gas added to the cell are added to the active region.
(It should be noted that this is an approximation: if the number of moles in the inactive region were
to change significantly between measurements this assumption would be invalid.) The total num-
ber of moles added is calculated by first determining the total number of moles that leave the cell

to fill the downstream tubing, and then account for the change in pressure due to the act of taking

a measurement:
P afterVexha.ust
Noyt = ————— -23
out TgasterR (A )
Vexhaust = VSL + Vout + VAB (A'24)
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The total moles of gas in the cell change before and after a measurement (because the pres-
sure is “reset” to the pressure of the incoming gas), so the number of moles of gas entering the
system must account for this change:

An = Ngfier — Npefore (A-25)
Nip = Moyt + An (A-26)

With this value, we can then estimate f7;;; using Equatioﬁ A-22, and use that to estimate the
composition of the gas in the active region after the measurement was taken.

Ygcewaster = (1= fru) - Ygcen + frin - Yo s foreachg =1..k (A-27)

Equation A-27 assumes that ff;;; < 1; in the event that f;;; is near to or greater than 1, this
implies that more gas is removed from the cell than is contained in the active region. In this in-
stance, the composition of the cell after measurement is poorly defined, and we must further con-
sider the impact of the fill gas that is sweeping through the cell and reaching the MS.

Knowing the composition and total number of moles of the gas in the active region before
and after the measurement, we can finally estimate the number of moles of each gas before and
after each measurement:

Ng before = Nactpefore * Vg cell (A-28)

ng,after = nact,after : yg,cell,after (A'29)

Note: Ny pefore and Ny g rrer do not represent the cumulative production of gas, and are not
shown in the plots in the main chapters of this thesis. They simply indicate the total number of
moies of each detected gas within the active region of the ceil at particuiar points in time.
Calculation of Gas Production Rate

Finally, we can use the values of g perore and Ng o f1er to calculate the rate of gas production

between readings. Here, we show the process of calculating the rate of gas production at the time
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of reading i. As before, parenthesis are used to denote the reading number. The number of moles
of gas g produced between two readings is:

Ang @ = Ng before @ - Ng.after i-1 (A-30)

The time elapsed can then be used to get a rate:

At(D) =t()) —t(i— 1) (A-31)
0= (a32

The same formulas can be used to determine the total rate of gas production (based only on

the pressure data):

An(i) = Npefore @ - nafter(i -1 (A-33)
dn .. _ An(i)
D =50 (A-34)

It is important to note that % does not depend on fr;; and Vg, both of which are empirically
estimated. It only depends on the same assumptions used in pressure tracking, and so is a reliable
way to confirm the accuracy of the MS data; properly calibrated MS data in a leak-free cell should

. . dn dn dng o .
exactly track the total production of gas using o Once e and - have been calculated, it is

straightforward to integrate them to determine the cumulative production of each gas individually

and the total gas production.
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Appendix B

DEMS LabVIEW Software Summary

213



This appendix is intended to serve as a record of the structure of the LabVIEW software written to
control the DEMS system developed in Chapter 3. An update to date version of this documentation
should be available at https://github.mit.edu/EEL/EEL-DEMS. (This page is private and will re-
quire permission from the current DEMS maintainer to access).

B.1 Installation
The following software must be installed to load the LabVIEW project and make changes:

e LabVIEW 2014 (Professional preferred, some features cannot be edited with the Stu-
dent version)
ULx from MCC (part of the MCCDAQ installer)
VI Package Manager (Free Edition, usually installed with LabVIEW)
The following VI Packages:
o NI Modbus Library
o NI GXML Library
o OpenG Libraries:
= Application Control
Array
Error
File
LabVIEW Data
Numeric
String
All of the dependencies (except LabVIEW and VI Package Manager) can be downloaded from the
dependencies tab on the GitHub project page, which links to the Dropbox shared folder. This folder
contains the following sub-folders:

LabVIEW Dependencies (required to load, run, and edit the LabVIEW project)
Device Drivers (required to interface with physical DEMS hardware)
e Device Software (vendor provided software for communicating with DEMS compo-
nents without using LabVIEW)
¢ Information (additional documents used for developing the DEMS).
LabVIEW 2014 Professional is preferred, but the project should mostly load correctly in the stu-
dent version. Ask a Post-doc in lab (or Yang) to provide you with the professional key for Lab-
VIEW.

9 Ahnnt tha Dweninnt
AP o du LAMJUUL Lily 1 IUJU‘«‘

This repository keeps all the code necessary to operate the differential electrochemical mass spec-
trometer (DEMS) in the EEL at MIT. The majority of code is written in G, and should be viewed
and edited in LabVIEW. The project can be loaded by opening DEMS.lvproj from LabVIEW
2014.

Files should only be moved or reorganized within the LabVIEW project management window.
Moving files or folders outside of LabVIEW will likely result in a broken project.
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B.3 Project Organization

The LabVIEW project is divided up into a number of libraries and virtual folders. Each is briefly
described below.

DEMS Control Panel.lvlib

This library defines the main control panel window and the sub-vis used to run it. The vi DEMS
Control Panel.vi should be used to operate the DEMS. When started, this VI initializes and con-
tinuously checks for updates from all devices on the DEMS. The valve control panel, the config-
uration page, and all instances of loggers are opened through this VI.

This library can and does reference all other libraries contained within the project, directly or in-
directly.

Valve Control Panel.lvlib

This library defines the control panel for executing operations on the DEMS. It is the primary
interface for changing the position of any valve and is used for executing experimental schedules.
Volume, calibration, and DEMS measurements are all defined and controlled in this library.

Valve Schedule Runner.vi defines the primary window for valve measurements, and contains the
logic for executing a given schedule. It also allows access to viewing and editing data saved about
particular cells. It can be run independently for testing when the "Testing" button is activated (lo-
cated above the default screen position).

The Popups folder stores VIs that show information about saved data.

The Schedule VIs folder contains all VIs used to define, edit, save, load, and execute Schedules
(with the exception of Valve Schedule Runner.vi itself). Schedule files are identified by the .sch
extension, and are XML-based text files.

The Sequence VIs folder contains all VIs used to define, edit, save, load, and execute Sequences,
which represent individual steps in a schedule. Sequence files are identified by the .seq extension,
and are XML-based text files.

This library should not reference any members of DEMS Control Panel.lvlib or Logger.lvlib, but
can and does refer to all other libraries. There may currently be references to typedefs defined in
DEMS Control Panel.lvlib, but these are incorrectly included if present.

Logger.lvlib

This library defines the interface for collecting and saving data from the various sources of data
from the DEMS. It does not control the positions of valves or otherwise alter the overall state of
the DEMS.
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Main - Selector.vi defines the Ul for the logger window, but is not designed to run independently
of DEMS Control Panel.vi.

The Actors folder contains the long running subVIs that perform the primary actions of the logger.
These VIs are reentrant, and each logger has a unique instance of all of them to operate.

The VI Management folder contains VIs that manage the Actor Vls, including loading, starting,
stopping, and closing each actor instance.

The SubVIs folder contains subVIs that operate quickly to execute individual actions needed for
running the logger. Most should not need to be reentrant, but this is not guaranteed.

UI Controls and Typedefs include the controls used by the logger.

This library should not reference any members of DEMS Control Panel.lvlib or Valve control
panel.lvlib, but can and does refer to all other libraries. There may currently be references to
typedefs defined in DEMS Control Panel.lvlib, but these are incorrectly included if present.

DEMS Calculations.lvlib

This library defines the VIs that perform various calculations on DEMS data. None of the VIs
within this library are intended to be user visible, and each may be called directly by members of
other libraries.

This library should only reference DEMS General Utilities.lvlib and no other libraries, but this
may not be strictly obeyed at this time.

Data Saving.lvlib

This library manages all actions related to reading or writing data files during DEMS tests. This
includes saving Logger data and DEMS/Volume/Calibration measurements from the Valve Con-
trol Panel.

The vast majority of instances should call Load Cell Data.vi and Save Cell Data.vi, but direct
calls of the subVIs in the various folders are currently permitted.

This library should only reference DEMS General Utilities.lvlib and DEMS Calculations.1vlib, but
this may not be strictly obeyed at this time.

DEMS General Utilities.lvlib

This library provides a collection of utility VIs that are used throughout the project and may be
called by any other VI.

This library should not reference any other library in this project.
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Drivers Folder

The drivers folder contains all code needed to directly communicate with any of the hardware in
the DEMS. These are described below:

HW Configuration.lvlib

This library manages the editing, loading, and saving of hardware configuration data, as well as
managing the status of/reading data from the various devices connected to the DEMS.

This library calls DEMS Object.lvclass and DEMS General Utilities.lvlib, but should not depend
on any other library.

DEMS Object.lvclass

This class defines a generic "DEMS Object" that provides a standard interface for managing indi-
vidual devices connected to the DEMS. DEMS Objects should not gencrally be initialized directly
(one of the subclasses described below should be used instead). In addition to implementing the
inherited VIs from DEMS Object.lvclass, each subclass includes all the VIs necessary to perform
all communications with a particular device. This class, and all subclasses, should only refer to
DEMS General Utilities.lvlib, but this is not guaranteed to be strictly observed at this time.

Agilent TPS Object.lvclass

This is a subclass of DEMS Object.lvclass that manages all communications with the Agilent tur-
bopump system used by the DEMS. Due to issues with stalled communications between LabVIEW
and the turbopump, this device is not currently active in normal DEMS operation.

MCC-Temp Object.lvclass

This is a subclass of DEMS Object.lvclass that manages all communications with the temperature
reader. A single instance of this object is used to read from all connected temperature probes.

MKS 900-USB Object.lvclass

This is a subclass of DEMS Object.lvclass that manages communications with the MKS Micro-
Pirani vacuum pressure gauge.

Numatics G3 Object.lvclass

This is a subclass of DEMS Object.lvclass that manages communications with the Numatics G3
pneumatic valve control panel. Additional methods are implemented to allow the Valve Control
Panel direct control over the valves, in addition to the standard methods required by DEMS Ob-
ject.lvclass.
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Omega PX409-USBH Object.lvclass

This is a subclass of DEMS Object.lvclass that manages all communications with the Omega pres-
sure gauges. Each pressure gauge should be read to from separate instances of this object.

SRS RGA200 Object.lvclass

This is a subclass of DEMS Object.lvclass that manages all communications with the SRS mass
spectrometer. A single instance of this object is used to read all masses from the mass spec. This
subclass largely relies on the LabVIEW code provided by SRS for controlling the mass spec, and
an additional collection of VIs to implement the DEMs Object interface.

Configuration Files

This folder is not a part of the LabVIEW project, but contains the files used to configure and
control the DEMS. The contents of this file should be edited carefully, as code may rely on hard-
coded names of files and make assumptions about how those files are configured.

When compiled as a stand-alone application, the contents of this folder are copied to C:\Pro-
gramData\Electrochemical Energy Lab\DEMS Control Panel and when run, the stand-alone appli-
cation will reference the ProgramData folder rather than the version controlled Configuration Files
folder.

Currently, this folder contains a large number of unused files (old .sch files, for example), but care
and testing should be used before deleting them.
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Appendix C

DEMS Cell Design Drawings
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The following pages show to-scale drawings used to manufacture both the DEMS cell used
in preparing this thesis (DEMS Cell v2) and the next generation of DEMS cells produced before 1
left the lab. No figure numbers are given to maximize space for drawings on each page. DEMS
Cell v2 drawings are shown first, and the version number is indicated in the title block of each

drawing.
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