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Abstract

Lithium-oxygen batteries, also known as Lithium-air batter-
ies, could possibly revolutionize energy storage as we know. By
letting lithium react with ambient oxygen gas very large theo-
retical energy densities are possible. However, there are several
challenges remaining to be solved, such as finding suitable mate-
rials and understanding the reaction, before the lithium-oxygen
battery could be commercialized. The scope of this thesis is
focusing on the latter of these challenges.

Efficient ion transport between the electrodes is imperative
for all batteries that need high power density and energy effi-
ciency. Here the mass transport properties of lithium ions in
several different solvents was evaluated. The results showed
that the lithium mass transport in electrolytes based on the
commonly used lithium-oxygen battery solvent dimethyl sulfox-
ide (DMSO) was very similar to that of conventional lithium-ion
battery electrolytes. However, when room temperature ionic
liquids were used the performance severely decreased.

Addition of Li salt will effect the oxygen concentration in
DMSO-based electrolytes. The choice of lithium salt influenced
whether the oxygen concentration increased or decreased. At
one molar salt concentration the highest oxygen solubility was
68 % larger than the lowest one.

Two model systems was used to study the electrochemical
reaction: A quartz crystal microbalance and a cylindrical ultra-
microelectrode. The combined usage of these systems showed
that during discharge soluble lithium superoxide was produced.
A consequence of this was that not all discharge product ended
up on the electrode surface.

During discharge the cylindrical ultramicroelectrodes dis-
played signs of passivation that previous theory could not ade-
quately describe. Here the passivation was explained in terms
of depletion of active sites. A mechanism was also proposed.

The O2 and Li+ concentration dependencies of the discharge
process were evaluated by determining the reactant reaction
order under kinetic and mass transport control. Under kinetic
control the system showed non-integer reaction orders with that
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of oxygen close to 0.5 suggesting that the current determining
step involves adsorption of oxygen. At higher overpotentials,
at mass transport control, the reaction order of lithium and
oxygen was zero and one, respectively. These results suggest
that changes in oxygen concentration will influence the current
more than that of lithium.

During charging not all of the reaction product was re-
moved. This caused an accumulation when several cycles was
examined. The charge reaction pathway involved de-lithiation
and bulk oxidation, it also showed an oxygen concentration de-
pendence.
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Sammanfattning

Litiumsyrebatteriet, även känt som litiumluftbatteriet, kan
potentiellt revolutionera vårt förhållande till energilagring. Ge-
nom att låta litium reagera med syrgas från luften kan teoretiskt
höga energitätheter uppnås. Dock så behöver många problem
lösas, så som att hitta lämpliga elektrod- och elektrolytmaterial
samt att få en ökad förståelse för reaktionsmekanismen, innan
litiumsyrebatteriet kan kommersialiseras. Den här avhandling-
en behandlar de sistnämnda av dessa problem.

För att ett batteri ska kunna leverera hög effekttäthet och
energieffektivitet krävs en effektiv jontransport mellan elektro-
derna. Här utvärderades masstransporten hos flera olika elekt-
rolyter. Resultatet visade att masstransporten av litium i en
litiumsyrebatterielektrolyt (baserad på dimetylsulfoxid (DM-
SO)) är likvärdig med en konventionell litiumjonbatterielekt-
rolyt. När elektrolyter baserade på jonvätskor användes uppvi-
sades väldigt stora energiförluster.

När litiumsalt tillsattes påverkades lösligheten av syre i
DMSO-baserade elektrolyter. Vilken sorts litiumsalt som an-
vändes påverkade om lösligheten av syre ökade eller minskade.
Vid en saltkoncentration på en molar var den högsta syrelöslig-
heten 68 % större än den lägsta.

Två olika modellsystem används för att studera den elektro-
kemiska reaktionen: En elektrokemisk kvartskristallmikrovåg och
en cylindrisk ultramikroelektrod. Vid kombinerad användning
av dessa system påvisades att löslig litiumsuperoxid bildades
vid urladdningen. Följden av detta blev att endast delar av ur-
laddningsprodukten hamnade på elektroden.

Vid urladdning visade ultramikroelektroderna tecken på pas-
sivering som inte kunde beskrivas av tidigare teori. Här föreslås
att passiveringen uppstår på grund av en blockering av de akti-
va säten där reaktionen fortskrider. För denna process föreslås
även en detaljerad mekanism.

Urladdningsprocessens koncentrationsberoende utvärdera-
des genom att bestämma reaktionsordningen för syre och liti-
um under kinetisk- och masstransport kontroll. Under kinetisk
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kontroll fanns inga heltalsreaktionsordningar, för syre var re-
aktionsordningen nära 0.5 vilket föreslår att det reaktionssteg
som bestämmer strömstorleken innefattar en adsorption av sy-
re. Vid högre överpotentialer, då systemet var under masstrans-
portkontroll, var reaktionsordningarna för litium och syre noll
respektive ett. Detta föreslår att ändringar i syrekoncentration
påverkar strömmen betydligt mer än vad det gör för litium.

Under uppladdning kunde inte all reaktionsprodukt avlägs-
nas från elektroden. Detta ledde till en ackumulation då flera
cykler studerades. Uppladdningens delsteg innefattade en deli-
tiering följt av en oxidation av reaktionsproduktbulken. Denna
process uppvisade även ett syrekoncentrationsberoende.
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Chapter 1

Introduction

Currently our modern lifestyle causes large anthropogenic emissions
of greenhouse gases. Since 1850 the global average temperature has
increased with 0.85 °C and over the last 100 years the average global sea
level have risen with 20 cm. [1] Furthermore, the emission of greenhouse
gases is closely linked to the problem of air pollution.

The transport sector is responsible for a large part of the global
CO2 emissions. One of the most promising efforts in reducing these
emissions have been the introduction of hybrid (HEV), plug-in hybrid
(PHEV), and battery electric vehicles (BEV). These vehicles rely on
Li-ion batteries to store energy, for PHEV and BEV the driving range
will be directly influenced by the energy density of the battery. In
order to accelerate the use of these vehicles the battery cost must be
lowered and energy density increased. [2] In order to do so two ways
are possible: incremental improvement of current technology or a jump
forward by developing new technology.

Developing a Novel Battery
When designing a battery one must choose two electrodes. In order to
maximize the energy content these two electrodes need to be separated
by a large electrochemical potential and be able to transfer a large
amount of charge as the theoretical energy, Wth, equals the reversible
cell voltage, E0, times the theoretical capacity, Cth, according to:

1
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Wth = E0Cth (1.1)

More often is the specific energy, Wth,s, more interesting as this
parameter is normalized with respect to the electrode mass. Thus,
when designing a high energy density battery, the ideal electrochemical
reaction should include two low density electrodes separated by a large
electrochemical potential. Two elements creating an extra interesting
combination fulfilling these criteria are lithium and oxygen.

1.1 Li-O2 Batteries
Lithium-oxygen batteries, also known as Li-O2 and Li-air batteries,
have attracted a lot of interest over the last years (figure 1.1). [3–6]
The main interest originates from the large theoretical energy den-
sity of 11.7 kWh/kg, for a practical cell this is expected to be around
1.5 kWh/kg (compare with 0.4 kWh/kg of Li-ion batteries utilizing
Li(m) electrodes). [7, 8] Thus, realizing this battery technology could
potentially revolutionize the world of portable electronics and green
transportation. Furthermore, the Li-O2 battery technology does not
inherently rely on the use of costly precious metal oxides, thus, offering
a pathway to a low cost lithium battery. [9] Although promising, the
Li-O2 battery only exists in a laboratory and is yet to be commercial-
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Figure 1.1: Number of publications from the Web of Science Core Collection database for
the topics “Lithium-Oxygen Battery”, “Lithium-Air Battery”, or “Li-O2 Battery”. Search
performed on the 10th of November 2017.
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ized as this battery chemistry has several challenges remaining to be
solved.

The cell reaction consists of lithium (Li) reacting with oxygen molecules
(O2) forming lithium superoxide (LiO2) that proceeds to form lithium
peroxide (Li2O2) (figure 1.2). [4, 10] The cell reaction is written as:

2 Li + O2 −−⇀↽−− Li2O2 (1.2)

When discharging and charging this battery with a constant cur-
rent several studies have shown over 100 cycles with good capacity re-
tention. Gold O2-electrodes in dimethyl sulfoxide (DMSO) electrolyte
showed a capacity of 325 mAh g−1

gold over 100 cycles at current densi-
ties of 500 mA g−1

gold. [11] Cycling of titanium carbide (TiC) electrodes
have shown capacities of 350 mAh g−1

TiC and 500 mAh g−1
TiC for elec-

trolytes based on DMSO and TEGDME, respectively, with currents of
250 mA g−1

TiC where the capacity retention was higher for the DMSO-
based electrolyte. [12] Carbon electrodes have shown 100 cycles of
constant capacity cycling of 1000 mAh g−1

Carbon at current densities 1
A g−1

Carbon. [13] These cycles a characterized by potential difference of
several hundred millivolts between charge and discharge, most notably
is the large overpotential for the charging reaction.

The reduction product has been identified as toroidal particles [14,
15], at high currents the particles are small forming a film on the elec-

O2(g)

O2(sol)

Li+
Li2O2Li(m)

e-

e-

e-

2Li++O2

Figure 1.2: A schematic representation of the Li-O2 battery. The system consists of three
parts: a negative electrode, an electrolyte, and a positive electrode. As for a Li-ion battery,
the role of the negative electrode is to store lithium, here depicted as metallic lithium.
The electrolytes role is to shuffle Li-ions between the two electrodes. Specifically for a
Li-O2 battery, it also needs to dissolve and and transport O2. At the positive electrode
O2 reacts with Li+ forming Li2O2 during discharge, therefore this electrode is also referred
to as the O2-electrode.
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trode while at low currents discrete particles are formed. [16–18]. As
the particles grow there is an increase in superoxide-like content sug-
gesting a complex and non-stoichiometric reduction process. [19–21]
The particle growth has also been linked to the presence of trace
amounts of water in the electrolyte. [22]

During galvanostatic cycling the discharge voltage profile is typi-
cally flat over a wide capacity range followed by a so called sudden
death behavior where the potential drops steeply. As the deposited
Li2O2 is an insulator it will passivate the electrode by hindering elec-
tron tunneling once it reaches a certain thickness. This film thickness
has been suggested to be in the magnitude of 6-10 nm. [23, 24] Be-
yond the main reaction, the observed cell voltage is also influenced by
the presence of side reactions. During galvanostatic discharge parts of
the product consists of lithium carbonate (Li2CO3) and other lithium-
organic compounds. [25] These side products require higher potentials
to oxidize resulting a high overpotential of the battery. [26]

The reaction mechanism is better understood by deconvoluting it
into several reaction steps and discussing whether these steps are elec-
trochemical or chemical in nature and how they are influenced by their
chemical environment. The first step of the reduction has been sug-
gested to be a one electron reduction of O2: [27, 28]

O2 + e− −−→ O −
2 (1.3)

Followed by a reaction with Li+ forming LiO2:

O −
2 + Li+ −−→ LiO2 (1.4)

An alternative first step has been suggested where the combination
of reactions 1.3 and 1.4 are occurring in a single step: [10]

O2 + Li+ + e− −−→ LiO2 (1.5)

The proceeding step is solvent dependent. This is seen when using
rotating ring disk electrode (RRDE) as electrolytes based on DMSO
have a high ring current while as electrolytes based on acetonitrile
(CH3CN) produce negligible ring currents. [29–33] This suggests two
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separate reaction paths, one surface mediated and one solution medi-
ated. This has been linked to the electrolytes ability to stabilize the
intermediate, whether the intermediate has the form O –

2 or LiO2 is
also electrolyte dependent. [29] This ability is quantified by the sol-
vents donor number (DN) [22, 29, 34]. A high DN solvent will stabilize
LiO2 in the electrolyte, making the reaction proceed via a disproportion
reaction pathway (equation 1.6), while a low DN solvent will promote
electrochemical formation of a uniform film of discharge products on
the electrode surface (equation 1.7). [29, 34–36]

2LiO2 −−→ Li2O2 + O2 (1.6)

LiO2 + e− + Li+ −−→ Li2O2 (1.7)

Only measuring the current in a galvanostatic cycling experiment
will not adequately describe the full reaction confined to the electrode
surface in a Li-O2 battery. For this to be evaluated additional quan-
titative techniques are needed. By measuring the consumption/evo-
lution of O2 gas with a differential electrochemical mass spectrometer
(DEMS) it is possible to determine the number of moles of O2 per elec-
tron transferred. Thus, it is possible to discriminate between the one
electron formation of LiO2, the two electron formation of LiO2, and the
four electron formation of Li2O. [10, 37] Furthermore, by using isotope
labeling it is possible separately determine the stability of the elec-
trolyte and electrode. [25, 38] By utilizing an electrochemical quartz
crystal microbalance (EQCM) it is possible to relate the electrode mass
change per charge transferred. Thus, it is possible to determine the
amount of current resulting in a mass change and to get an idea of the
specie reacting by relating the measured mass per electron to its molar
weight. Measurements in DMSO-based electrolytes have shown that
only part of the current contribute to an electrode mass increase thus
suggesting that part of reduction product will reside in the electrolyte
and thus might not be able to be oxidized. [39–43]

Beyond the electrode reaction processes, the performance of the
battery will also rely on the properties of the Li+ and O2 reactants.
The electrolytes ability to dissolve O2 has been mentioned as a key
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electrolyte property, [44] however, the actual O2 concentration is sel-
dom known. By using Henry’s law the solubility can be quantified as
it relates the pressure of a gas to its concentration in a solvent, at low
concentration and moderate pressure:

Hcp = c

p
(1.8)

where Hcp is Henry’s constant, p partial pressure, and c concentra-
tion. Previously, the O2 concentration has successfully been measured
in numerous carbonate-based electrolytes. [45] However, carbonate
based electrolytes decompose and are not regarded suitable for Li-O2
batteries. [46]

For the other reactant, Li+, its influence on electrolyte performance
has in general not been studied for Li-O2 batteries. For example, the
Li+ mass transport has been assumed to be the same as for Li-ion
batteries although this is not necessarily the case. [47, 48]

The Way Forward

As seen in the above introduction there have been significant advances
in the development of the Li-O2 battery over the last few years. How-
ever, there is more work to be done. For example, the electrolyte
mass transport, the reaction concentration dependency, the electrode
surface confined reaction, and the surface passivation are some of the
phenomena that need to be further evaluated in a quantitative way.

1.2 Scope of the Thesis
In order to better understand the reaction mechanism in Li-O2 batter-
ies, this thesis examined the physico-chemical processes confined to the
electrolyte and the O2-electrode. The O2 and Li+ reactants was stud-
ied by quantifying the mass transport of Li+ and the solubility of O2 in
the electrolyte (Paper I and II, respectively). These findings were then
used as input to the two electrochemical model systems used, utilizing
cylindrical ultramicroelectrodes (Paper II and IV) and an electrochem-
ical quartz crystal microbalance (Paper III). Specifically, the electrode



1.2. SCOPE OF THE THESIS 7

material and geometry (Paper II, III, IV), reaction rate law (IV), and
electrode surface passivation (II, III, and IV) have been studied.





Chapter 2

Experimental

Here an overview of the used techniques are presented, further details
can be found in the individual papers.

2.1 O2 Solubility
The solubility of O2 was measured with two different techniques: a
mass spectrometer and an optical sensor.

Mass Spectrometer (MS)
The O2 saturation concentration in the electrolyte was measured using
a Hiden HPR-20 type bench-top MS, equipped with a quartz capillary
inlet. Argon (99.9990 % purity) was used as carrier gas at a flow of 50
ml min−1. To improve time resolution, only the m/Q of Ar, O2, and
N2 was monitored. The experiments were conducted at 22°C. Before
each set of measurement the MS was calibrated for O2 and N2. When
measuring the O2 solubility, 100 ml of the O2 saturated electrolyte was
poured inside the MS reaction chamber where it was stirred and bub-
bled with the Ar carrier gas in order to purge the electrolyte of O2.
When opening the reaction chamber a small amount of air entered the
chamber thus increasing the amount of O2. The O2 originating from
air was subtracted from the measurements by relating this O2 amount

9
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to the measured N2 amount. The amount of O2 in the electrolyte could
then be measured, making calculation of the saturation concentration
and Henry’s constant possible. The O2 saturation concentration in
deionized water (Millipore Direct-Q3 UV, ρ=18.2 MΩ cm) was mea-
sured at 1 atm O2 pressure to evaluate the reliability of the technique.
A set of four measurements had a mean O2 saturation concentration
of 1.29 mM with a standard deviation 0.04 mM when saturated at 1
atm. This corresponds to a Henry’s constant, Hcp, of 1.3 · 10−5 mol
m−3 Pa−1 which is in line with reported literature values [49]. Hcp

is defined as the concentration of O2 in the electrolyte divided by its
partial pressure at equilibrium.

Optical O2 Sensor
An optical oxygen sensor (PreSens, OXY-1 SMA) was utilized to mea-
sure the O2 concentration in electrolytes saturated with technical air.
Before a measurement, 25 ml of the electrolyte was saturated with tech-
nical air for 30 min. The electrolyte was then transferred to the test
vessel where the measurement was conducted. The solubility of O2 in
MilliQ water was measured to 1.1 mM, thus, reasonably agreeing with
literature. [49]

2.2 Electrolyte Mass Transport
Resistivity (EMTR)

First used as a way to interpret the result from a full characterization
based on concentrated electrolyte theory, the EMTR is a useful figure
of merit when it comes to quantify and compare mass transport in
electrolytes [50–53]. From the experimentally measurable quantities
conductivity and diffusion potential at steady state, the EMTR can
easily be calculated, using eq. 2.1.

−(∂Φ/∂x)s.s.

i
= 1

κ
+ ∆φdiff, s.s. · εβ

l
· 1

i
(2.1)
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where Φ is the electrolyte potential1, i the current density, κ the
conductivity, ∆φdiff, s.s. is the potential drop caused by concentration
gradients at steady state in a cell of length l. The influence of the
porosity and tortuosity of the separator is taken into account by mul-
tiplying with the porosity, ε, raised to the power of the Bruggeman
constant β. The first term on the right hand side of eq 2.1 is the ohmic
resistivity, the second term is called the diffusion resistivity2.

Ionic Conductivity and Ohmic Resistivity
For the EMTR calculations, the ionic conductivity was used to calcu-
late the ohmic resistivity by using the first term on the right-hand side
of eq. 2.1. The ionic conductivity was measured inside an argon-filled
glove box using a Consort K912 conductometer with a SK41T four-
electrode probe. Prior to the measurements the probe was calibrated
outside the glove box using KCl standard solutions.

Diffusion Resistivity
In order to determine the diffusion resistivity a symmetrical test cell
with two Li-metal electrodes was assembled. To ensure a constant inter-
electrode distance the electrodes were separated by a Teflon spacer-ring
with a thickness of 500 µm and an inner diameter of 6 mm. The
electrolyte was soaked into a Whatman GF/A glass micro fiber filter,
placed inside the spacer-ring. The filter has a porosity of 0.9, and the
Bruggeman coefficient has previously been determined to 3.44 [50].

The diffusion potential (∆φdiff in eq. 2.1) was measured in the
test cell directly after a galvanostatic polarization. The steady state
diffusion potential was inserted into the second term on the right-hand

1The electrolyte potential is defined and measured with a metal reference elec-
trode of the same kind as the cation. The EMTR is therefore also defined for that
specie.

2Note that this term describes both migration and diffusion, it contains both t+
and D̃, and both these modes of transport will give rise to concentration gradients.
The term “diffusion resistivity” is simply chosen to agree with previously used
terminology.
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side of equation 2.1 in order to calculate the diffusion resistivity. The
magnitude of the polarization current was chosen so that the potential
directly after current switch-off was between 5 and 50 mV. The lower
potential limit was chosen to give low noise contribution, and the upper
limit was set to avoid dendrite formation. Each electrolyte composition
was tested in at least four test cells and each cell was polarized with
at least four different currents giving potential drops at steady state
spanning over 5 to 50 mV.

2.3 Dynamic Viscosity and Density
An Anton Paar LOVIS 2000 M/ME viscometer was used to measure
the dynamic viscosity, using an oscillating U-tube, together with the
density using the falling sphere method.

2.4 Electrochemical Quartz Crystal
Microbalance (EQCM)

For the EQCM measurements a PAR 273 potentiostat was used in
combination with a Q-Sense E4 QCM equipped with a QEM 401 elec-
trochemistry module. The sensors (Q-Sense) were used as received and
consisted of a gold coated quartz crystal with 0.78 cm2 active area, it
also served as working electrode for the O2 reaction. These experi-
ments utilized a piece of LiFePO4 as counter electrode (see 2.6). The
electrodes were separated by an o-ring of 1 mm thickness making the
volume of electrolyte inside the cell 100 µl. The cell module used Kalrez
o-rings to ensure chemical stability. The cell was kept at a constant
temperature of 20°C by the built-in temperature control, the cell was
given time to equilibrate its temperature before the measurements were
started. The measured change in frequency of the resonating sensor was
translated into change in mass using the Sauerbrey equation:

∆f = − 2f 2
0

A
√

ρqµq

∆m (2.2)
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where ∆f is the measured frequency change, f0 is the resonant
frequency of the crystal, A is the sensor area, ρq is the density of quartz,
µq is the shear modulus of quartz and ∆m the mass change. The
Sauerbrey equation is valid as long as the film deposited is sufficiently
rigid, i.e as long as the change in dissipation is small [54]. The masses
reported were obtained using the third frequency overtone.

2.5 Cylindrical Ultramicroelectrodes
(UME)

The UME cells were assembled in house utilizing carbon fibers (CF)
or a gold wire as working electrode (WE) (table 2.1) The 5.5 µm CF
was covered with epoxy, a so called sizing, that was removed by wash-
ing it with acetone. The 2.5 µm CF was unsized and used without
washing. In the manufacturing, one end of the WE was attached to a
copper current collector by silver glue. The copper current collector,
with the WE attached to it, was covered with a thermoplastic (3M)
and placed inside a polyethylene pouch cell. The polyethylene pouch
cell and thermoplastic were then welded so that the current collector
and silver glue were encapsulated inside the thermoplastic, only expos-
ing 15 mm of the WE to the electrolyte. The welding turned out to be
a key step for making functioning cells. When performed incorrectly,
electrolyte would enter between the WE and the thermoplastic, ulti-
mately leading to tilted cyclic voltammograms. The counter electrode
consisted of aluminum coated LiFePO4 (see 2.6). The UME cell was
assembled inside an argon glove box and placed in a vial containing 3
ml of electrolyte, i.e. there was an excess of electrolyte and semi-infinite
diffusion conditions could be assumed. The vial (with electrolyte and
ultramicroelectrode cell) was placed inside a glass jar with gas inlets
in the lid.
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Precursor Manufacturer Radius
CF Polyacrylonitrile Toho Tenax IMS65 2.5
CF Tar pitch Dialed, K63712 5.5

Gold wire Metallic gold Advent 7.5

Table 2.1: The materials for the different cylindrical ultramicroelectrodes used.

2.6 Formation of the LiFePO4 Counter
Electrodes

The counter electrode used for the UME and EQCM measurements
consisted of a LiFePO4 film coated on aluminum foil. The LiFePO4
was chosen to ensure stability of the counter electrode towards the
solvent [25]. Before placing the LiFePO4 electrode inside the UME or
EQCM cell it underwent a formation cycling in a Li(m) half cell until
reproducible behavior was seen, typically three full cycles. At the end
of the formation cycling the LiFePO4 electrode was left at 50 % state-
of-charge (SOC) where the potential was 3.44 V vs. Li+/Li(m), this
potential was used to relate the WE potential to Li+/Li(m). As both
the UME and EQCM cell consisted of only two electrodes, the counter
electrode also served as reference electrode. In order to minimize the
polarization of the LiFePO4 electrode it was deliberately designed with
excess capacity, for the EQCM and UME the LiFePO4 electrode the
capacities, at 50 % SOC, were 2.25 and 1.5 mAh, respectively, typical
capacities seen during reduction for the EQCM gold electrode and the
ultramicroelectrode WE were 10−6 and 10−8 mAh, respectively.

2.7 Chemicals
The salts used were lithium bis(trifluoromethane)sulfonimide (LiTFSI,
Sigma-Aldrich, 99.95 %), lithium perchlorate (LiClO4, Sigma-Aldrich,
99.99 %), lithium trifluoromethanesulfonate (LiTf, Sigma-Aldrich, 99.995
%), and tetrabutylammonium hexafluorophosphate (TBAPF6, Sigma-
Aldrich, 98 %). As solvents dimethyl sulfoxide (DMSO, SigmaAldrich,
Anhydrous) was used as well as three room temperature ionic liquids
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(RTIL): N-ethyl-N-methyl-imidazoleum-TFSI (EMI-TFSI, Solvionic, 99.9
% purity), N-propyl-N-methyl-pyrrolidinium-TFSI (Pyr13-TFSI, Solvionic,
99.9 % purity), and N-propyl-N-methyl-piperidinium-TFSI (Pip13-TFSI,
Solvionic, 99.9 % purity). The organic carbonate electrolyte consisted
of LiTFSI salt in ethylene carbonate:diethyl carbonate (EC:DEC) with
a 1:1 weight ratio (Novolyte, battery grade). All RTIL electrolytes con-
tained 1.0 M Li-TFSI, for the DMSO and EC:DEC electrolytes the salt
content was varied. All chemicals were used as received.





Chapter 3

Results and Discussion

3.1 Lithium Mass Transport
When evaluating the Li+ mass transport the diffusion resistivity was
larger than the ohmic resistivity for all electrolytes examined (table
3.1). Thus, when the concentration gradients in the electrolyte reached
steady state, the polarizations from migration and diffusion were larger
than the ohmic polarization.

Electrolyte Diffusion Ohmic
Solvent Resistivity Resistivity

/ Ω·m / Ω·m
EC:DEC 3.0±0.8 1.5
DMSO 4.6±1.6 1.0

EMI-TFSI 91±9 3
Pyr13-TFSI 220±10 10
Pip13-TFSI 590±50 31

Table 3.1: The mean diffusion and ohmic resistivity of the various electrolytes tested
containing 1 M Li-TFSI. The diffusion resistivities are reported with their standard devi-
ations.

As the electrolytes based on EC:DEC and DMSO showed similar
ohmic and diffusion resistivity it can be concluded that DMSO is a suit-
able electrolyte for Li-O2 batteries from a mass transport perspective

17
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(figure 3.1). The lowest electrolyte mass transport resistivity (EMTR)
was observed at concentrations above 0.5 M Li-TFSI. Lower concentra-
tions resulted in higher EMTR, thus, suggesting that the mass trans-
port of Li+ will play a larger role as its concentration decreases. A
resistivity vs. concentration graph was produced by Nyman et al. from
a full characterization of LiPF6 in 3:7 EC:EMC [50] displaying simi-
lar results, although the diffusion resistivity is slightly higher in the
present study, which might be due to a larger anion inhibiting mass
transport. This confirms that the method applied here provides results
equivalent to those obtained from complex full characterizations based
on physical models.
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Figure 3.1: The EMTR for DMSO and EC:DEC, respectively, at different LiTFSI con-
centrations.

For the room temperature ionic liquid (RTIL) electrolytes the total
polarization was dominated by the diffusion resistivity. For example,
for EMI-TFSI the ohmic resistivity was twice as high and the diffusion
resistivity ∼30 times as high when compared with EC:DEC. When
mixing EMI-TFSI with EC:DEC the ohmic and the diffusion resistivity
increased with EMI-TFSI content, with the diffusion resistivity being
far greater in magnitude at high EMI-TFSI content (figure 3.2).

The time needed for the diffusion polarization to reach a steady
state depends on the inter-electrode distance, electrolyte, and the po-
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Figure 3.2: Ohmic and diffusion resistivity of electrolytes consisting of 1 M LiTFSI in a
solvent mixture of EC:DEC and EMI-TFSI. , The first bottom x-axis shows the volume
content of EMI-TFSI in the solvent, the second x-axis shows the Li+:(EC:DEC) molar
ratio assuming that Li+ prefers coordination to EC:DEC over EMI-TFSI for the entire
range.

larization current. In the galvanostatic polarization experiments, cur-
rents varying by one order of magnitude was needed in order to get
diffusion polarizations within the desired range of 5 to 50 mV. There-
fore, the time needed to reach steady state also varied by one order
of magnitude with larger currents needing more time. The diffusion
polarization for the electrolytes based on EC:DEC and DMSO typi-
cally reached steady state within 10 to 20 minutes for polarizations of
10 mV. For the RTILs this time was typically 4 to 20 hours. Keep
in mind that the test cell had an interelectrode distance of 500 µm
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and if it was to be reduced one order of magnitude, to better agree
with a real battery, then the time would be reduced by two orders of
magnitude (according to Fick’s second law). This would correspond to
2-12 min for the electrolytes based on the RTILs and 6-12 seconds for
those based on EC:DEC and DMSO. Further, the time needed for the
diffusion resistivity to equal the ohmic resistivity would be typically
five seconds for the RTIL based electrolytes and 1-2 seconds for the
electrolytes based on EC:DEC and DMSO. This indicates that losses
due to concentration gradients in a Li battery must be considered in
most usage scenarios where energy efficiency and high power density is
important.

A molecular explanation of the large diffusion resistivity for RTILs
might be found in how the Li-ion solvation shell is influenced by the
RTIL concentration. In the presence of ethylene carbonate the predom-
inant Li-solvent complex is [Li(EC)4]+. [55] This is also the preferen-
tial coordination of Li+ in mixed EC:EMI-TFSI electrolytes consisting
of 0.5 M LiTFSI and 2 M EC, i.e. for a Li+:EC molar ratio of 1:4.
[56, 57]. An EMI-TFSI solvent content of 58 vol.% (EC:DEC content
of 42 vol.%) corresponds to a Li+:(EC:DEC) molar ratio of 1:4. At
higher EMI-TFSI concentration the EC:DEC in the solvation shell is
replaced by TFSI anions, changing the charge of the Li-ion complex
from positive to negative. In fact, at an EMI-TFSI content of ~60
vol.% there is a steep increase in diffusion resistivity, thus, suggesting
that the solvation of Li+ will influence its mass transport properties
(figure 3.2). When no EC:DEC is present the coordination number
of Li+ is a little bit lower than two suggesting that the predominant
coordination complex is [Li(TFSI)2]– . [58] As [Li(TFSI2)]– would mi-
grate in the opposite direction of [Li(EC)4]+ the only mode of Li-ion
transport in the preferred direction would be diffusion resulting in large
diffusion resistivity. For RTILs the diffusion and migration properties
are often ignored, however, this study shows that, even when present
in small quantities, the mass transport in RTIL electrolytes need to be
quantified as only presenting conductivity can be misleading.
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3.2 Oxygen solubility
The solubility of O2 in DMSO electrolytes based on LiTFSI, LiTf, and
LiClO4 was quantified by calculating Hcp from equation 1.8 using an
MS. For DMSO-based electrolytes, the O2 concentration increases lin-
early with partial pressure up to at least 1 atm, thus, confirming that
Henry’s law is valid within this pressure interval (figure 3.3). This has
also been confirmed previously. [59] The Li-salt had a clear influence
on the O2 solubility with values diverging further from neat DMSO
as the Li-salt concentration increased (figure 3.4a). However, the salts
examined showed quite different solubility trends. For the LiClO4 elec-
trolytes the O2 solubility decreased with increased salt concentration.
For the LiTf electrolytes, the O2 solubility did also decrease with in-
creasing salt concentration, but not to the same extent as for LiClO4.
In contrast to LiClO4 and LiTf, the O2 solubility in the LiTFSI elec-
trolytes increased with increasing salt concentration. As LiTFSI and
LiClO4 are two of the most used salts in Li-O2 battery electrolytes,
it is worth noting that the electrolytes containing LiTFSI had a 68 %
higher O2 solubility than when LiClO4 was used at salt concentrations
of 1 M.

As a second method to assess the O2 solubility trend, an optical
oxygen sensor was used (figure 3.4b). The solubility trend obtained by
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Figure 3.3: The dissolved O2 concentration at different partial pressures for 0.5 M LiTFSI
in DMSO. The concentrations were measured with an MS.
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the optical sensor matched that obtained by the MS with solubilities
increasing with addition of LiTFSI and decreasing with addition of
LiClO4 (figure 3.4b).

The solubility of O2 in the electrolytes agree well with previously
reported values, e.g. Henry’s constant has been measured to 1.83·10−5

mol m−3Pa−1 for neat DMSO using volumetric measurements [45] and
to 1.58·10−5 mol m−3Pa−1 for 1 M LiClO4 in DMSO in a flow cell
coupled to a mass spectrometer, [59] to compare with 2.25·10−5 and
1.68·10−5 mol m−3Pa−1 measured in this study, respectively. Much
lower values have been observed using RRDE with solubilities about
2.5 times lower than those observed in this study at 1 M Li-salt concen-
trations. [30] However, electrochemical measurements, such as RRDE,
are likely to suffer from passivation, resulting in a suppressed current
that might explain the underestimated O2 solubilities.

The difference in solubility is believed to be related to the same
physico-chemical process for all electrolytes as they possess the same
O2 desorption kinetics with detection curves having one large initial
peak followed by a longer tail (figure 3.4c). Note, that the peak shaped
O2 desorption curve is caused by the geometry of the MS reaction
vessel, i.e. extracting desorption kinetics parameters would not be
straightforward as the geometry would also need to be considered.

Neither the dynamic viscosity, η, nor the ionic conductivity, κ, of
the electrolytes followed the same trend as the observed Hcp (figure 3.5a
and 3.5b). For the LiTFSI and LiTf electrolytes κ and η were almost
identical while the LiClO4 electrolytes showed slightly larger values for
all salt concentrations measured. At low concentration of LiTFSI and
LiTf, η decreased compared to neat DMSO; for the LiClO4 electrolytes
it increased with the addition of salt. As κ was comparable for all salts,
at each salt concentration, thus, it is likely so that the observed trends
in Hcp cannot be explained in terms of dissociation of the salts. Both
trends in apparent molar volume and O2 interaction energy, calculated
by density functional theory (DFT), matches the solvation trend among
the salts with LiTFSI having both the largest apparent molar volume
and the most stable O2 interaction (figure 3.6a and 3.6b). Thus, sug-
gesting that the size of the anion and its interaction with O2 might be
what influences whether the O2 solubility will increase or not.
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Figure 3.4: a) The O2 solubility measured with the MS at different salt concentrations
for the different salts used. Neat DMSO is also shown. The error bars show standard
deviations from three measurements. b) Comparison of O2 solubilities obtained with the
MS (filled symbols) and the optical oxygen sensor (non-filled symbols) for the different
salts. The measured electrolytes contained 1 M salt and were saturated with technical air.
c) Flow of O2 detected by the MS when the O2 saturated solution was stirred and purged
with argon gas. O2 originating from the air during the sample insertion is removed by
correlating it to the simultaneously measured N2 amount.
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Electrode Material Radius Coulombic Efficiency
r / µm Qc/Qa

Planar EQCM Gold - 0.29
UME Gold 7.5 0.19
UME CF 5.5 0.10
UME CF 2.5 0.04

Table 3.2: The coulombic efficiency, defined as the amount of anodic charge divided by
the reduction charge, of all electrodes used in 0.5 M LiTFSI DMSO electrolytes saturated
with 1 atm O2 at a sweep rate of 10 mV/s.

3.3 Electrochemical Evaluation of the
Reaction Mechanism

When evaluating the reaction mechanism two types of electrodes were
used: a planar gold electrochemical quartz crystal microbalance (EQCM)
electrode with ability to measure change in electrode mass in-situ and
cylindrical ultramicroelectrodes (UME), consisting of either a gold wire
or a carbon fiber (CF), with enhanced mass transport and a well-
defined geometry. As these two systems differ in electrode geometry
their current response will also differ with higher reduction and lower
oxidation current densities for the cylindrical UMEs compared with the
planar EQCM electrodes (figure 3.7a).

As the potential was swept in a negative direction in the CV ex-
periments, a current starting at 2.8 V vs. Li+/Li(m), was seen corre-
sponding to the reduction of oxygen (figure 3.7b). As this study used
DMSO as solvent, the reduced oxygen would proceed to form Li2O2, via
the soluble LiO2 intermediate, in a solution mediated electrochemical-
chemical (EC) reaction. [29] When the negative turn potential was
reached the sweep direction was reversed. At potentials higher than 2.9
V vs. Li+/Li(m) an oxidation current was observed. This corresponds
to the oxidation of the reduced oxygen species (LiO2 and Li2O2).

The influence of electrode geometry was significant with the planar
EQCM electrodes showing larger coulombic efficiencies than the UMEs
(table 3.2). The influence of CF electrode radius was very small as the
CFs with 2.5 and 5.5 µm radius showed very similar coulombic efficien-



26 CHAPTER 3. RESULTS AND DISCUSSION

2 2.5 3 3.5 4

0

−1

−2

−3

−4

−5

−6

Potential / V vs. Li+/Li(m)

C
ur

re
nt

D
en

sit
y

/
A

m
-2

a)

Gold EQCM
Gold UME

2 2.5 3 3.5 4
−40

−30

−20

−10

0

Potential / V vs. Li+/Li(m)

C
ur

re
nt

D
en

sit
y

/
A

m
-2

b)

Gold 7.5 µm
CF 5.5 µm
CF 2.5 µm

0 200 400 600 800 1 000 1 200 1 400 1 600 1 800 2 000
0

0.2

0.4

0.6

Sweep Rate / mV s-1

C
ou

lo
m

bi
c

Effi
ci

en
cy

c)

Gold 7.5 µm
CF 5.5 µm
CF 2.5 µm

Figure 3.7: a) CVs of the planar EQCM gold electrode and cylindrical gold UME (radius
7.5 µm) at a sweep rate of 10 mV/s. b) CVs of the UMEs used at sweep rate 100 mV/s.
The electrolyte was 0.5 M LiTFSI in DMSO saturated with 1 atm O2. c) The coulombic
efficiency at different sweep rates for all UMEs in 0.5 M LiTFSI DMSO saturated at 1
atm O2.
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cies at most sweep rates (figure 3.7c). However, the electrode material
did influence the coulombic efficiency with gold UMEs showing larger
coulombic efficiency compared with the CFs. Also, the reduction cur-
rent onset potential was shifted depending on electrode material with
lower values for CF electrodes with 2.5 µm radius compared with CF
electrodes with 5.5 µm radius (figure 3.7b). This shift in current onset
might be due to a change in exchange current density, i0, suggesting
that the two CFs have different catalytic properties that might be ex-
plained by their different precursors (polyacrylonitrile for the 2.5 µm
CF and tar pitch for the 5.5 µm CF).

During the reduction the electrode mass increased as a consequence
of reaction product deposition (figure 3.8). The mass change per elec-
tron transferred, M/z, was small indicating that only parts of the re-
duced specie ended up on the electrode (table 3.3). Furthermore, the
species formed on the surface will be oxidized to a much larger extent
than the total amount of species formed during the reduction as the
mass reversibility is a lot larger than the coulombic efficiency.

This observation is in line with the proposed mechanism where
soluble LiO2 is formed as an intermediate that can be transported
away from the electrode [29, 42]. The suggested reduction mechanism
is therefore formation of soluble LiO2 which partly proceeds to form
a Li2O2 deposit on the electrode. Assuming that these species are
the only ones formed the reduction product ratio is 65:35 for LiO2
and Li2O2. From combined CV and UV absorbance measurements
corresponding product ratio was determined to be 73:27 for LiO2 and
Li2O2 [60].

Reduction Rate Law
When studying the electrochemical reaction the overpotential, η, was
defined as:

η = ELi2O2|Li(m) − E0 (3.1)

where E0 is the standard electrode potential at cLi+0
= 1 M and cO2,0=

Hcp · pO2,0 (pO2,0 = 1 bar) corresponding to 2.91 V vs Li+/Li(m). The
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Figure 3.8: CV and simultaneous mass change of 0.5 M LiTFSI in DMSO on a planar
gold electrode at O2 saturation pressure 0.21 and 1 atm. The currents presented are mean
values. Sweep rate 10 mV/s.

pO2 M/z(reduction) M/z(anodic
3.0−3.3) M/z(anodic

3.4−3.7) ∆ma/∆mc Qc/Qa

/ atm / g mol−1 z−1 /g mol−1 z−1 /g mol−1 z−1 - -
0.21 7.9±1.9 14±2.5 33±7.5 0.91±0.11 0.29 ± 0.04

1 8.9±1.4 9.4±2.7 18±3.5 0.50±0.10 0.28 ± 0.04

Table 3.3: The molar weight change per reduction charge, M/z, the mass reversibility,
∆ma/∆mc, defined as the anodic mass change divided by the cathodic mass change, and
the coulombic efficiency, Qc/Qa, for the planar EQCM electrode saturated at different
O2 partial pressures (measurements seen in figure 3.8). M/z is the molecular weight of
the specie deposited on or removed from the surface divided by the number of electrons
transferred in the associated process. The reported M/z are the mean values for the
reduction current, the anodic current between 3.0-3.3 V vs. Li+/Li(m), and the anodic
current between 3.4-3.7 V vs. Li+/Li(m). The standard deviations are also reported. The
electrolyte was 0.5 M LiTFSI in DMSO.
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electrode potential, ELi2O2|Li(m), at Li+ concentration, cLi+ , was corre-
lated to the LiFePO4 reference electrode by:

ELi2O2|Li(m) = ELi2O2|cLi+ |LiFePO4 + 0.059 log10(cLi+) + ELiFePO4|1M |Li(m) (3.2)

where ELi2O2|cLi+ |LiFePO4 is the measured cell potential and ELiFePO4|1M |Li(m)
is measured to 3.4096 V.

The cell reaction can then be described by Butler-Volmer’s equation
in the following form:

i = nFk1c
γLi2O2
Li2O2 exp

(
(1−β)·nF

RT
ELi2O2|Li(m)

)

−nFk−1c
γLi+
Li+ c

γO2
O2 exp

(
−βnF

RT
ELi2O2|Li(m)

)
(3.3)

where i is the current density, γ the reaction order, β the asymmetry
coefficient, F Faraday’s constant, R the ideal gas constant, and T the
absolute temperature.

The exchange current density, i0, is defined at the standard state:

i0 = nFk−1c
γLi+

Li+0
c

γO2
O2,0 exp

(
−βnF

RT
E0
)

(3.4)

Adding eq. 3.1, 3.3 and 3.4 for the cathodic term:

i = −i0c̄
γLi+
Li+ c̄

γO2
O2 exp

(
−βnF

RT
η

)
(3.5)

where c̄ is the concentration normalized by the standard state con-
centration. At high overpotentials this yields Tafel’s equation in the
following form:

ln(−i) = ln
[
i0c̄

γLi+
Li+ c̄

γO2
O2 exp

(
−βnF

RT
η

)]
(3.6)

log10(−i) = log10(i0) + γO2 log10(cO2) + γLi+ log10(cLi+) − βF
2.303RT

η (3.7)
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Figure 3.9: The linear overpotential logarithmic reduction current region fitted to the Tafel
equation (dashed black line) (table 3.4). Each concentration set consisted of measurements
from two different cells. The sweep rate was 100 mV/s. The electrode was a CF with 2.5
µm radius.

Between the current onset and the peak current of the reduction in
the CVs, the current is kinetically controlled and can thus be described
by Tafel’s equation. For the interval where the overpotential increased
linearly with the logarithm of the current density, the kinetic reaction
parameters of i0, γO2 , γLi+ , and β were determined by least-square
fitting of Tafel’s equation to four CV series where the O2 concentration
was varied between 0.21 and 1 atm and the Li+ concentration was
varied between 0.05 and 0.5 M (figure 3.9 and table 3.4). Due to
the well-defined mass transport of the ultramicroelectrodes the fitted
parameters was fairly constant over a wide range of sweep rates. The
low γLi+ indicates that changes in Li+ concentration would have little
influence on the rate when the system was kinetically limited. The γO2

close to 0.5 corresponds well with previously reported values suggesting
that the rate determining step involves adsorption of O2. [28]

At higher cathodic overpotentials, the electrochemical reaction is no
longer limited by the kinetics but by the mass transport of reactants
to the electrode surface. During a mass transport limited reaction the
relation between peak current density, ip, and the square root of the
sweep rate can provide information of the numbers of electrons in the
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ν i0 γO2 γLi+ β
mV s−1 A m−2

10 0.026 0.58 0.23 0.16
100 0.083 0.61 0.38 0.15
1000 0.15 0.46 0.37 0.14

Table 3.4: Fitted kinetic parameters of the reduction reaction in the linear overpotential
logarithmic current region. The data for 100 mV s−1 is shown in figure 3.9.

reaction formula, n, the diffusion coefficient, D, and the reaction order,
γ. 1 For a change in reactant concentration, assuming constant values
of D and n, this relation can be written as the proportionality:

ip ∝ cγ
√

ν (3.8)

Thus, the reaction order can be obtained by examining how ip is
effected when varying the concentrations of Li+ and O2. By varying
the O2 concentration between 0.21 and 1 atm, at an excess Li+ con-
centration of 0.5 M, the reaction order for O2 was found by minimizing
the difference between the proportionalities at each concentration:

χ2 = min∑[
ip(1atm)

ν1/2(1atm)·cγ
O2

(1atm) − ip(0.21atm)
ν1/2(0.21atm)·cγ

O2
(0.21atm)

]
(3.9)

γO2 was determined to 0.99 by finding the minimum of equation 3.9
using the MATLAB function fminsearch. Thus, the reaction order
with respect to O2 is 1 during mass transport limitation. This agrees
with previously reported reaction orders for O2. [61] When ip is plotted
versus cO2

√
ν at 0.21 and 1 atm it does indeed follow the same curved

line (figure 3.10). The Li+ reaction order was determined by varying
the Li+ concentration between 0.04 mM and 0.20 mM at an excess O2

1For a fast electron transfer, Ox+ne− → Red, this relation equals the Randles-
Sevcik equation:

−ip = 2.69 · 105n3/2D
1/2
ox coxν1/2

For slow electron transfers this relation can be written as:
−ip = 3.01 · 105n3/2β1/2D

1/2
ox coxν1/2

where β is the asymmetry factor.
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concentration of 2.25 mM (1 atm O2 saturation pressure). Following
the same approach as for O2, the reaction order was determined to
0.089, e.g. the reaction order with respect to Li+ is virtually zero
during mass transport limitation (figure 3.10c). Note that the usage of
an ultramicroelectrode enables the determination of the Li+ reaction
order fairly easy as there is no significant IR-drop thus simplifying the
analysis.

During mass transport control the reaction order was higher with
respect to O2 than for Li+, suggesting that the reaction is dominated
by changes in O2 concentration while changes in Li+ concentration
will be close to negligible. It is tempting to assume that Li+ had no
influence on the reaction rate as its reaction order is close to zero,
however, remember that the Li-salt concentration will influence the O2
solubility thus having an indirect effect on the reaction rate.
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Oxidation Mechanism
When examining the M/z for the oxidation it is best divided into two
regions: 1) a lower potential part, ranging from the current onset at
3.0 V vs. Li+/Li(m) up to the end of the oxidation peak at 3.3 V vs.
Li+/Li(m), with the largest oxidation current but with little change in
deposited mass and 2) a higher potential part, from 3.4 to 3.7 V vs.
Li+/Li(m), where the current is lower and most of the reversible mass
is removed (figure 3.8). The reaction path of the oxidation has previ-
ously been studied with operando X-ray diffraction [62] and potentio-
static intermittent titration technique [63] with results suggesting that
below 3.4 V vs Li+/Li(m) surface de-lithiation of Li2O2 is taking place.
Raman measurements suggested that below 3.5 V vs. Li+/Li(m) the
LiO2-like surface of Li2O2 is oxidized [64]. There was an O2 concentra-
tion dependence of the M/z with more mass is transferred in relation
to charge at lower O2 concentration than at high O2 concentration.
Further, there was also a clear difference between the two oxidation
regions with M/z values being twice as large at the high potential end
of the oxidation. Below 3.4 V vs. Li+/Li(m) a high amount of charge is
being transferred in relation to the amount of mass. This may be inter-
preted as de-lithiation of Li2O2 to form Li-deficient Li2O2, which agrees
with previous findings [62, 63]. Above 3.4 V vs. Li+/Li(m) the M/z
analysis leads to two separate reaction paths for the different O2 con-
centrations. When saturated with 1 atm O2 the reversible mass seems
to consist of Li2O2, when saturated with 0.21 atm O2 the reversible
mass change seems to be due to a “LiO2-like” specie being oxidized.
At potentials above 3.4 V vs. Li+/Li(m) a two-phase oxidation of bulk
Li2O2 [63] and oxidation of crystalline Li2O2 [62] have been reported.
Two possible reasons for why the high potential region oxidation pro-
duces two different reaction paths might be that the reduction product
is not stoichiometric [20, 64] and also that the O2 concentration has an
effect. The O2 concentration dependence is likely indirect as the oxida-
tion will be effected by the size and morphology of the Li2O2 particles
formed during the reduction (which in turn depends on the amount of
O2 available). At low O2 concentration the deposited mass is lower,
and the particles formed are likely smaller.
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3.4 Electrode surface passivation
On the EQCM electrode there was a build-up of reaction product on
the surface as the mass did not return to its initial value after the
CV is completed (figure 3.8). During the cathodic sweep the electrode
mass increased, corresponding to the formation of Li2O2, however, dur-
ing the anodic sweep all reduction product was not removed from the
electrode surface. Furthermore, the mass reversibility was higher at
low O2 concentration than at high O2 concentration, this might be
explained by the fact that less mass was deposited at lower concen-
tration. A consequence of the poor mass reversibility was that the
reduction product was accumulated on the electrode surface as several
cycles were measured (figure 3.12). Thus, this build up would further
complicate the reduction and oxidation processes as the electrode sur-
face would change after each cycle. Due to the small electrolyte volume
used in the EQCM experiments the latter CVs was likely effected by
the depletion of O2 from the electrolyte as not all O2 was recovered
upon oxidation.

When cylindrical UMEs were used the electrolyte was in excess
making the O2 concentration constant. Due to the enhanced mass
transport the current was expected to reach a limiting plateau in a CV
experiment (opposite to a planar electrode where a peak is expected).
However, the reduction currents in the presence of Li+ and O2 did
show a limiting current peak, only when the cation was changed (in
this case to tetrabutylammonium (TBA)) a limiting current plateau
was observed (figure 3.13). The appearance of the peak when LiTFSI
was used is likely due to a passivation phenomenon occurring on the
electrode as there are no limitations in mass transport or changes in
concentrations when the UME was used.

The deposition of Li2O2 on the electrode surface is closely linked
with the capacity limitation of the electrode as the deposition will ul-
timately insulate the electrode preventing further reaction. This has
been suggested to occur when the discharge particles reach a thick-
nesses of 6-10 nm. [23, 24]. If assuming that the deposit forms a
uniform film and that the density equals that of bulk Li2O2 then the
film thickness can be determined by:
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d = m

ρLi2O2A
(3.10)

where d is the film thickness, m the mass, ρLi2O2 the density of
bulk Li2O2, and A the area of a planar electrode. Thus, a mass change
of 1 mg / m2 would correspond to a film increase by 0.43 nm (figure
3.12). If no mass change can be measured, an estimate of the maximum
film thickness can be obtained based on the reduction capacity. For a
cylindrical electrode geometry the film thickness can then be described
by:

d =
(

MLi2O2Q

2FρLi2O2πl
+ r2

0

)1/2

− r0 (3.11)

where MLi2O2 is the molar weight, Q the accumulated charge, l
the length of a cylindrical electrode, and r0 the radius of a cylindrical
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electrode. Using the estimates from equation 3.10 and 3.11 the films
formed here, after one cycle, would be about 1-2 nm (EQCM electrode
at 0.21 atm O2), 2-3 nm (EQCM electrode 1 atm O2), and maximum
1 nm (gold ultramicroelectrode 1 atm O2, based on reduction charge)
making all the deposited films much thinner than 6-10 nm. Thus, the
passivation occurring here is more complex than previously suggested.

When ten subsequent CVs were measured using UME, the gold
and CF electrodes showed different behavior (figure 3.14a and b, re-
spectively). For the gold electrode a sharp reduction current peak was
observed with no significant change in peak size over the ten CVs (fig-
ure 3.14a). In contrast, the CF electrode showed a decrease in peak
size for each subsequent CV (figure 3.14b). Furthermore, when leaving
the CF electrode at open circuit potential (OCP) for 20 minutes and
then recording a second set of ten subsequent CVs the new CVs vir-
tually overlapped with the first set indicating no permanent change in
electrode performance. The coulombic efficiency for the gold electrode
did not change significantly for each cycle, however, for the CF the
coulombic efficiency increased for each cycle (figure 3.15).

Considering the facts that the UMEs displayed a reduction peak
current (instead of a plateau) and an electrode dependent decrease in
current peak size in subsequent CVs a passivation mechanism must be
able to describe all these phenomena. We believe that the first step of
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the reduction likely involves O2 reacting at an electrode surface active
site, Θ, according to:

O2 + e− + Li+ + Θ −−→ ΘLiO2 (3.12)

This would occupy the active site for further reduction, thus caus-
ing a depletion of active sites and a peak shaped reduction current
response. Once formed on the surface, the residence time of LiO2
likely depends on the substrate. On the gold electrode, a short res-
idence time of LiO2 could explain the small change in the CV shape
and coulombic efficiency during subsequent cycling as the LiO2 is either
desorped or oxidized before the next CV starts. For the CF electrode
the desorption rate of LiO2 would be slower and each cycle would ac-
cumulate LiO2 explaining the decrease in peak size between the CVs.
This also explains the increase in coulombic efficiency as there would be
LiO2 already adsorbed on the surface from the previous cycles making
more of it available for oxidation. When left at OCP there would be
enough time for all LiO2 to desorb or react, thus, explaining why the
CF electrode returns to its initial behavior.

Although the active site occupation mechanism suggested here is
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different from the electron tunneling passivation it should not be viewed
as an opposing mechanism. The electron tunneling passivation is likely
dominating when larger amount of charge is transferred (as on the
EQCM electrodes (figure 3.12)).
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Conclusion

This work has successfully studied the reaction mechanism in Li-O2
batteries by considering the Li+ and O2 reactants in the electrolyte
bulk and their reactions at the O2-electrode surface.

The mass transport of Li+ was evaluated for several next generation
Li-battery electrolytes in a quick and convenient way. The importance
of quantifying the diffusion polarization together with the ohmic po-
larization is highlighted when trying to estimate the total electrolyte
polarization. When a conventional Li-ion battery electrolyte was ex-
amined the results showed good agreement with ohmic and diffusion
resistivities from a full characterization based on a physical model, thus,
validating the method used. Electrolytes based on dimethyl sulfoxide
(DMSO) showed mass transport resistivities similar to those of the
conventional Li-ion electrolyte, making the DMSO based electrolytes
suitable for use in Li-O2 batteries from a mass transport perspective.
Electrolytes based on room temperature ionic liquids (RTIL) were un-
suitable for Li-battery applications where high power is needed as they
have very large mass transport resistivities. For all the electrolytes ex-
amined, the concentration gradients developed quickly enough for the
diffusion resistivity to become larger than the ohmic resistivity in short
time. The method employed, measuring both the ohmic and diffusion
resistivity, offered insight to the mass transport of a group of elec-
trolytes where previously little has been known beyond conductivity
and viscosity.
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When examining the O2 solubility it was seen that Henry’s law holds
in the measured O2 partial pressure range (0 to 1 atm). Henry’s con-
stant for 0.5 M LiTFSI in DMSO was measured to 2.49·10−5 mol·m−3·Pa−1.
The solubility of O2 was influenced by both concentration and type of
Li salt in the electrolyte. Electrolytes based on LiClO4 showed decreas-
ing O2 solubility when the salt concentration was increased. Likewise,
electrolytes containing LiTf also showed decreasing solubility, however,
not to the same extent as for LiClO4. Opposite to what was observed
for LiClO4 and LiTf, the solubility of O2 in LiTFSI containing elec-
trolytes increased as the salt concentration was increased. In other
words, LiClO4 and LiTFSI influenced the O2 solubility differently and
this effect must not be neglected. The observed solubility followed the
same trend as the apparent molar volume, i.e. the electrolytes contain-
ing LiTFSI had the largest solubility and molar volume. Furthermore,
the interaction energy between O2 and the other species present in
the electrolyte, calculated by DFT, also followed this trend, with the
[O2:TFSI] complex having the strongest interaction. This suggests that
the apparent molar volume and interaction energy might explain the
observed O2 solubilities.

The O2 partial pressure influenced the electrochemical performance
of both cylindrical UME electrodes and planar EQCM electrodes with
higher partial pressures resulting in higher current densities. The UME
material had some influence on the electrode reaction with polyacrylonitrile-
based CFs showing larger current densities than tar-based CFs and
metallic gold wire. However, the most important electrode property
was the radius suggesting that the electrode geometry will play a key
role in the Li-O2 battery cell design. Under kinetic limitation, the re-
duction reaction rate law was little effected by the Li+ concentration
and likely involves an O2 adsorption step. The non-integer reaction
orders at kinetic limitation suggest a complex mechanism. At high
overpotentials, where the reduction is diffusion limited, the reaction
order was one with respect to O2 and zero with respect to Li+, thus,
suggesting that only changes in the O2 concentration will effect the
reaction rate.

From the simultaneously measured current and mass change it is
concluded that the reduction involves formation of soluble LiO2. Some
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of the LiO2 was transported away from the electrode surface making
it unavailable for further reaction while some of the LiO2 proceeded
to form Li2O2 on the electrode surface. A consequence of this is that
it is hard to use the discharge capacity as an exact measure of how
much Li2O2 is present on the electrode as this will be influenced by
the solubility of the intermediate, the convection in the system, and
the electrode surface topography. By relating the mass change to the
simultaneous charge transfer it was seen that the first step of the oxida-
tion (between 3.0 to 3.4 V vs. Li+/Li(m)) involved de-lithiation of the
Li2O2-discharge product making it more LiO2-like. As the discharge
proceeds above 3.4 V vs. Li+/Li(m) the bulk of the discharge product
was oxidized. Furthermore, the oxidation reaction path showed an O2
concentration dependency.

The surface passivation observed on cylindrical UMEs differed be-
tween the gold and CF electrodes and could not be explained by a
buildup of Li2O2. Instead, a passivation mechanism involving the oc-
cupation of active sites on the electrode surface is proposed and a
mechanism is suggested.

In conclusion, the work performed in this thesis contributes to the
knowledge of the Li-O2 battery chemistry, specifically in terms of Li+
mass transport, O2 solubility, reaction rate law, and electrode passiva-
tion. As these are seldom considered aspects, thus, this thesis occupies
an important niche and could aid in the realization of the Li-O2 battery.

In a broader perspective, the results presented here suggests that a
Li-O2 battery device relying on ambient O2 must be engineered with
focus on the uptake of O2. Comparing the two reactants, O2 has higher
reaction order and lower solubility than Li+ making the transport of
O2 to the electrode a key issue if high power density is wanted. One
suggestion for future research would be to quantify the mass transport
of O2 in this system during electrochemical operation. The soluble
LiO2 will further complicate the electrode design as it need to enable
oxidation of all reduction product. Failing to do so will lead to loss of
cyclable Li. Either the electrode must be designed in such a way that
it can easily capture and oxidize LiO2 or the electrolyte need to be
changed to one where LiO2 is less soluble. In a device, the passivation
of the electrode might be a mixed blessing. It limits the capacity during
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galvanostatic cycling, however, at the same time defines an upper limit
of the state of charge. If the passivation does not influence the electrode
reaction reversibility the passivation potential can be used to define
current cut off thus simplifying battery management.
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